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Introduction

An obstacle to successful cancer drug therapy is the existence of drug delivery barriers, which results in
insufficient and heterogeneous drug delivery to the tumor tissue. This drug delivery problem not only limits the
clinical application of existing chemotherapeutics, but also decreases the effectiveness of many new drugs
under development. Photodynamic therapy (PDT), a modality involving the combination of a photosensitizer
and laser light, is an established cancer therapy. Over the past years, we have been focusing on studying PDT as
a modality for tumor vascular targeting. Our results demonstrate that vascular-targeting PDT can be used to
eradicate tumor tissue, and modify vascular barrier function for an enhanced drug delivery as well. This project
will study in detail how vascular photosensitization permeabilizes blood vessels and the influence of
photodynamic vascular targeting on tumor vascular function and drug delivery. We rely on various imaging
modalities to address these questions. The imaging modalities used in this project include both dynamic live
animal/cell imaging that is capable of providing longitudinal information in real time and static ex vivo imaging
that is able to reveal biological details at high resolution.

Body

Task 1. To investigate the molecular mechanisms by which photosensitization disrupts endothelial barrier
function (months 1-12).

(a). Assess the correlation between photosensitization-induced microtubule disassembly and increase in
endothelial cell permeability. The purpose of this study is to determine the role of microtubules in
photosensitization-induced endothelial barrier function alteration (months 1-4).

We have found that microtubules play an important role in photosensitization-induced endothelial
morphological and functional changes. These results have been published in Clin Cancer Res. 2006, 10: 917-
23.

(b). Elucidate the mechanism by which photosensitization-induced microtubule depolymerization triggers
endothelial cell morphological and functional changes.

We have investigated the mechanism involved in PDT-induced endothelial cell morphological and functional
changes. Our results indicate that multiple factors can contribute to endothelial cell function disruption. We
have found that verteporfin-PDT induced the formation of reactive oxygen species and the release of calcium.
Calcium release has been shown to cause the microtubule depolymerization and induce endothelial cell
morphological changes. We also found that PDT induced dephosphorylation of myosin light chain kinase
(MLCK), but caused phosphorylation of myosin light chain (MLC). MLC phosphorylation is responsible for
endothelial cell contraction. Our results indicate that MLC phosphorylation is independent of MLCK
phosphorylation, suggesting that other stimuli are involved in MLC phosphorylation. Currently, we are
summarizing our data and a manuscript will be written based on these studies.



Task 2. To determine the functional change and the structural basis of photosensitization-induced vascular
barrier compromise (months 1-24)

(a). Intravital microscopic study of photosensitization-induced vascular functional changes.

We have used intravital fluorescence microscopy to continuously monitor tumor blood flow velocity, vessel
diameter and vascular permeability in the orthotopic MatLyLu rat prostate tumors after vascular-targeting PDT
using three different doses of photosensitizer verteporfin (0.25, 0.5 and 1.0 mg/kg). These results have been
published in a recent issue of Pharmaceutical Research (see paper reprint in the appendix). We found that
effects of PDT on blood perfusion and vascular permeability followed a reverse dose dependence. A higher
dose of verteporfin PDT was more effective in inducing perfusion disruption, but less effective in enhancing
vascular permeability and macromolecule accumulation. These results indicate that a lower dose of verteporfin
PDT is more favorable for enhancing tumor drug delivery.

(b). Assessment of tumor uptake of fluorescence probes with different sizes.

We have used intravital fluorescence microscopy to compare the tumor accumulation of fluorochrome-labeled
dextran molecules with molecular weight of 155 and 2000 kDa after three different doses of photosensitizer
verteporfin (0.25, 0.5 and 1.0 mg/kg). We found that PDT using verteporfin was more effective in enhancing
the tumor accumulation of a lower molecular weight dextran molecule than a higher molecular weight dextran
molecule (Pharm Res. 2008, 25: 1873-1880 in the appendix).

Since most chemotherapeutic agents tend to be associated with albumin in circulation, we use a whole body
fluorescence imaging system to monitor TRITC-albumin tumor uptake in real time on live animals. We found
that vascular leakage of fluorescence-labeled albumin (TRITC-albumin) was significantly increased after the
vascular-targeting PDT, as compared to the control tumor. Interestingly, PDT-induced increase in TRITC-
albumin accumulation was especially pronounced in the tumor periphery. To further confirm these macroscopic
imaging results, we sacrificed animals at various time points and excised tumor tissues for fluorescence
microscopic study. Similar to the whole body tumor images, TRITC-albumin was found to have more
accumulation in the tumor periphery. These results have recently been published in the International Journal of
Cancer (see paper reprint in the appendix).

(c). Determine blood vessel structural changes induced by photosensitized vascular permeabilization.

We have performed light and electron microscopy to examine vessel structural changes after PDT. At the light
microscopy level, we have found that PDT induced vessel dilation and occlusion at early time points after
treatment, which progress to severe vessel degeneration and rapture at late times (Int J Cancer. 2008, 123: 695-
701). At the electron microscopy level, we found platelet aggregation, thrombus formation and endothelial cell
rupture (Fig 1). All these findings demonstrate that PDT damages endothelial cells, which induce platelet
aggregation and vascular shutdown.

We also performed immunohistochemistry to stain vessel endothelial marker CD31, pericyte marker smooth
muscle actin and basement membrane marker Type IV collagen. We found that PDT caused a loss of CD31
staining, again suggesting direct endothelial damage. Interestingly, we found that tumor tissues showed spatial
variation in the vessel supporting structure. Central blood vessels generally don’t have open lumen and have
less coverage of vessel supporting structure (see book chapter in the appendix). This might explain the disparity
between interior and peripheral vasculature in vascular response to vascular-targeting PDT.



Fig. 1. The electron microscopic photographs showing vascular damage after vascular-targeting PDT. The
PC3 human prostate tumors were treated with vascular-targeting PDT (40 J/cm? at 15 min after 0.5 mg/kg
verteporfin (i.v.)). (A) 1 h after PDT showing platelet aggregation and thrombus formation; (B) 6 h after
PDT showing edema, endothelial cell degeneration and vessel rupture; (C) 24 h after PDT showing

endothelial cell death, vessel rupture and tumor cell death.

Task 3. To explore the potential of improving tumor drug delivery and therapeutic effect by photosensitized

vascular permeabilization (months 25-36).

a. Fluorescence imaging, microscopy & flow cytometry
analysis of tumor drug distribution and penetration.
Bevacizumab, a FDA-approved recombinant humanized
monoclonal antibody (MW 149 kDa) against VEGF, was
used in this study. To visualize the distribution of
bevacizumab, we have labeled bevacizumab with Alex
Fluor 647 dye using Invitrogen small animal in vivo
imaging protein labeling reagents. We found that vascular
targeting PDT using verteporfin was able to preferentially
enhance the accumulation of bevacizumab at the tumor
periphery where tumor recurrence tended to occur. We
also found that PDT induced VEGF overexpression at
peripheral tumor area. The overexpression of VEGF at
tumor periphery might be responsible for peripheral tumor
recurrence. Based on these results, we continue to examine
the effects of PDT in combination with bevacizumab on
tumor regrowth.

b. Evaluate tumor response following the combination of
anticancer agent and verteporfin-photosensitization.

We have evaluated tumor response following the
combination of vascular targeting PDT and bevacizumab

in the PC-3 human prostate tumor model. As shown in Fig
2, the average tumor volume in the group of animals
treated with the combination therapy is only about half of
the PDT alone group. These results indicate that PDT
using verteporfin in combination with bevacizumab leads
to an enhanced therapeutic effect.

Fig 2. (A, B) PDT with verteporfin induces VEGF
overexpression in tumor peripheral areas. The MatLyLu
tumor was treated with verteporfin-PVTT (50 Jlem? light
treatment at 15 min after 0.25 mg/kg dose of
verteporfin). Tumor sections taken at 3 h after treatment
were stained for VEGF expression. (A) verteporfin-
PVTT; (B) untreated control. Arrows indicate tumor
peripheral areas. Bar, 100 um.

(C, D) Effects of PDT on Alexa 647-bevacizumab
distribution. PC-3 tumors were treated with verteporfin-
PDT (50 J/cm? light treatment at 15 min after 0.5 mg/kg
dose of verteporfin). Control tumors received no
treatment. Animals were i.v. injected with 50 mg/kg
Alexa 647-bevacizumab immediately after treatment.
Tumor sections were taken at 24 h after treatments.
Red fluorescence shows the distribution  of
bevacizumab and blue fluorescence indicates functional
blood vessels visualized by Hoechst dye. (C) Control;
(D) PDT. Bars, 100 um.
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e Photosensitization Days induces microtubule depolymerization and stress fiber
actin formation, leading to endothelial morphological changes and barrier dysfunction.

e Photosensitization induces the formation of reactive oxygen species and calcium release, which induces
microtubule depolymerization. Photosensitization causes myosin light chain phosphorylation
independent of myosin light chain kinase phosphorylation.

e Vascular-targeting PDT induces time- and dose-dependent decrease in tumor blood flow and increase in
vascular permeability.

e PDT-induced vascular barrier dysfunction leads to increased accumulation of circulating molecules in
tumor tissues, which can be used to enhance drug delivery to the tumor tissue. Low dose PDT is more
effective in enhancing tumor drug delivery than the high dose PDT and PDT-induced drug delivery
enhancement is especially pronounced in the tumor periphery.

e PDT is more effective in enhancing the accumulation of macromolecules with a lower molecular weight.

e PDT significantly enhances the distribution of bevacizumab (Avastin) at tumor periphery. Combination of
vascular-targeting PDT and antibody drug bevacizumab results in an enhanced anti-tumor effect.
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Conclusions

We have found that photodynamic tumor vascular targeting induced significant vascular morphological and
functional changes. As a result, tumor accumulation of fluorescence molecular probes with different molecular
weight is significantly enhanced after photodynamic vascular targeting. The combination of photodynamic
tumor vascular targeting and anticancer agent bevacizumab leads to a synergistic therapeutic effect.
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Purpose. Photodynamic therapy (PDT), involving the combination of a photosensitizer and light, is being
evaluated as a vascular disrupting therapy and drug delivery enhancement modality based on its effects
on vascular perfusion and barrier function. Since tumor vasculature is the common route for the delivery
of both blood and therapeutic agents, it is important to compare the effects of PDT on blood perfusion
and substance transport.

Materials and Methods. Tumor blood cell velocity and the extravasation of high molecular weight
dextran molecules were continuously monitored by intravital fluorescence microscopy for up to 60 min
after PDT using three doses of verteporfin in the MatLyLu prostate tumor model.

Results. PDT induced tumor perfusion disruption via thrombus formation. PDT using a higher dose of
verteporfin was more effective in inhibiting blood perfusion while a lower dose verteporfin-PDT was
more potent in enhancing dextran extravasation. The increase in dextran extravasation induced by PDT
was dependent upon dextran molecular weight. A lower molecular weight dextran obtained a higher
tumor accumulation after PDT than a higher molecular weight dextran.

Conclusions. PDT with verteporfin had different effects on tumor vascular perfusion versus the
extravasation of macromolecules. Optimal PDT conditions should be adjusted based on the therapeutic
application.

KEY WORDS: benzoporphyrin derivative (BPD); blood flow; drug delivery; photodynamic therapy

(PDT); photosensitizer; vascular permeability; vascular targeting.

INTRODUCTION

Tumor vasculature represents an important target for
cancer therapy due to the dependence of tumor cells on a
functional blood supply for cell growth, and blood-borne
therapeutic agents to get access to tumor tissues (1). On the
one hand, tumor blood vessels can be targeted by antiangio-
genic and vascular disrupting agents to inhibit tumor pro-
gression (2). On the other hand, tumor vascular function can
be modified to enhance the delivery of anticancer agents to
tumor tissues because tumor vasculature is one of the major
physiological barriers for sufficient delivery of therapeutic
agents to tumor tissues, especially for macromolecular agents
(3). Thus, strategies aimed at specifically disrupting the
endothelial barrier integrity are being developed to improve
delivery of therapeutic agents to the tumor tissues (4).

Photodynamic therapy (PDT) is an established cancer
treatment modality, which involves the combination of a
photosensitizing compound, light with a wavelength matching
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the absorption of photosensitizer, and oxygen molecules (5).
Upon absorption of light, photosensitizer molecules are
activated from the ground state to the triplet state, which
then react with oxygen and produce highly reactive singlet
oxygen. The mechanism of PDT is complicated, involving a
combined effect of photocytotoxicity, vascular damage and
immune reactions (6). Photodynamic vascular targeting
therapy aims to selectively target tumor vasculature for
therapeutic purposes. In this case, laser light is usually
delivered to tumor tissues shortly after systematic adminis-
tration of a photosensitizer when the drug is predominately
localized within blood vessels (7). Preferential photosensiti-
zation of vascular components leads to vessel functional
changes. This vascular-targeting modality has been approved
for the treatment of age-related macular degeneration and is
currently under clinical trial for prostate cancer treatment (7).

It was recently reported that PDT can be used to
facilitate the delivery of macromolecular agents to tumor
tissues via induced vascular leakage (8). We demonstrated in
the MatLyLu rat prostate tumor model that vascular-targeting
PDT with photosensitizer verteporfin significantly increases
vascular permeability and tumor accumulation of circulating
molecules (9). However, the same treatment was also found
to cause vascular shutdown by inducing thrombus formation,
resulting in extensive tumor necrosis. Because tumor vascu-
lature is the common route for the delivery of both blood
and therapeutic agents, it is important to understand how

0724-8741/08/0800-1873/0 © 2008 Springer Science + Business Media, LLC
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differently vascular-targeting PDT affects tumor perfusion
and vascular barrier functions. Such knowledge is crucial to
apply this modality for tumor targeting and anticancer drug
delivery enhancement. By permitting high resolution imaging
of vessel structure and function in live animals, intravital
microscopy offers a powerful tool to study vascular morphol-
ogy and function (10). Here we used this system to examine
changes of vessel perfusion and barrier function after
verteporfin-PDT targeting tumor blood vessels in an ortho-
topic rat prostate tumor model.

MATERIALS AND METHODS

Orthotopic Prostate Tumor Model. The orthotopic
R3327-MatLyLu Dunning rat prostate tumor model was used
in this study. The MatLyLu tumor is an androgen-indepen-
dent prostate carcinoma, syngeneic to the male Copenhagen
rats, and highly metastatic to lymph nodes and lungs
(MatLyLu) (11). The MatLyLu cells were maintained in the
RPMI-1640 with glutamine (Mediatech, Herndon, VA) sup-
plemented with 10% fetal bovine serum (HyClone, Logan,
UT) and 100 units/ml penicillin-streptomycin (Mediatech) at
37°C in a 5% CO, incubator. The orthotopic tumors were
induced by injecting 1x10° tumor cells in the ventral lobe of
prostate in the Copenhagen rats (6-8 weeks old, Charles
River Laboratories, Wilmington, MA), as described
previously (12). Tumors were used for experiments at 7-
8 days after implantation with a size of 8~10 mm in diameter.
All animal procedures were carried out according to the NIH
Principles of Laboratory Animal Care and approved by the
Institutional Animal Care and Use Committee (IACUC).

Photosensitizer. Verteporfin (benzoporphyrin derivative
(BPD) monoacid ring A in a lipid-formulation) was obtained
from QLT Inc. (Vancouver, Canada) as a gift. A stock saline
solution of verteporfin was reconstituted according to the
manufacturer’s instruction and stored at 4°C in the dark.
Stock solution of BPD was diluted right before injection.

PDT Treatments. A diode laser system (High Power
Devices Inc., North Brunswick, NJ) with 690 nm wavelength
was used for the irradiation of MatLyLu tumors. The laser
was coupled to an optical fiber with 600 pm core diameter for
light delivery. A microlens was connected to the end of fiber
to achieve homogeneous irradiation of a 12 mm-diameter
spot. The MatLyLu tumors were surgically exposed to
illumination with an irradiance of 50 mW/cm? for 1,000 s,
resulting in a total light dose of 50 J/cm?. Light intensity was
measured with an optical power meter (Thorlabs Inc, North
Newton, NJ). Animals were anesthetized with injection (i.p.)
of a mixture of ketamine (90 mg/kg) and xylazine (9 mg/kg)
during treatment. Three different doses of verteporfin (0.25,
0.5 and 1.0 mg/kg) were examined, which was always i.v.
injected at 15 min prior to light irradiation. We have shown in
the previous study that verteporfin is primarily localized in
the tumor vasculature at this time (13).

Intravital Fluorescence Microscopy. Immediately after
PDT treatment, tumor-bearing animals were i.v. injected with
20 mg/kg of Hoechst, 5 mg/kg of fluorescein isothiocyanate-
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labeled dextran with a molecular weight of 2,000 kilo Dalton
(2,000 kDa FITC-dextran), and 10 mg/kg of tetramethylrhod-
amine isothiocyanate-labeled dextran with a molecular weight
of 155 kilo Dalton (155 kDa TRITC-dextran). These three
fluorescence dyes (all from Sigma-Aldrich Corp, St. Louis,
MO) were bolus injected as a mixture. The anesthetized
animals were then placed in a prone position on the
microscope stage and the MatLyLu tumors were imaged with
a Leica DMI 6000B inverted fluorescence microscope. A
microscopic field including clearly visible blood vessels was
selected and imaged every 5 min for up to 60 min after
injection. A 20x long working distance objective was used to
image tumor tissues and different channel fluorescence
images were captured with a Hamamatsu ORCA-AG CCD
monochrome camera. The multi-channel image acquisition
with appropriate filter setup was controlled by SimplePCI
software (Compix Inc, Cranberry, PA). All the following
image analyses were performed with the SimplePCI and NIH
ImagelJ software packages.

Analysis of Blood Cell Velocity. Blood cell flow velocity
was measured based on the Hoechst channel (excitation: 360/
40 nm; emission: 470/40 nm) images, which were captured at a
speed of 17 frames per second for 3 s every 5 min after PDT.
Hoechst dye stained the nuclei of circulating blood cells.
Blood cell flow velocity was calculated by measuring the
distance of Hoechst-positive cells traveled between two
consecutive images divided by the time interval between
these two images. Because the morphological differences
between arteriols and venules in tumor tissues are often not
distinct, vessels were chosen for velocity measurements solely
based on the vessel size. In each animal, blood cell velocity
values at different time points after PDT were normalized to
the first point value, i.e. 5 min after PDT, to obtain the
relative change after treatment. The percentage changes of
each animal in the same group were pooled to generate an
overall response curve.

Analysis of Blood Vessel Diameter and Fluorochrome-
Labeled Dextran Extravasation. The FITC channel (excita-
tion: 480/40 nm; emission: 527/30 nm) and TRITC channel
(excitation: 546/12 nm; emission: 600/40 nm) images were
captured every 5 min for up to 60 min after PDT with fixed
camera settings. Images in each channel were properly
oriented and stacked to ensure that measurements were
taken at approximately the same location. Blood vessel
diameter was measured based on the FITC-dextran images.

To measure the extravasation of fluorochrome-labeled
dextrans in tumor tissues, regions of interest (ROIs) with
diameter of 10 um were selected on the FITC channel images.
The same ROIs were also marked at same locations on the
matched TRITC images. Although close to nearby blood
vessels, these ROIs were chosen in areas without visible
blood vessels. The average fluorescence intensity in ROIs was
measured on the FITC and TRITC images taken at different
times after PDT. All intensity values in each ROI were
normalized to its first point value, i.e. 5 min after PDT, to
obtain percentage changes as a function of time after
treatment. Data of ROIs in the same group were pooled to
generate the overall response curve. The area under curve
(AUC) of each ROI intensity change curve was calculated to
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represent the accumulation of fluorochrome-labeled dextran
in tumor tissues over the 60 min period.

Statistical Analysis. Blood cell flow velocity, vessel diam-
eter and fluorescence intensity data were first analyzed using
repeated measures analysis of variance (ANOVA) with
Tukey’s post test to examine statistical differences among
measurements taken at various time points during the 60 min
period after treatment. One-way ANOVA test with Tukey’s
post test was then used to determine statistical differences
between various treatment groups and the control group.
Statistical significance was accepted at p<0.05. All statistical
analyses were carried out using GraphPad Prism software
(GraphPad, San Diego, CA).

RESULTS

Thrombus formation and blood flow stasis were two
significant observations after PDT treatments. PDT with
0.25 mg/kg dose of verteporfin mainly induced the formation
of emboli (unstable thrombi). Although reduction in blood
flow was clearly visible, most blood vessels were still functional
at the end of 60 min after this PDT treatment possibly due to
the dislodging of unstable clots. As shown in Fig. 1, thrombus
formation was observed as early as 5 min after 0.5 mg/kg dose
of verteporfin-PDT. The development of thrombus caused
vessel lumen narrowing and stagnant blood flow, resulting in
complete perfusion arrest at 50 min after treatment.

Changes in blood cell flow velocity and vessel diameter
were continuously measured for a period of 60 min after
treatments and the data were shown in Fig. 2. There was a
slight increase in blood cell velocity in control tumors, but this
change was not statistically significant (p>0.05, Fig. 2A). PDT
with 0.25 mg/kg dose of verteporfin induced up to 50%
reduction in blood cell velocity after treatment (p<0.01).

5 min 10 min
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However, among eight blood vessels analyzed, six were still
functional at the end of 60 min after PDT. Significant
decrease in blood cell velocity was also observed in tumors
treated with 0.5 mg/kg dose of verteporfin PDT (p<0.01).
After a short rebound, blood cell velocity continued to
decline to nearly complete perfusion arrest at 60 min after
treatment. Only 2 out of 14 vessels analyzed were still
functional at the end of observation. PDT with 1.0 mg/kg
dose of verteporfin caused complete blood flow arrest within
20 min and no recovery was observed up to 60 min after PDT
(p<0.01). Similar to control tumors, no significant change in
vessel diameter was detected in tumors treated with either
0.25 or 0.5 mg/kg dose of verteporfin PDT (p>0.05, Fig. 2B).
PDT with 1.0 mg/kg dose of verteporfin induced an initial
vessel constriction followed by vessel dilation at late times.
However, none of these changes were statistically significant
compared to the 5 min time point (p>0.05).

Blood vessels analyzed in this study ranged from 0 to
1817.6 um/s in blood cell velocity and from 8.3 to 83.1 pm in
vessel diameter. There was no correlation between blood cell
velocity and vessel diameter in control and all three PDT
groups at any time point (p>0.05). As PDT with 0.5 mg/kg
dose of verteporfin caused vascular shutdown in 12 out of 14
blood vessels observed within 60 min after PDT, we analyzed
the relationship among vessel diameter, blood cell velocity
and the time taken to reach zero blood flow. Figure 3
indicates no significant correlation between vessel diameter
and blood cell velocity (p=0.819). Also there was no
correlation between vessel diameter and the time taken to
zero blood flow (p=0.246). However, a strong correlation was
found between the initial blood cell velocity and the time
taken to reach zero blood cell velocity (p=0.007).

Fluorescence images of 2,000 kDa FITC-dextran and
155 kDa TRITC-dextran were shown in Fig. 4 to illustrate the
extravasation of macromolecules after treatments. Average
fluorescence intensities of 2,000 kDa FITC-dextran and
155 kDa TRITC-dextran in ROIs were measured and shown

15 min 20 min

4 '4
--

25 min 35 min

40 min 50 min

Y
/ LG S e

Fig. 1. Thrombus formation after PDT with verteporfin. The
MatLyLu tumors were treated with 50 J/cm? light dose at 15 min
after i.v. injection of 0.5 mg/kg dose of verteporfin. Tumor blood
vessels were continuously imaged by intravital fluorescence

microscopy showing the formation of thrombi (indicated by arrows)
that caused progressive vessel lumen obstruction and ultimately
vascular shutdown at 50 min after treatment. Bar=100 um.
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Fig. 2. Effects of PDT with verteporfin on blood cell velocity (A) and
blood vessel diameter (B). The MatLyLu tumors were treated with
50 J/em? light dose at 15 min after i.v. injection of 0.25, 0.5 or 1.0 mg/
kg doses of verteporfin. Control tumors received no treatment. Blood
cell velocity and vessel diameter were continuously measured every
5 min for up to 60 min after treatment by intravital fluorescence
microscopy. Each data point represents the mean of 4-12 blood
vessels and is expressed as a percentage of the 5 min point value. Bars
indicate the standard error. Compared to the control, **p<0.01.

in Fig. 5. The extravasation of 2,000 kDa FITC-dextran
(Fig. 5A) and 155 kDa TRITC-dextran (Fig. 5B) led to
significant increase in fluorescence intensity in untreated
control tumors (p<0.05). Compared to untreated control
tumors, PDT with 0.25 mg/kg dose of verteporfin significantly
enhanced the extravasation of 2,000 kDa FITC-dextran in
tumor tissues (p<0.01) while PDT with both 0.5 and 1.0 mg/kg
doses of verteporfin had no significant effect on FITC-dextran
extravasation (p>0.05). Both 0.25 and 0.5 mg/kg doses of
verteporfin-PDT caused significant increase in the extravasa-
tion of 155 kDa TRITC-dextran compared to control tumors
(p<0.01). But there was no significant difference between 0.25
and 0.5 mg/kg dose PDT treatments in affecting 155 kDa
TRITC-dextran extravasation (p>0.05). PDT with 1.0 mg/kg
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dose of verteporfin induced an initial decrease in the
fluorescence of 155 kDa TRITC-dextran. It is not clear what
caused this decrease in the TRITC fluorescence, which was not
observed in the corresponding FITC channel. The fluorescence
of 155 kDa TRITC-dextran recovered after the initial decrease.
Overall no significant difference was found between 1.0 mg/kg
verteporfin-PDT and untreated control tumors in the TRITC-
dextran extravasation over the 60 min period (p>0.05).

The AUC of fluorescence intensity—time curve was
calculated to estimate tumor uptake of fluorochrome-labeled
dextrans during the 60 min period (Fig. 6). Among three
different doses of PDT treatments, only PDT with 0.25 mg/kg
dose of verteporfin caused significant increase in tumor
accumulation of 2,000 kDa FITC-dextran compared to con-
trol tumors (p<0.05). However, both 0.25 and 0.5 mg/kg
doses of PDT significantly enhanced tumor accumulation of
155 kDa TRITC-dextran. Tumor uptake of 155 kDa TRITC-
dextran was significantly higher than that of 2,000 kDa FITC-
dextran after either 0.25 or 0.5 mg/kg PDT treatment (p<0.01).
The 1.0 mg/kg dose PDT appeared to induce a decrease in
tumor uptake of 155 kDa TRITC-dextran compared to control
tumors, but this was not statistically significant (p>0.05).

DISCUSSION

Since tumor vasculature serves to provide blood supply
to tumor tissues and regulate substance exchange between
blood and tumor interstitial fluid (1), it is important to
understand how a tumor vascular disrupting therapy affects
these two key vascular functions. In the present study, we
used intravital microscopy to analyze changes in tumor
vascular perfusion and macromolecule extravasation after
verteporfin-mediated photodynamic vascular targeting thera-
py in the orthotopic MatLyLu rat prostate tumor model.
Based on our previous study that PDT with 0.25 mg/kg dose
of verteporfin increases macromolecule extravasation and
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Fig. 3. Relationship between blood cell velocity and the time taken
to reach zero blood flow after PDT with verteporfin. A significant
correlation was found between the initial blood cell velocity and the
time taken to zero blood cell velocity (p=0.007) after PDT with
0.5 mg/kg dose of verteporfin. The correlation between vessel
diameter and blood cell velocity was not significant (p=0.819).
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Time after 2000 kDa FITC-dextran
30 min 60 min

5 min

Fig. 4. Fluorescence images of 2,000 kDa FITC-dextran and 155 kDa
TRITC-dextran at 5, 30 and 60 min after treatments. The MatLyLu
tumors were treated with 50 J/em?® light dose at 15 min after i.v.
injection of 0.25, 0.5 or 1.0 mg/kg doses of verteporfin. Control
tumors received no treatment. Animals were i.v. injected with

induces tumor necrosis (9), we chose to examine two higher
verteporfin doses (0.5 and 1.0 mg/kg) together with 0.25 mg/
kg dose in this study. Our results demonstrate that PDT with
verteporfin caused significant reduction in blood perfusion
and an increase in the extravasation of dextran molecules.
But the effects of PDT on blood perfusion and substance
extravasation followed a reverse dose-dependence.

As expected, PDT with a higher dose of verteporfin was
more effective in inducing blood flow reduction than a lower
dose of verteporfin-PDT (Fig. 2). Similar to the previous
studies (9,14,15), thrombus formation was found to contribute
to PDT-induced vascular perfusion disruption. Stable thrombi
formed inside vessel lumen caused blood flow reduction and
even complete vascular occlusion. Even though vessel con-
striction was indeed observed in some blood vessels, vessel
constriction in overall did not appear to play a major role in
verteporfin-mediated vascular disruption, which has been
reported to be involved in PDT with another photosensitizer
Photofrin (16). Figure 2 indicates that no significant vessel
size change was found after all three different doses of PDT
treatments. This simply suggests the complexity of vessel
response to PDT because, depending on the release of
vasoactive substances with opposite effects on vessel size
and spontaneous vessel response to tissue hypoxia, tempera-
ture and other microenvironment factors, both vessel con-
striction and dilation can happen at different time after
verteporfin-PDT. These results are in agreement with those
of Fingar et al. who reported that PDT with verteporfin had
no significant effect on vessel diameter in a rat chondrosarcoma
tumor model (15).
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Time after 155 kDa TRITC-dextran
30 min 60 min
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™

\

2,000 kDa FITC-dextran and 155 kDa TRITC-dextran immediately
after treatment and tumors were imaged with intravital fluorescence
microcopy. Top panel control; second panel 0.25 mg/kg verteporfin-
PDT; third panel 0.5 mg/kg verteporfin-PDT; fourth panel 1.0 mg/kg
verteporfin-PDT. Bar=100 um.

The mechanism underlying thrombus formation induced
by photodynamic vascular targeting therapy is complicated
and not yet clear. Reactive oxygen species generated
intravascularly after PDT likely cause damage to multiple
targets such as red blood cells, platelets and endothelial cells,
which in turn leads to the activation of haemostatic cascades
and results in thrombus formation (17,18). Endothelial
damage plays an important role in initiating this cascade. As
shown in the previous study, we have found a rapid endothelial
cell microtubule depolymerization and endothelial cell con-
traction following verteporfin-PDT (9). Since endothelial cells
form an interface between the blood and underneath tissue,
these endothelial morphological changes lead to the exposure
of tissue extracellular matrix to circulating blood, which
causes blood cell adherence to the damaged endothelial cells
via activating platelets and polymorphonuclear leukocytes
(19,20). This might explain intravital microscopic observa-
tions that thrombi induced by verteporfin-PDT often started
from endothelial sites and gradually increased in size,
ultimately leading to blood vessel occlusion (Fig. 1).

Tumor blood vessels exhibited heterogeneity in response
to PDT-induced perfusion disruption (21). By examining the
response of each individual vessel to PDT, it is possible to
identify the determinants that contribute to vascular response
heterogeneity, which may help to find ways to enhance
vascular response to PDT. Our data indicate that blood flow
velocity was an important parameter in determining vascular
response to PDT. Vessels with higher flow velocity were more
resistant to PDT-induced vascular shutdown (Fig. 3). This is
likely because high flow velocity was not conducive to
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Fig. 5. Effects of PDT with verteporfin on the extravasation of
2,000 kDa FITC-dextran (A) and 155 kDa TRITC-dextran (B). The
MatLyLu tumors were treated with 50 J/cm? light dose at 15 min after
i.v. injection of 0.25, 0.5 or 1.0 mg/kg doses of verteporfin. Control
tumors received no treatment. Animals were iv. injected with
2,000 kDa FITC-dextran and 155 kDa TRITC-dextran immediately
after treatment and tumors were imaged with intravital fluorescence
microcopy. Fluorescence intensities of dextran molecules in the ROIs
were continuously measured every 5 min for up to 60 min after
treatment. Each data point represents the mean of 4-29 ROIs and is
expressed as a percentage of the 5 min point value. Bars indicate the
standard error. Compared to the control, **p<0.01.

thrombus formation and able to push some already formed
thrombi into circulation, which resumes blood perfusion
function. Emboli were indeed commonly observed in blood
vessels treated with a low dose of PDT and in vessels with fast
blood flow in this study. A previous study demonstrates that
tumor areas with low oxygen partial pressure (pO,) have
more rapid decrease in pO, level after verteporfin-PDT than
areas with high pO, (22). Since it is very possible that tumor
areas with low pO, also have low blood flow, the faster drop
of tumor pO, in low pO, tumor areas than in high pO, tumor
areas after PDT is likely because PDT induces a more rapid
vascular shutdown in slow-flow vessels than in high-flow
vessels. These results suggest that photodynamic vascular
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targeting therapy needs to be improved for targeting blood
vessels with high blood flow. On the other hand, because tumor
blood vessels generally have slower flow rate than normal
vessels (23), this finding might explain why tumor vessels are
more sensitive to vascular targeting PDT than normal vessels,
which has been observed in the previous study (24).

Since vascular barrier is dependent upon endothelial
tight junctions (25), another consequence of PDT-induced
endothelial cell morphological change is the formation of
inter-endothelial cell gaps, which disrupts vascular barrier. As
shown in the present study, the extravasation and accumula-
tion of high molecular weight dextran in tumor tissues were
significantly increased as a result of vascular permeability
increase after verteporfin-PDT. However, compared to the
PDT effect on tumor perfusion, the effect of verteporfin-PDT
on dextran delivery followed a reverse dose dependence.
PDT with a lower dose of verteporfin was more effective in
enhancing the extravasation and accumulation of dextran
molecules in tumor tissues than a higher dose of verteportin-
PDT. This inverse dose dependence is likely due to the fact
that PDT with a higher dose of verteporfin (e.g. 1.0 mg/kg)
induced rapid vascular shutdown (Fig. 2), which prevented
dextran molecules from being delivered to tumor tissues,
while a lower dose verteporfin-PDT (e.g. 0.25 or 0.5 mg/kg)
was able to maintain blood perfusion for sometime, which
allowed continuous extravasation and accumulation of dex-
tran molecules into the tumor tissue. These results suggest the
importance of maintaining tumor perfusion in drug delivery
enhancement by using a vascular targeted modality.

Our data also demonstrate that the enhancement of
dextran delivery induced by verteporfin-PDT was dependent
upon dextran molecular weight. Dextran with a lower
molecular weight (155 kDa) exhibited a higher tumor
extravasation and uptake than a higher molecular weight
dextran (2,000 kDa) after both 0.25 and 0.5 mg/kg doses of
PDT treatments. Since it has been known that tumor vascular
permeability (26) and the transport of molecules in tumor
interstitial area (27) decrease with the increase of molecular
weight, the limited enhancement seen in the delivery of
2,000 kDa dextran was likely because it has a lower vascular
permeability and slower diffusion in tumor interstitial area
than the 155 kDa dextran.
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Fig. 6. Effects of PDT with verteporfin on the accumulation of
2,000 kDa FITC-dextran and 155 kDa TRITC-dextran in tumor
tissues. The AUC of fluorescence intensity-time curve, as described in
the legend of Fig. 5, was calculated to represent the tumor
accumulation of dextran molecules. Compared to the control, *p<
0.05, **p<0.01.
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This study implies that, although photodynamic vascular
targeting therapy with verteporfin may be used for both
tumor destruction and drug delivery enhancement, optimal
PDT conditions should be tailored to different therapeutic
applications. PDT with a higher dose of verteporfin (e.g.
1.0 mg/kg) might be more appropriate for tumor eradication
as a rapid and extensive vascular shutdown might be able to
maximize tumor cell killing by oxygen and nutrients depriva-
tion. We have found that PDT with 0.25 mg/kg dose of
verteporfin causes substantial tumor necrosis. It remains to be
determined whether PDT with a higher dose of verteporfin
will lead to more tumor necrosis. For primarily enhancing the
delivery of other therapeutic agents, PDT with a lower dose
of verteporfin (e.g. 0.25 mg/kg) is likely preferred because it
can obtain optimal drug tumor accumulation by maintaining
tumor perfusion after treatment, as shown in the present and
previous (9) study. PDT has been proposed to enhance the
delivery of anticancer agent (8). Strategies such as illumina-
tion with low light doses and low dose rates (8) or in
combination with anti-coagulants (28) also work through
preserving tumor perfusion to obtain an enhanced drug
delivery to tumor tissues. However, for most cancer combi-
nation therapies, PDT with an intermediate dose of verte-
porfin (e.g. 0.5 mg/kg) is likely to be a practical choice
because this treatment can cause considerable tumor perfu-
sion disruption and some effect of drug delivery enhance-
ment, as demonstrated in the present study. Combination of
intermediate dose PDT with anticancer drug therapy is more
likely to achieve synergistic effect.

In conclusion, we found that photodynamic vascular
targeting with verteporfin disrupted tumor perfusion by
inducing thrombus formation, and enhanced tumor accumu-
lation of high molecular weight dextrans by increasing
vascular permeability. However, effects of PDT on blood
perfusion and accumulation of dextran molecules followed a
reverse dose dependence. A higher dose of verteporfin PDT
was more effective in inducing perfusion disruption, but less
effective in enhancing dextran accumulation. A lower dose of
verteporfin PDT was favorable for drug delivery enhance-
ment by maintaining tumor perfusion. Dextran with a lower
molecular weight (155 kDa) obtained a higher tumor
accumulation than a higher molecular weight dextran
(2,000 kDa). These findings are important for optimizing
PDT conditions as a vascular disrupting therapy or a modality
for drug delivery enhancement.
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Disparity between prostate tumor interior versus peripheral vasculature
in response to verteporfin-mediated vascular-targeting therapy
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Photodynamic therapy (PDT) is a light-based cancer treatment
modality. Here we employed both ir vive and ex vivo fluorescence
imaging to visualize vascular response and tumor cell survival
after verteporfin-mediated PDT designed to target tumor vascula-
ture. EGFP-MatLyLu prostate tumor cells, transduced with
EGFP using lentivirus vectors, were implanted in athymic nude
mice. Immediately after PDT with different doses of verteporfin,
tumor-bearing animals were injected with a fluorochrome-labeled
albumin. The extravasation of fluorescent albumin along with tu-
mor EGFP fluorescence was monitored noninvasively with a
whole-body fluorescence imaging system. Ex vivo fluorescence mi-
croscopy was performed on frozen sections of tumor tissues taken
at different times after treatment. Both ir vivo and ex vivo imaging
demonstrated that vascular-targeting PDT with verteporfin signif-
icantly increased the extravasation of fluorochrome-labeled albu-
min in the tumor tissue, especially in the tumor periphery.
Although PDT induced substantial vascular shutdown in interior
blood vessels, some peripheral tumor vessels were able to maintain
perfusion function up to 24 hr after treatment. As a result, viable
tumor cells were typically detected in the tumor periphery in spite
of extensive tumor cell death. Our results demonstrate that vascu-
lar-targeting PDT with verteporfin causes a dose- and time-
dependent increase in vascular permeability and decrease in blood
perfusion. However, compared to the interior blood vessels,
peripheral tumor blood vessels were found less sensitive to PDT-
induced vascular shutdown, which was associated with subsequent
tumor recurrence in the tumor periphery.

© 2008 Wiley-Liss, Inc.

Key words: photodynamic therapy (PDT); verteporfin; vascular
targeting; fluorescence imaging; vascular permeability; tumor perfusion;
enhanced green fluorescence protein (EGFP); prostate tumor model

Photodynamic therapy (PDT) induces tumor destruction
through a photochemical reaction involving a photosensitizer,
light of a specific wavelength matchmg the absorption of the pho-
tosensitizer and molecular oxygen.' Singlet oxygen, a product of
this photochemical reaction, causes oxidative damage to target
cells and tissues and is the primary reactive oxygen species re-
sponsible for the brologrcal effects of PDT.> Although direct
tumor cyotoxicity and immune responses are involved as well,
damage to the tumor vasculature has been shown to contribute
significantly to the overall PDT effect of most photosensitizers.3

Verteporﬁn (the lipid formulation of benzoporphyrin derivative
monoacid ring A) is a photosensitizer that is currently approved
for the treatment of age-related macular degeneration (AMD).*
We have shown previously that the dynamic distribution of verte-
porfin is predominantly intravascular at 15 min after intravenous
1nJect10n and becomes mainly extravascular at 3 hr after injec-
tion.” Based on this pharmacokinetic property, preferentral tumor
vascular targeting can be achieved by illumination at 15 min after
verteporfin administration. We have been exploring this passive
vascular targeting principle for the treatment of prostate tumors.
Intravital fluorescence microscopy studies in the MatLyLu rat
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prostate tumor model has demonstrated that vascular-targeting
PDT with verteporfin induces vascular permeability increase and
thrombus formation, which ends in vascular shutdown and tumor
necrosis.® These results indicate that vascular-targeting PDT using
verteporfin can be used for the management of localized prostate
cancer.

Because vascular damage is the dominant effect of PDT, espe-
cially in the case of vascular-targeting PDT, it is important to
study in detail how photosensitization modifies vascular functions.
Most studies on PDT-induced tumor vascular changes have been
done on excised tumor specimens after sacrificing the animals.
Although they have been valuable in revealing microscopic
details, such studies are only able to provide snap-shot information
on each individual animal. To obtain longitudinal information in a
single animal, noninvasive imaging techniques are necessary to
examine vessel functional changes after PDT Imaging modalities
such as laser Doppler perfusmn 1ma$mg 8 diffuse correlation
spectroscolp ? laser speckle 1ma§1ng, optical coherence to-
mography'Z and ultrasonography'® have all been shown to be use-
ful techniques for monitoring tumor blood flow dynamics nonin-
vasively after PDT. Moreover, noninvasive imaging using contrast
agents allows one to follow perfusion changes and also provides
real-time information regarding vascular permeability. For
instance, angiography with fluorescent dyes such as fluorescein or
1ndocyan1ne green is routinely used to examlne vessel leakage and
occlusion in AMD patients treated with PDT.'* Changes in tumor
perfusion and vascular permeabrlrty after PDT have also been
studied with contrast-enhanced MRI."

Because of its high sensitivity and versatility, in vivo fluores-
cence imaging is able to provide both macroscopic and micro-
scopic longrtudlnal data 1n 1nd1v1dual animals, which cannot be
obtained in other ways.'”™'® In this study, we used an in vivo
whole-body fluorescence imaging system to monitor vascular
response and tumor cell survival in an EGFP-expressing prostate
tumor model following treatment with verteporfin-PDT. More-
over, we compared the in vivo tumor imaging results with the
ex vivo fluorescence microscopy of frozen tumor sections. Our
results indicate that the vascular response to vascular-targeting
PDT is clearly different between tumor interior vessels and pe-
ripheral blood vessels.
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Material and methods
Production and titer of lentivirus

Lentiviral production was performed as previously described.?
Briefly, we cotransfected pWPT-EGFP and third-generation pack-
aging vectors into 293FT cells (Invitrogen Life Technologies) and
collected culture supernatants after 48 and 72 hr of incubation in a
37°C and 5% CO, incubator. We recovered virus by ultracentrifu-
gation (1.5 hr at 25,000 rpm) in a Beckman SW28 rotor and resus-
pended the virus pellet in 25 pl of Opt-MEM media (Invitrogen
Life Technologies). Viral titers were determined by infecting
293FT cells with serial dilutions of concentrated lentivirus fol-
lowed by flow cytometry analysis 48 hr later. Typical viral prepa-
rations yielded 5 X 108 transducing units/ml.

Tumor cells and lentiviral transduction

R3327-MatLyLu rat prostate cancer cells were maintained in
the RPMI-1640 medium with glutamine (Mediatech, Herndon,
VA) supplemented with 10% fetal bovine serum (HyClone,
Logan, UT) and 100 units/ml penicillin—streptomycin (Mediatech)
at 37°C in a 5% CO, incubator. For lentiviral transduction, the
MatLyLu cells were infected with a multiplicity of infection of 50
and allowed to incubate overnight. Polybrene (8 pg/ml, Sigma)
was used to facilitate lentiviral transduction. Supernatant was then
removed after infection and replaced with complete RPMI-1640
growth medium. EGFP-transduced MatLyLu cells were examined
with a fluorescence microscope at 48 hr after transduction. EGFP-
MatLyLu cells were harvested, serial diluted and seeded in a 96-
well plate with cell density of 1 cell per well. After incubation for
7 days at 37°C and 5% CO, atmosphere, the clone exhibiting the
highest EGFP fluorescence intensity was selected and expanded
for subsequent experiments.

Animals and tumor models

Male NCr athymic nude mice (4-5 weeks old, National Cancer
Institute, Frederick, MD) were used throughout the study. Tumors
were induced by subcutaneous injection of about 1 X 10° EGFP-
MatLyLu tumor cells in the thigh region of mice. Tumors were
used for experiments when they reached a size of 5-7 mm in
diameter. All animal procedures were carried out according to a
protocol approved by the Institutional Animal Care and Use Com-
mittee (IACUC).

Photosensitizer

Verteporfin (benzoporphyrin derivative (BPD) in a lipid-formu-
lation) was obtained from QLT (Vancouver, Canada) as a gift. A
stock saline solution of verteporfin was reconstituted according to
the manufacturer’s instructions and stored at 4°C in the dark.

PDT treatments

A diode laser system (High Power Devices, North Brunswick,
NJ) at 690-nm wavelength was used for the irradiation of EGFP-
MatLyLu tumors. The laser was coupled to an optical fiber with
600 pum core diameter and expanded to generate an 11-mm diame-
ter illumination spot through a collimator. Animals were anesthe-
tized with injection (i.p.) of a mixture of ketamine (90 mg/kg) and
xylazine (9 mg/kg) and tumors were exposed to light with an irra-
diance of 50 mW/cm?. Light intensity was measured with an opti-
cal power meter (Thorlabs, North Newton, NJ). Verteporfin was
injected (i.v.) 15 min prior to light irradiation at a dose of
0.25 mg/kg.

Noninvasive tumor fluorescence imaging and image analysis

Tumor-bearing animals were i.v. injected with 20 mg/kg albu-
min labeled with tetramethylrhodamine isothiocyanate (TRITC-al-
bumin, Sigma) immediately after PDT. EGFP-MatLyLu tumors
were imaged with a noninvasive whole body fluorescence imaging
system for the EGFP and TRITC signal before and at various
times after treatment. The setup of this home-built broad beam
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imaging system has been described in detail in our previous pa-
per.”! Briefly, the system includes a filtered white light source for
excitation and a SensiCamQE high performance digital CCD cam-
era (The Cook Corp, Auburn Hills, MI) to capture fluorescence
emission passing through an emission filter. We used a 470/20 nm
excitation filter and a 520/20 nm emission filter for imaging tumor
EGFP fluorescence and a 535/20 nm excitation filter and 590-nm
long-pass emission filter for imaging the TRITC fluorescence.
Camera settings were kept constant for the control and PDT-
treated animals throughout the imaging process. Animals were
anesthetized by inhalation of 1.5% isofluorane and imaged first for
EGFP and then TRITC fluorescence without moving the animals.
The EGFP and TRITC images were pseudocolored and super-
imposed to generate composite images.

A 2.5-mm diameter region of interest (ROI) was centered over
tumor or tumor-adjacent normal tissue areas, and the average
EGFP and TRITC fluorescence intensities in the ROI were quanti-
fied with NIH ImagelJ software. The fluorescence intensity in tu-
mor or tumor-adjacent tissues after PDT was normalized to its
own pretreatment value in each animal, and the data from different
animals in each group were pooled to generate response curves.
To determine the TRITC-albumin distribution in relation to tumor
EGFP fluorescence, a straight line was drawn through the tumor
tissue on composite images and the corresponding green (EGFP)
and red (TRITC) intensities were measured along the line.

Tumor tissue fluorescence microscopy

Tumor-bearing animals were i.v. injected with 20 mg/kg
Hoechst (Sigma) as a vascular perfusion marker at different time
points after treatment. Animals were euthanized within 1 min after
injection and tumor tissues were excised and snap-frozen in iso-
pentane precooled with liquid nitrogen. Frozen tumor sections
with thickness of 10 um were cut and examined under a Leica
DMI6000B fluorescence microscope with appropriate filter sets
for Hoechst (excitation: 360/40 nm; emission: 470/40 nm) and
TRITC (excitation: 546/12 nm; emission: 600/40 nm).

Tumor volume measurement and tumor histology

Three-dimensional tumor sizes were measured regularly after
treatment by caliper, and the tumor volume was calculated using
the formula ©/6 X tumor length X tumor width X tumor height.
Animals were euthanized at various time points after treatment.
Tumor tissues were excised and fixed in 4% formalin solution.
Fixed tumor tissues were dehydrated and then embedded in paraf-
fin. Tissue sections with thickness of 5 um were cut and stained
with H&E.

Statistical analysis

Students’ 2-tailed 7-test was used to calculate statistical differ-
ences between 2 groups and the significance was accepted at p <
0.05. Statistical analysis was carried out using GraphPad software
(GraphPad, San Diego, CA).

Results

The extravasation of TRITC-albumin, as indicated by the
increase in TRITC fluorescence, was imaged noninvasively with a
whole-body fluorescence imaging system. Figure 1 shows the
TRITC fluorescence images (red) merged with tumor EGFP fluo-
rescence images (green) at different time points after vascular-
targeting PDT with verteporfin. PDT caused an overall increase in
the TRITC fluorescence and this was more pronounced in the peri-
tumor area. PDT-induced TRITC-albumin extravasation appeared
to be dose dependent because the 50 J/cm? light dose PDT caused
a greater increase in the TRITC fluorescence compared to the
25 J/em? light dose treatment.

The average TRITC fluorescence intensity in tumor and tumor-
adjacent normal tissue ROIs was quantified with NIH Imagel]
software. It was observed that the average TRITC fluorescence in
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FIGURE 1 — In vivo fluorescence images of the TRITC-albumin ex-
travasation and tumor EGFP fluorescence. The EGFP-MatLyLu
tumors were illuminated with 25 or 50 J/cm2 light at 15 min after i.v.
injection of 0.25 mg/kg dose of verteporfin. Immediately after treat-
ment, tumor-bearing animals were i.v. injected with 20 mg/kg
TRITC-albumin and imaged at different times after injection with a
whole-body fluorescence imaging system as described in the materials
and methods. Control tumors received no treatment. The images
shown are the merged image of TRITC (red) and EGFP (green) fluo-
rescence images. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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tumor areas was about 20% lower than tumor-adjacent normal tis-
sue areas presumably because higher blood volume in tumor tissues
causes more TRITC fluorescence quenching than in normal tis-
sues.'” Both 25 and 50 J/em® PDT treatments significantly
increased the TRITC fluorescence intensity in tumor (Fig. 2a, p <
0.05) and tumor-adjacent tissues (Fig. 2b, p < 0.05). Fluorescence
intensity increase started from 1-hr post-PDT treatments and
reached a plateau at about 4 hr thereafter while untreated control
tumors exhibited little change in fluorescence intensity over the
same period of time. In both tumor and tumor-adjacent tissues,
PDT with 50 J/cm® light dose induced a greater increase in the
TRITC fluorescence intensity than the 25 J/em? light dose (p <
0.01). The 25 J/cm? light dose PDT caused a similar increase (max-
imally about 1.5-fold increase) in the TRITC fluorescence intensit}zl
in both tumor and tumor-adjacent tissues (p > 0.05). The 50 J/cm
PDT caused significantly higher TRITC fluorescence increase in
tumor-adjacent tissues (about 3-fold increase at peak) compared to
tumor tissues (about 2-fold increase at peak, p < 0.05).

Changes in the average EGFP fluorescence intensity in tumor
tissues were also quantified and are shown in Figure 2c. Both 25
and 50 J/cm? PDT treatments caused a significant decrease in tu-
mor EGFP fluorescence at 1 hr after treatment (p < 0.05). After
the initial decrease, there was no further decrease in tumor EGFP
fluorescence intensity. Control tumors showed little change in the
EGFP fluorescence during this 5-hr period.

Analysis of TRITC and corresponding EGFP intensity profiles
indicated that the TRITC fluorescence intensity in tumor periph-
eral area was higher than in tumor interior area at 4 hr after injec-
tion of TRITC-albumin (Fig. 3). However, an opposite pattern was
found in tumor EGFP intensity profiles with the higher intensity
values detected in the tumor center. Both 25 and 50 J/cm® PDT
treatments caused an overall increase in the TRITC intensity and
decrease in tumor EGFP intensity. The increase in the TRITC
intensity was found to be higher in the tumor periphery than in the
tumor center.

To verify the whole-body fluorescence imaging results, we eu-
thanized animals at 1, 4 and 24 hr after 50 J/cm” PDT treatment
and excised tumor tissues for fluorescence microscopy. Hoechst
dye was i.v. injected shortly before euthanizing animals to high-
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FIGURE 2 —In vivo fluorescence image analysis showing (a)
changes of the TRITC-albumin fluorescence intensity in tumor tissues,
(b) changes of the TRITC-albumin fluorescence intensity in tumor-
adjacent tissues, and (c) changes of tumor EGFP fluorescence inten-
sity after treatment. The EGFP-MatLyLu tumors were treated with
vascular-targeting PDT and imaged with a whole-body fluorescence
imaging system. The TRITC and EGFP fluorescence intensities were
measured in a circular 2.5 mm diameter ROI placed over the tumor or
tumor-adjacent area on the fluorescence images. The fluorescence in-
tensity values after treatment in each animal were normalized to their
own pretreatment values, which are displayed as 100% at O time point.
Each group included 3 or 4 animals. Error bars represent the standard
deviation.

light functional blood vessels. As shown in Figure 4, tumor stain-
ing of Hoechst dye decreased significantly after vascular-targeting
PDT with 50 J/cm? light dose compared to the control tumor, indi-
cating a decrease in functional blood vessels. Moreover, functional
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FIGURE 3 — In vivo fluorescence image analysis showing the TRITC-albumin accumulation in relation to tumor EGFP fluorescence intensity.
The 4-hr-time-point images from Figure 1 were analyzed and shown here. A 17-mm line was drawn through the tumor tissue on each fluores-
cence image. Both TRITC-albumin and tumor EGFP fluorescence intensities were measured along the line and are shown in the figure. Dashed
lines indicate the boundary of the tumor tissue. Note the opposite pattern between tumor TRITC-albumin accumulation and tumor EGFP fluores-
cence intensity profiles. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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FIGURE 4 — Ex vivo fluorescence microscopy images showing the distribution of TRITC-albumin in relation to the functional blood vessels
highlighted by Hoechst dye staining. The EGFP-MatLyLu tumors were treated with 50 Jjem? light at 15 min after i.v. injection of 0.25 mg/kg
dose of verteporfin. Control tumors received no treatment. Immediately after treatment, tumor-bearing animals were i.v. injected with 20 mg/kg
TRITC-albumin. Animals were euthanized at 1, 4 or 24 hr after injection of the TRITC-albumin. Hoechst dye (20 mg/kg) was i.v. injected at 1
min before euthanizing the animal. Frozen tumor sections from tissue samples were first imaged for Hoechst fluorescence and the same fields
were then imaged for TRITC-albumin fluorescence. All images shown include the tumor periphery. Bars = 100 um. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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FIGURE 5 — In vivo tumor EGFP ﬂuoreqcence images showing tumor response to vascular-targeting PDT with verteporfin. The EGFP-Mat-
LyLu tumors were treated with 25 or 50 J/cm? light at 15 min after i.v. injection of 0.25 mg/kg dose of verteporfin. Tumor EGFP fluorescence
was imaged daily for up to 9 days after treatment with a whole-body fluorescence imaging system as described in the Material and methods.
Images at Day O were taken right before treatment. Control tumors received no treatment. Scale bar = 10 mm.
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FIGURE 6 — Tumor volume changes after vascular-targeting PDT
with Verteporﬁn The EGFP-MatLyLu tumors were treated with 25 or
50 J/em? light at 15 min after i.v. injection of 0.25 mg/kg dose of ver-
teporfin. Control tumors received no treatment. Tumor volume at Day
0 represented the starting volume right before the treatment.

blood vessels were mainly detected at the tumor periphery after
PDT. In agreement with the macroscopic in vivo tumor imaging
results, fluorescence microscopy also demonstrated a significant
increase in the TRITC fluorescence intensity after PDT, especially
in the tumor periphery.

Tumor response to vascular-targeting PDT was monitored non-
invasively by whole body fluorescence imaging. The EGFP-Mat-
LyLu tumors were imaged for EGFP fluorescence before and after
treatments. Representative tumor EGFP fluorescence images are
shown in Figure 5. Control tumors grew rapidly and exhibited cen-
tral necrosis when tumor reached about 8—10 mm in diameter.
Dead EGFP-MatLyLu tumor cells were unable to produce EGFP,
causing dead tumor tissues to appear as dark areas in the EGFP
fluorescence i images. PDT with 25 J/cm? light dose induced a par-
tial tumor necrosis, but this PDT condition failed to inhibit tumor
growth (Fig. 5). In fact, tumor growth after this PDT treatment
was even more rapid than control tumors and average tumor vol-
ume was nearly twice that of control tumors at 9 days after treat-
ment (Fig. 6, p < 0.01). In contrast, the 50 J/cm? PDT effectively
inhibited prostate tumor growth as indicated by a substantial
decrease in EGFP fluorescence (Fig. 5) and average tumor volume
(Fig. 6, p < 0.01 compared to the control tumor) after treatment.
EGFP fluorescence was barely detectable at 2 days after PDT. But
small EGFP fluorescent spots, indicating the existence of viable
tumor cells, were often found at tumor edges several days after
treatment and gradually grew in size which led to tumor recur-
rence. As shown in Figure 7, some viable tumor cells were clearly
detected in tumor periphery at 48 hr after 50 J/cm? PDT.

Discussion

A whole-body animal fluorescence imaging system was used in
this study to visualize noninvasively tumor response following
PDT targeting of tumor blood vessels in an EGFP-expressing Mat-
LyLu prostate tumor model. TRITC-albumin was used as a macro-
molecular probe to image tumor vascular barrier function (vascu-
lar permeability). The increase in the TRITC fluorescence inten-
sity, caused by enhanced extravasation from blood vessels, is an
indicator of vascular barrier disruption. Albumin has a plasma
half-life of more than 24 hr and it was used to follow vascular
permeability changes up to several hours after treatment.”

We found in the present study that vascular-targeting PDT
increased vascular permeability in a dose-dependent manner,
which is in agreement with our previous study and indicates that
tumor vasculature is a primary target of PDT with verteporfin.®
Importantly, our results demonstrate that the enhanced TRITC-
albumin tumor uptake as a result of PDT-induced permeability
increase was not homogeneous in tumor tissues. Both in vivo and
ex vivo tumor imaging studies indicate that increase in TRITC-
albumin extravasation was significantly higher in the peripheral
tumor area than in the interior tumor area. Because the accumula-
tion of a circulating molecule in tumor tissues is dependent upon
the existence of functional blood vessels, the enhancement of
TRITC-albumin accumulation in the tumor periphery is likely
related to the predominant localization of functional blood vessels
in peripheral tumor areas after vascular-targeting PDT. As shown
in Figure 4, PDT was remarkably effective in inducing interior
tumor blood vessel shutdown while some peripheral vessels were
still functional up to 24 hr after PDT. Early closure of central
tumor vessels limited the enhancement of TRITC-albumin in the
tumor interior, whereas prolonged perfusion of some peripheral
tumor vessels allowed more TRITC-albumin to continuously
extravasate in the tumor periphery. We and others have previously
reported that peripheral tumor vessels tend to maintain perfusion
function after vascular-targeting PDT.*>~>> Our present results fur-
ther demonstrate that continuous functioning of peripheral blood
vessels, which had been permeabilized by PDT, led to preferential
accumulation of circulating molecules in the tumor periphery.

The existence of functional blood vessels in the tumor periphery
was associated with peripheral tumor cell survival after PDT. As
shown in Figure 7, H&E staining indicated a rim of viable tumor
cells in the tumor periphery at 48 hr after PDT in spite of exten-
sive tumor necrosis. /n vivo imaging of tumor EGFP fluorescence
demonstrated that the survival of these peripheral tumor cells
resulted in peripheral tumor recurrence (Fig. 5). Here we used
EGFP as an indicator of tumor cell viability with the assumption
that dead tumor cells are not able to synthesize EGFP and emit
EGFP fluorescence. However, because EGFP has a half-life of
more than 3 hr,”® monitoring EGFP fluorescence shortly after
treatment might not accurately report tumor cell viability. Suffi-
cient time is needed for the degradation of EGFP synthesized
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FIGURE 7 — H&E staining images showing the existence of v1able tumor cells at the tumor periphery after vascular-targeting PDT with verte-
porﬁn The EGFP-MatLyLu tumors were treated with 50 Jem?® light at 15 min after i.v. injection of 0.25 mg/kg dose of verteporfin. H&E stain-
ing of tumor sections taken at 48 hr after treatment showed wide spread tumor cell death and vascular damage. But a small number of viable
tumor cells were detected at the tumor periphery. Part of the image on the left, highlighted in the box, is shown at a higher magnification on the
right. The letters V and D indicate the viable tumor area and the dead tumor area, respectively. Bars = 100 pm. [Color figure can be viewed in

the online issue, which is available at www.interscience.wiley.com.]

before treatment in order to use EGFP fluorescence to report cell
viability. The observed decrease in EGFP fluorescence shortly af-
ter PDT in the present study was likely due to the oxidative degra-
dation of EGFP during PDT rather than a real decrease in tumor
cell viability. This was supported by the fact that there was little
further decrease in EGFP fluorescence intensity over the following
5 hr period after PDT (Fig. 2¢).

It is still not clear why peripheral tumor blood vessels react differ-
ently from interior blood vessels to vascular-targeting PDT. Under-
standing the mechanism behind this disparity in vascular response
will help find ways to enhance the therapeutic effects of vascular-tar-
geting PDT. Differences in vascular structure and function between
tumor peripheral and interior blood vessels caused by morbid tumor
pathobiology possibly contribute to such variations in vascular
response. It is known that tumor tissues have higher tissue interstitial
pressure than normal tissues because of leaky tumor blood vessels
and poor lymphatic system function.””*® High tumor interstitial
pressure is able to compress tumor vessels and lead to vessel col-
lapse. Vessel compression and collapse are more severe in the tumor
interior where tumor interstitial pressure is higher. 2930 PDT has
been shown to further increase tumor 1nterst1tlal pressure as a result
of enhancing vascular permeablhty 2 Such an increase in tumor
interstitial pressure will likely impose a greater compression on tu-
mor blood vessels and cause vascular shutdown, especially in tumor
interior areas. Moreover, we recently found that, compared to the in-
terior tumor vessels, peripheral tumor blood vessels were generally
larger and exhibited vascular lumen as Well as more coverage of vas-
cular pericytes and basement membrane.** Less mechanic compres-
sion together with more vessel supporting structures might make
peripheral tumor vessels more resistant than the interior vessels to
vessel closure induced by vascular-targeting PDT.

The survival of peripheral tumor cells as a consequence of dis-
parity in vascular response between peripheral and interior blood
vessels represents a therapeutic challenge for the vascular-target-
ing PDT. Several strategies can be adopted to eliminate or at least
minimize surviving tumor cells at the tumor periphery. First of all,
we could increase the PDT dose to determine whether a higher

dose of vascular-targeting PDT will lead to the shutdown of both
interior and peripheral tumor blood vessels, resulting in an
increased tumor cure. Secondly, as combination therapies have
been routinely used in cancer treatments, one approach of enhanc-
ing photodynamic vascular targeting effectiveness is to combine it
with other cancer therapies. Combination therapies can be
designed based on different targeting principles. Targeting both
tumor vascular and cellular compartments by combining vascular-
targeting PDT with a cancer cell-targeted therapy could be a
promising strategy because the increased vascular permeabilit ty
induced by PDT has been shown to enhance drug delivery.®**
Our present study further demonstrates that the enhancement of
drug accumulation mainly occurred at the tumor periphery where
tumor cell survival tends to occur after vascular-targeting PDT.
Therefore, combining vascular-targeting PDT with other anti-
cancer drug therapies will allow more anticancer agents to be pref-
erentially deposited in the peripheral tumor area to kill tumor cells
that otherwise might survive after PDT treatment.

In summary, we utilized in vivo animal fluorescence imaging
combined with standard ex vivo tissue fluorescence microscopy to
examine changes in vascular function and tumor cell viability after
vascular-targeting PDT. Our results indicate that, although PDT
causes an overall increase in vascular permeability, peripheral tu-
mor blood vessels are somehow able to maintain perfusion func-
tion whereas interior blood vessels are shutdown shortly after
PDT. Such a disparity in vascular response is conducive to periph-
eral tumor cell survival and also explains the preferential accumu-
lation of circulating molecules in the tumor periphery. We are
currently investigating the mechanisms underlying this response
disparity and exploring therapeutic strategies that minimize the
survival of peripheral tumor cells.
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9.1 Introduction

The mechanism of PDT in cancer treatment is complicated and evolves as our
understanding of cancer biology and pharmacology progresses. It is now clear that
PDT can either directly kill tumor cells or indirectly induce tumor cell death as a
result of direct damage to tumor stroma [1]. Adequate and simultaneous deposition
of a photosensitizer, light, and oxygen molecules in tumor cells will cause tumor cell
death. However, this direct photocytotoxicity is often limited (generally less than
1-log) in tumor cell killing likely due to inadequate supply of photosensitizers, light,
and/or oxygen in tumor tissues [2]. Tumor vasculature is an important target of
PDT and this indirect tumor targeting mechanism is mainly responsible for the
acute decrease of tumor burden after PDT with most photosensitizers [1]. Further-
more, PDT-induced inflammation as well as direct photosensitizing effects on
immune cells may activate the body immune system and lead to the generation of
tumor-specific immunity, which is important for maintaining long-term tumor con-
trol [3].

For most photosensitizers, vascular damage is the predominant PDT effect and
primarily responsible for the final treatment outcome [1]. Because of this, vascu-
lar-targeting PDT has been developed to further potentiate vascular damage. In this
chapter, we will focus on vascular targeting in PDT. This targeting mechanism has
led to so far the most successful application of PDT and is showing great promise in
cancer treatment as well. We will discuss photodynamic vascular targeting princi-
ple, mechanisms, challenges, and strategies to enhance its therapeutic outcome.

9.2 Tumor Vascular Targeting

It is well-known that solid tumors cannot grow larger than about 1 mm?® without
developing a vascular network [4]. This is because, similar to normal tissues, tumor
tissues require a functional vascular system for the delivery of nutrients and the
removal of metabolic waste. To sustain tumor growth, tumor tissues need to depend
upon existing host vessels as well as develop new blood vessels for blood supply.
Compared to the normal vasculature, tumor blood vessels exhibit significant abnor-
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malities in vessel architecture (e.g., tortuousity, dilatation, irregular branching, and
lack of pericyte and basement membrane coverage) and function (e.g., stagnant
blood flow, increased vascular permeability) [5]. Although the mechanisms leading
to tumor vessel structural and functional abnormalities are not well understood, the
imbalance between pro- and antiangiogenic factors and mechanical compression
generated by high tumor interstitial pressure and proliferating tumor cells have been
suggested to be the major contributing factors [5]. The differences between tumor
versus normal vasculature in the vessel molecular signature, structure, and function
provide the basis for selective tumor vascular targeting.

Vascular targeting therapy can be divided into antiangiogenic therapy that
inhibits the formation of new vessels and vascular disrupting therapy that targets the
existing blood vessels [6]. The overall goal of tumor vascular targeting therapy is to
selectively disrupt or modulate tumor vascular function for the therapeutic purposes
without affecting much normal tissue functions. This modality can be used alone as
monotherapy, but more often it is used in combination with other therapies in can-
cer treatment. Tumor vascular targeting strategy has several apparent advantages
over the conventional tumor cellular targeting approach [4, 7]. First, vascular tar-
gets are readily accessible to the therapeutic agents delivered intravenously whereas
tumor cellular targets are typically difficult to reach due to the existence of various
physiological barriers. Second, vascular targeting is highly efficient and potent in
tumor cell killing because, unlike tumor cell-targeted therapies, not all the endothe-
lial cells are necessary to be targeted to disrupt tumor vascular function. Instead,
damage to a single endothelial cell or a portion of blood vessel may induce cata-
strophic effect on tumor perfusion, resulting in killing thousands of tumor cells that
are dependent upon that vessel for blood supply. Third, because endothelial cells are
generally considered to be more genetically stable than tumor cells, the risk of
acquiring drug resistance is usually low. These advantages render tumor vascular
targeting a promising approach in current cancer therapy.

9.3 Principle of Photodynamic Vascular Targeting

Photodynamic vascular targeting is based on site-directed delivery of photosensitiz-
ing agents to the vascular system followed by light irradiation to induce site-specific
vascular photosensitizing effects. Since vasculature-directed photosensitizer delivery
can be achieved by passive or active means, photodynamic vascular targeting can be
further divided into passive or active targeting approach [1]. The passive
vasculature-directed photosensitizer delivery is primarily based on the innate
photosensitizer pharmacokinetic property that plasma drug level is often high
shortly after intravenous administration of a photosensitizer (Color Plate 4). As can
be seen, fluorescence image of hypericin (a) and the corresponding H&E staining
photograph (b) demonstrate the intravascular localization of hypericin at 30 min-
utes after i.v. injection of a 5-mg/kg dose of hypericin in the RIF-1 mouse tumor
model. Vascular-targeting PDT with hypericin, (i.e., light treatment at 30 minutes
after a 5-mg/kg dose of hypericin injection, caused vascular shutdown in central
tumor areas). However, some tumor peripheral blood vessels were still functional,
as indicated by the presence of Hoechst dye fluorescence (c), which was injected 1
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minute before euthanizing the animal. The corresponding H&E staining image (d)
confirmed the vessel histology. Vascular-targeting PDT with hypericin (i.e., light
treatment at 30 minutes after a 1-mg/kg dose of hypericin injection), significantly
inhibited the RIF tumor growth and its antitumor effect was further enhanced by
subcutaneous injection of antiangiogenic drug TNP-470 at a dose of 30 mg/kg once
every 2 days. Each group included 8 to 10 animals (Figure 9.1).

This time period when photosensitizer is mainly localized inside the vasculature
provides a temporal window for the passive vascular targeting. Although the exact
location of this temporal window is largely dependent on the plasma kinetics of
individual photosensitizer, for most photosensitizers it typically occurs within 60
minutes after injection.

By contrast, active vascular-targeting PDT seeks to achieve vasculature-directed
drug delivery by altering photosensitizer pharmacokinetic property through drug
structure modification or drug formulation into a targeted delivery system [1]. A
targeting moiety that has a high affinity to endothelial cell markers (e.g., integrins,
VEGEF receptors, tumor endothelial markers) or vessel supporting structures (e.g.,
fibronectin with ED-B domain) is often used in the photosensitizer modification.
The resulting photosensitizer conjugates are expected to be selectively accumulated
in the targeted blood vessels, leading to a site-specific photosensitization upon light
activation.

9.4 Mechanisms of Photodynamic Vascular Targeting

Photodynamic vascular targeting therapy has been shown to produce reactive oxy-
gen species intravascularly, in particular singlet oxygen, which is believed to be
mainly responsible for the subsequent vessel structural and functional alterations
[8]. The ultimate goal of vascular-targeting PDT in cancer therapy is to obtain maxi-
mal tumor cell killing by inducing tumor vascular shutdown. The mechanism of
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Figure 9.1 Tumor inhibition after vascular-targeting PDT with hypericin and antiangiogenic drug
TNP-470.
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PDT-induced vascular shutdown is complicated because it likely involves multiple
targets in the blood cells and blood vessels, which are interweaved in complex cas-
cades of events. Intravital fluorescence microscopic study demonstrates that
microcirculation dysfunction after vascular-targeting PDT is induced by at least
two vascular events, vessel occlusion induced by thrombus formation and vessel
constriction/collapse caused by mechanic compression and vasoactive substances
(Figure 9.2(a) and (b)).

Thrombus formation can be induced by photosensitizing damage to either
blood cells or endothelial cells. It has been shown that PDT can cause platelet aggre-
gation and thrombus formation by direct damage to the platelet and red blood cell
membranes [9, 10]. Damage to the platelets may further stimulate the release of
thromboxane, a vasoactive substance with potent vessel constriction and thrombus
formation effects [11]. More often, PDT-induced damage to the blood cells is
coupled with damage to the endothelial cells, which might explain why blood cell
aggregation is often observed starting from the vessel wall. Since endothelium serves
as an interface between blood and underneath tissue, loss of endothelial barrier as a
result of vascular photosensitization exposes tissue extracellular matrix to the circu-
lation, which activates platelets and polymorphonuclear leukocytes and induces
blood cell adherence to the damaged endothelial cells. Thromboxane release as a
result of platelet activation has been shown to contribute significantly to vessel con-
striction and thrombus formation, which can be inhibited by thromboxane inhibi-
tors aspirin and indomethacin [12] or platelet depletion [11]. Endothelial cells also

Before PDT ~10 min after PDT ~20 min after PDT ~60 min after PDT

Before PDT End of PDT 10 min after PDT

30 min after PDT

Figure 9.2 (a) Intravital fluorescence microscopic images showing intravascular localization of
verteporfin and thrombus formation after vascular-targeting PDT in the orthotopic MatLyLu rat
prostate tumor. Rat blood cells were labeled with fluorescent dye Dil and injected (i.v.) into the
animals to highlight blood vessels. The MatLyLu tumors were treated with 50-)/cm? light (690 nm,
at 50 mW/cm?) at 15 minutes after i.v. injection of 0.25-mg/kg verteporfin to target tumor blood
vessels. Blood cell adherence and thrombus formation, indicated by arrows, were clearly visible
after vascular-targeting PDT. (b) Intravital fluorescence microscopic imaging of vascular permeabil-
ity increase and vessel compression after vascular-targeting PDT with verteporfin. Animals were i.v.
injected with 10-mg/kg 2,000-kDa FITC-dextran right before irradiation and imaged every 2 min-
utes for the FITC fluorescence during and after PDT. The images shown are right before PDT,
immediately, 10 minutes, and 30 minutes after PDT. Sizes of some blood vessels are labeled on the
images.
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influence blood clotting balance by releasing von Willebrand factor that facilitates
thrombus formation [13] and prostacyclin that inhibits thrombus formation and
dilates blood vessels [14]. The net effect likely favors clot formation at least at early
stage after vascular photosensitization. Blood clots formed inside vessel lumen
cause obstruction to blood flow. However, blood vessels may resume perfusion
because not all the clots are stable and some of them can be dissolved and dislodged
possibly by body anticoagulants. Only the stable thrombi will finally occlude blood
vessels and shut down vascular function. Inhibition of thrombus formation by hepa-
rin has been shown to delay PDT-induced blood flow stasis [15]. But it is not able to
completely inhibit blood flow decrease, suggesting that thrombus formation is only
partially responsible for the vascular damage induced by PDT.

As a spontaneous response to blood vessel damages, vessel constriction is often
observed after vascular photosensitization, which also contributes to PDT-induced
blood flow stasis (Figure 9.3).

Vessel constriction can be caused by the release of vasoactive substances such as
thromboxane and leukotrienes [16]. However, a strong inducer of vessel constric-
tion and even collapse in tumor tissues comes from the increase of interstitial fluid
pressure [5]. It is well-established that tumor tissues generally have higher tissue
interstitial pressure than the normal tissues because of leaky tumor blood vessels.
The mechanic compression generated by high tumor interstitial pressure can col-
lapse tumor blood vessel even without treatment and this is one of the mechanisms
involved in acute hypoxia development in tumor tissues [17]. Such vessel compres-
sion/collapse effects are aggravated by PDT because PDT is able to cause vascular
barrier disruption and therefore further increase tumor interstitial pressure [18, 19].

Since endothelial cells play a critical role in maintaining vascular barrier and
perfusion functions, it is important to study how endothelial cells respond to photo-
sensitization at cellular and molecular levels. Studies with different photosensitizers
have shown that photosensitization of endothelial cells induces rapid microtubule
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Figure 9.3 The change of blood vessel size during and after vascular-targeting PDT with
verteporfin. Sizes of four blood vessels shown in Figure 9.2b were measured and the percentages
over pretreatment sizes are shown.
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depolymerization followed by stress fiber actin formation and cell rounding
20, 21].

Although it is not clear how microtubule damage results in endothelial cell
shape change, microtubule depolymerization is believed to initiate subsequent vessel
functional changes because endothelial cell barrier function is dependent on endo-
thelial cell morphology regulated by cell cytoskeleton. Indeed, photosensitiza-
tion-induced endothelial cell shape change has been shown to be correlated to the
permeability increase [21]. Increase in cytosol calcium concentration has been sug-
gested to be the cause of microtubule depolymerization [20]. However, direct photo-
sensitizing damage to the microtubules cannot be ruled out. Vascular permeability
increase has been observed in both animal and human studies shortly after PDT
[16, 22], suggesting that this is an early event following endothelial cell damage
(Figure 9.4).

The disruption of vascular barrier function will trigger the subsequent thrombus
formation and vessel compression as described above.

The molecular mechanism involved in endothelial photosensitization is poorly
studied. There are reports showing that photosensitization activates nuclear
transcriptor NF-«B in endothelial cells through a reactive oxygen species-mediated
mechanism [23, 24]. Since NF-«B is major regulator of inflammatory and immune
reactions, its activation in endothelial cells plays an important role in vascular pho-
tosensitization-induced tumor destruction. Paradoxically, NF-kB activation can
cause both tumor inhibition and stimulation [25]. Tumor inhibition is related to its
role in enhancing gene expression of cytokines (IL-6, TNF-«), adhesion molecules
(intercellular adhesion molecule-1, vascular cell adhesion molecule-1), and possibly
heat shock proteins [24, 26]. As a result, vascular photosensitization treatment is
able to stimulate blood cells, especially neutrophils adhesion to the endothelial cells,
inducing vascular damages. On the other hand, tumor stimulation as a consequence
of NF-«B activation is associated with the upregulation of cyclooxygenas-2
(COX-2), matrix metalloproteases (MMPs), and inhibitors of apoptosis [25].
Although there is no report demonstrating the upregulation of COX-2 and
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Figure 9.4 The change of vascular permeability during and after vascular-targeting PDT with
verteporfin. Vascular permeability change was determined by measuring the 2,000-kDa
FITC-dextran fluorescence intensity from the above intravital microscopic images Figure 9.2b, and
normalizing the aftertreatment intensity values to the pretreatment value.
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apoptosis inhibitors in endothelial cells, which has been shown in tumor cells, the
induction of MMP-9 expression has been confirmed in endothelial cells after PDT,
suggesting a role of NF-«B activation in endothelial resistance to photosensitization
[25]. Interestingly, pretreatment of endothelial cells with PDT or other oxidative
stress inducers has been shown to induce cell adaptation, resulting in the
upregulation of heat shock protein and antioxidation enzymes through the p38
MARK pathway. This cellular adaptation to the oxidative stressors indeed renders
endothelial cells’ resistance to the subsequent treatment [27].

9.5 Therapeutic Challenges of Photodynamic Vascular Targeting

Although vascular-targeting PDT is able to induce extensive tumor vascular shut-
down, and consequently, tumor cell death, functional blood vessels are typically
detected at tumor peripheral areas following noncurative treatments. The existence
of these functional blood vessels can lead to tumor recurrence, which is often
observed starting from the peripheral tumor area [28, 29]. Figure 9.5 shows repre-
sentative tumor fluorescence images after verteporfin-PDT.

In this experiment, we used a lentivirus-transduced MatLyLu prostate tumor
cell line that permanently expresses EGFP. The EGFP-MatLyLu tumors were
imaged noninvasively for the EGFP fluorescence before and after PDT by using a
whole-body fluorescence imaging system. Because dead EGFP-MatLyLu tumor
cells were not able to produce EGFP, dead tumor tissues would appear as dark areas
and only viable tumor tissues could be visible on tumor EGFP fluorescence images.
Control tumors grew rapidly and generally exhibited central necrosis when a tumor
reached about 8 to 10 mm in diameter. The 50-J/cm? PDT was effective in eradicat-
ing tumor tissue and little EGFP fluorescence was detected by 2 days after PDT.
However, small EGFP fluorescent spots, indicating the existence of viable tumor
cells, were detected at tumor edges several days after treatment. Peripheral viable
tumor tissues were found growing rapidly, leading to tumor recurrence.

It is still not clear why tumor peripheral and central blood vessels react differ-
ently to the vascular photosensitization. It is hypothesized that such a variation in
vascular response is likely related to the differences in tumor interstitial pressure
and the structure of blood vessels in tumor central versus peripheral areas. Because
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Figure 9.5 Noninvasive fluorescence imaging of tumor response after vascular-targeting PDT
with verteporfin. The EGFP-MatLyLu tumors were imaged with a whole-body fluorescence imaging
system before and after the vascular-targeting PDT, showing tumor recurrence starting from 3
days after treatment. Images of control tumor receiving no treatment are also shown for compari-
son. Bar=10 mm.
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the tumor central area generally has a higher interstitial pressure than the peripheral
area, central blood vessels are more likely to collapse than the peripheral vessels as a
result of higher mechanic compression [30, 31]. Moreover, peripheral tumor blood
vessels are generally found to be larger and have more vessel supporting structures
such as pericytes than the central tumor vessels (Figure 9.6).

Collectively, less tumor interstitial pressure together with more vessel support-
ing structures might make peripheral tumor vessels more resistant to the vessel com-
pression/collapse imposed by PDT-induced tumor interstitial pressure elevation.
Survival of these peripheral blood vessels after vascular photosensitization provides
a chance of survival to the tumor cells supported by these vessels.

To maintain tissue integrity and function, biological systems develop sets of
well-balanced repairing and adaptive mechanisms to deal with various internal and
external damages. Through complicated and often redundant signaling cascades,
cells are able to survive nonfatal damages by stimulating cell growth, tissue
angiogenesis, and remodeling. Unfortunately, tumor endothelial and tumor cells can
hijack these spontaneous responses to obtain their own survival after subcurative
treatments, leading to disease recurrence. As mentioned above, photosensitization
activates p38 MAPK survival signaling in endothelial cells [27]. The activation of
p38 MARK is able to further induce the upregulation of COX-2, which catalyzes the
conversion of arachidonic acid to prostaglandins (PGs) [32, 33]. PGs, especially
PGE2, have been shown to enhance cell motility, adhesion, and survival, and stimu-
late tumor angiogenesis by inducing VEGF release. Furthermore, elevated VEGF
release can also be obtained via HIF-1-mediated signaling pathway activated by
PDT-induced tissue hypoxia [34, 35]. Through the activation of these self-repairing
and surviving pathways, tumor endothelial and tumor cells actually create a favor-
able microenvironment to maintain their survival and growth. It is not unusual to
observe that tumor cells after subcurative PDT treatments are actually becoming

Figure 9.6 Immunohistochemical staining showing the difference in vessel morphology and
structure between tumor peripheral and central blood vessels. Blood vessel pericyte marker ¢-small
muscle actin (a-SMA) staining indicates that peripheral vessels are generally bigger and have
better pericyte coverage than central vessels. Note the existence of central necrosis.
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more aggressive [35, 36]. In the end, noncurative treatments might unintentionally
select a small population of cells that are good at manipulating normal physiologi-
cal pathways to survive therapeutic stressors. Therefore, how to target cell survival
signals and adaptation mechanisms represents a major therapeutic challenge for not
only photodynamic vascular targeting, but also all other cancer therapies.

9.6 Current Status of Photodynamic Vascular Targeting

Passive vascular-targeting PDT provides an effective way of targeting blood vessels
and has been successfully translated into clinical application for diseases character-
ized by the overproliferation of blood vessels. Based on this mechanism, verteporfin
is currently being used for the treatment of age-related macular degeneration
(AMD) and more photosensitizers such as tin ethyletiopurpurin (SnET2, Purlytin)
and lutetium texaphyrin (Lu-Tex, Optrin) are under clinical trials for AMD. Quite a
few photosensitizers have also been evaluated for cancer treatment based on this
passive targeting mechanism [1]. Among these photosensitizes, Tookad is at the
forefront in the development pipeline. Currently, Tookad is in a phase I/II clinical
trial for locally recurrent prostate cancer after radiation therapy [37]. Although lim-
ited in the number of studies, active vascular-targeting PDT is being pursued
actively for the treatment of cancer and noncancer diseases. Promising results have
been obtained from several studies of conjugating photosensitizers to the blood ves-
sel-homing peptides [38—42].

9.7 Strategies to Enhance Photodynamic Vascular Targeting

As combination therapy has been routinely used in cancer treatment, one approach
of enhancing photodynamic vascular targeting efficacy is to combine it with other
cancer therapies. Combination therapies can be designed based on several different
targeting principles. Targeting both tumor vascular and cellular compartments by
combining photodynamic vascular targeting therapy with a cancer cell-targeted
therapy has been demonstrated to be an effective strategy. For instance, more than
additive antitumor effects have been obtained from most early studies exploring the
combination of PDT and cancer chemotherapy [43, 44]. Recently, PDT itself has
been studied for targeting tumor blood vessels or tumor cells, and enhanced thera-
peutic effects have been reported from studies with combined PDT regimens that
target both tumor compartments. These dual targeting PDT treatments include
PDT using a vascular-targeting photosensitizer Photofrin in combination with PDT
using a cellular-targeting photosensitizer 5-aminolevulinic acid (5-ALA) [45], PDT
regimen based on photosensitizer dose fractionation protocol so that light can be
delivered when photosensitizer has been deposited in both vascular and cellular
compartments [46], and sequential combination of a cancer cell-targeted PDT fol-
lowed by a blood vessel-targeted PDT [28].

Although the mechanisms responsible for such enhanced antitumor effects are
still not clear, spatial cooperation in tumor cell killing between vascular-targeting
PDT and cancer cell-targeted therapies possibly plays a role here. As mentioned
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above, vascular-targeting PDT is especially effective in inducing central tumor cell
death. Cancer cell-targeted therapies however mainly kill peripheral PDT tumor
cells because most anticancer agents, including photosensitizers, tend to accumulate
more at the tumor periphery presumably because of better perfusion at tumor
peripheral areas [47, 48]. Thus, cancer cell-targeted therapies may complement vas-
cular-targeting PDT in reducing some peripheral tumor cells that are otherwise not
able to be killed by vascular-targeting PDT. The other mechanism possibly involved
in the therapeutic enhancement is that both conventional and vascular-targeting
PDT treatments have been shown to improve drug delivery to tumor tissues as a
result of PDT-induced vascular permeability increase [21, 49]. Interestingly, we
have found that such an enhancement in tumor drug delivery caused by vascu-
lar-targeting PDT is actually more pronounced in the tumor peripheral area than in
the tumor central area (observation not yet published). The overall increase of the
anticancer agent in the tumor tissue, tumor peripheral areas in particular, after vas-
cular-targeting PDT may also account for the improved antitumor effect.

The other important combination strategy is to target the surviving and repair-
ing pathways that tumor endothelial cells as well as tumor cells depend on to main-
tain their survival after vascular-targeting PDT. An example in this case is the
combination of vascular-targeting PDT with antiangiogenic therapy. PDT treat-
ments have been found to stimulate angiogenesis and tumor growth by inducing
VEGEF upregulation [34, 35]. Depending on the photosensitizer, the type of tumor
model, and treatment conditions, the elevation of VEGF can be caused by
hypoxia-induced HIF-1 activation [34], COX-2 overexpression [33, 50] and p38
MAPK activation [35]. Thus, combined treatments of PDT with VEGF antibody
bevacizumab [51], antiangiogenic drug TNP-470 [52] or COX-2 inhibitor [50] have
all been shown to enhance the therapeutic effects. As our understanding regarding
tumor/endothelial cell adaptation to therapeutic stressors increases, more such
rationale-designed combination regimens will be designed to target crucial cellular
and molecular surviving pathways, leading to a synergistic treatment outcome.

9.8 Summary and Conclusions

Vascular damage is the most important mechanism involved in PDT-mediated
tumor eradication. Vascular-targeting PDT is designed to further strengthen this
vascular photosensitization effect by site-directed delivery of photosensitizing
agents to the vascular targets. Being so far the most successful PDT regimen, vascu-
lar-targeting PDT has been used clinically in the management of AMD and is show-
ing great promise in cancer treatment as well. However, spatial heterogeneity in the
vascular response and tumor/endothelial cell adaptation to the oxidative and
hypoxic stressors often result in tumor recurrence. Therefore, a combination ther-
apy with modalities complementary to the vascular-targeting PDT in tumor cell kill-
ing or treatments targeting cell surviving and adaptive signaling pathways often
shows better results than vascular-targeting PDT alone. These combination regi-
mens should be further evaluated in the clinic. Equally important, we need to further
understand the mechanism of vascular-targeting PDT at tissue, cellular, and molecu-
lar levels. It is obvious that 100% tumor cure can be achieved in preclinical animal
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tumor models with photodynamic vascular targeting therapies. The question is
whether it is possible to deliver such curative, rather than subcurative, vascu-
lar-targeting PDT to the patients, and how.
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