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Neuropilin-1 Targeting Photosensitization-Induced Early Stages of Thrombosis
via Tissue Factor Release
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Purpose. This article characterizes the vascular effects following vascular-targeted photodynamic therapy
with a photosensitizer which actively targets endothelial cells.
Methods. This strategywas considered by coupling a chlorin to a heptapeptide targeting neuropilin-1 in human
malignant glioma-bearing nude mice. A laser Doppler microvascular perfusion monitor was used to monitor
microvascular blood perfusion in tumor tissue. Endothelial cells’ ultra structural integrity was observed by
transmission electron microscopy. The consequences of photosensitization on tumor vessels, tissue factor
expression, fibrinogen consumption, and thrombogenic effects were studied by immunohistochemical staining.
Results. Treatment of glioma-bearing mice with the conjugate showed a statistically significant tumor growth
delay. Vascular effect was characterized by a decrease in tumor tissue blood flow at about 50% baseline during
treatment not related to variations in temperature. This vascular shutdown was mediated by tumor blood
vessels’ congestion. A pro-thrombotic behavior of targeted endothelial cells in the absence of ultra structural
changes led to the induction of tissue factor expression from the earliest times post-treatment. Expression of
tissue factor-initiated thrombi formation was also related to an increase in fibrinogen consumption.
Conclusion. Using a peptide-conjugated photosensitizer targeting neuropilin-1, induction of tissue factor ex-
pression immediately post-treatment, led to the establishment of thrombogenic effects within the vessel lumen.
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INTRODUCTION

Photodynamic therapy (PDT) uses a photo-active com-
pound, light, and oxygen to create tissue damage. Three
mechanisms by which PDT destroys tumors include (1) direct
tumor cell kill, resulting from lethal events initiated by the
flux of reactive oxygen species (ROS); (2) post-treatment
inflammatory and immune responses directed against the
tumor cells; and (3) damage to the tumor-associated vascula-
ture. Destruction of the vasculature may indirectly lead to
tumor eradication, following deprivation of life-sustaining
nutrients and oxygen (1,2), and this vascular effect is thought
to play a major part in the destruction of some vascularized
tumors by PDT (3–9). Hence, tumor vasculature is a potential
target of PDT damage. The preference of vascular targeting is
highly dependent upon the relative distribution of photo-
sensitizers in each compartment, which is related to their
pharmacokinetic properties and can be favored by choosing
short drug-light intervals (DLI), or by modifying the photo-
sensitizer molecular structure. This passive targeting mecha-
nism is regulated by the photosensitizer physicochemical
properties. Indeed, photodynamic treatment using shorter
DLI mainly targets tumor vasculature, and loss of vascular
barrier function has been observed shortly following vascular-
targeting PDT (10,11). This first strategy has been selected by
Kurohane et al.: laser irradiation 15 min after injection of the
liposomal benzoporphyrin derivative monoacid ring BPD-
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MA caused haemostasis due to damage to angiogenic
endothelial cells. This approach suppressed tumor growth
more efficiently than conventional PDT (12). Only a very
limited number of studies have been performed to actively
target tumor vascular endothelial cells (13). Receptors
specifically located on angiogenic endothelial cells, such as
receptors to vascular endothelial growth factor (VEGF), can
be used as molecular targets. We have previously described
the conjugation of a photosensitizer (a chlorin) to an
heptapeptide (ATWLPPR), specific for the VEGF receptor,
neuropilin-1 (NRP-1) (14,15). We evidenced a significant
decrease of the conjugated photosensitizer cellular uptake
after RNA interference-mediated silencing of NRP-1 (16).
This new targeted photosensitizer proved to be very efficient
in vitro in human umbilical vein endothelial cells compared to
its non-conjugated counterpart (15). In vivo, we also demon-
strated the interest of using this active-targeting strategy,
allowing efficient tumor tissue uptake of the conjugated
photosensitizer. In mice xenografted ectopically with U87
human malignant glioma cells, we demonstrated that only the
conjugated photosensitizer allowed a selective accumulation
in endothelial cells lining tumor vessels (17). The time of 4 h
post-injection corresponded, according to microscopy analy-
ses, to highest incorporation of the conjugated photosensitizer
in endothelial cells (before that time, e.g., at 1 h post-
injection, the conjugate was mostly localized in the plasma).
Conversely, TPC showed only faint and diffuse staining in the
tumor, with no specific localization in endothelial cells (17).
This short DLI was also chosen corresponding to relevant
conjugate levels in tumor and low degradation of the peptidic
moiety. Using the response surface methodology (RSM), an
optimal vascular-targeted photodynamic therapy (VTP) con-
dition was selected to model effects and interactions of
photosensitizer dose, fluence and fluence rate on the growth
of U87 human malignant glioma cells ectopic xenografted in
nude mice (18). In this study, photodynamic treatment of
glioma-bearing mice using the peptide-conjugated photosensi-
tizer validated the decrease in tumor growth compared to
animals who received the treatment with the non-conjugated
photosensitizer. Thus, we postulated that the improvement of
tumor responsiveness with the conjugated photosensitizer
originated from the procedure producing the anti-vascular
effect. A mechanistic understanding of photosensitization-
induced early thrombogenic events was necessary. This article
characterizes the vascular effects following PDTwith this novel
photosensitizer and demonstrates that the induction of tissue
factor (TF) expression following treatment leads to the
establishment of tumor blood vessel congestion.

MATERIALS AND METHODS

Photosensitizer

We described previously the conjugation of a photo-
sensitizer (5-(4-carboxyphenyl)-10,15,20-triphenylchlorin,
TPC), via a spacer (6-aminohexanoic acid, Ahx), to an
heptapeptide (H-Ala-Thr-Trp-Leu-Pro-Pro-Arg-OH, noted
ATWLPPR). TPC was purchased from Frontier Scientific
(Logan, UT). TPC-Ahx-ATWLPPR was synthesized and
purified as described previously (15,19). Stock solutions in
dimethylsulfoxide (2 mM) were used. The photosensitizers

were diluted in polyethylene glycol (PEG) 400/ethanol/water
(30:20:50, v/v/v) to the concentration required for intravenous
(i.v) injection to mice (200 µL/25 g body weight). For each
experiment, concentrations were checked with a Perkin-Elmer
UV-visible spectrophotometer (Lambda 2, Courtaboeuf,
France), using the molar extinction coefficients reported
previously (15).

Animals and Tumor Model

Female athymic Foxn1 nude mice (nu/nu) were used for
this study (Harlan, Gannat, France). Animal care and studies
were performed according to the European convention for
the protection of Vertebrate Animals Used for Experimental
and Other Scientific Purposes, EU directives and The Law on
Statute on Animal Experiments in France. Mice (6–7/cage)
were maintained in standard cages in isolators. Animals were
housed with 12-hour light/dark cycle at 22–24°C and 50%
humidity, and they were administered with food and water ad
libitum. The mice were used for tumor implantation when
they were 7–9 weeks old (20–25 g). They were anesthetized
using an intraperitoneal injection of a mixture of ketamine
(Ketalar®, Panpharma, Fougères, France) and xylazine
(Rompun®, Bayer Pharma, Puteaux, France) at a dose of
60 mg/kg and 8 mg/kg, respectively. The model of human
malignant glioma was obtained using U87 cells (20). Tumors
were treated when they reached a treatment size of 5±1 mm
geometric mean diameter (15±5 days after tumor grafting,
(16)).

PDT Efficiency In Vivo

In practice, the four factors that are usually considered
for PDT treatment are the administered photosensitizer
dose, DLI, light fluence and light fluence rate. To limit the
number of experiments to be carried out, in our approach, a
DLI of 4 h was selected. By fixing this parameter, the
determination of the optimal PDT dosimetry was expressed
as the optimal choice of the three remaining factors
(photosensitizer dose, light fluence and fluence rate), i.e.
selection of values leading to an optimal PDT response. A
Doehlert experimental design was selected to model effects
of photosensitizer dose, fluence and fluence rate on the
growth of U87 human malignant glioma cells xenografted in
nude mice. An optimal PDT condition was selected (photo-
sensitizers dose : 2.80 mg/kg (1.75 µmol/kg); fluence : 120 J/
cm2; fluence rate : 85 mW/cm2) (18). The dose for each
photosensitizer was injected to the mice via the tail vein.
The mice were kept in the dark for 4 h and anesthetized as
described above. Irradiation of tumors was carried out at
652 nm, using a dye laser (SpectraPhysics 375B, Les Ulis,
France) pumped with an argon laser (Spectra-Physics 2020).
Light was delivered through an optical fiber (HCG type, SEDI
Fibres Optiques, Courcouronnes, France) and a light distributor
(Frontal Diffuser FDI, Medlight SA, Ecublens, Switzerland) for
a perfectly homogeneous illumination of the spot, which
illuminated the tumor surface over a 1-cm diameter beam
spot. The incident fluence rate on the tumors was evaluated
using an optical power meter (SP407, SpectraPhysics). At least
six mice were used for each group. The control group consisted
of mice that did not receive any treatment (no photosensitizer,
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no light) (18). Following VTP, tumor diameter was measured
three times a week in two orthogonal directions using an
electronic caliper, and tumor volume (V) was calculated using
the formula

V ¼ length� width2
� �

=2

Measurements were carried out during 50 days or until
tumors reached a size of 1 cm3, at which time mice were
sacrificed by cervical dislocation.

Measurements of Oxygen, Temperature and Microvascular
Blood Flow

A 100 µm diameter thermocouple and two 230 µm fibers
are attached to the probe. This combined probe measures
oxygen, temperature, and microvascular blood flow. The
measurement requires OxyLite and OxyFlo instruments.
OxyLite 2000 (Oxford Optronix, Oxford, UK) is a two-
channel device (measuring PO2 and temperature at two sites
simultaneously), and OxyFlo 2000 is a two-channel laser
Doppler perfusion monitoring instrument. The OxyLite has
been designed to operate in conjunction with the OxyFlo.
The probe calibration parameters are transferred from the
probe packaging to the OxyLite instrument using the bar
code wand. For each PO2 input on the OxyLite front panel,
there is a corresponding temperature input. A thermocouple
sensor may be attached to these temperature inputs using the
thermocouple adapters provided. The OxyFlo is a laser
Doppler flow meter whose primary purpose is to measure
real-time microvascular red blood cell perfusion. Laser
Doppler signals were recorded in blood perfusion unit, which
is a relative unit scale, defined using a carefully controlled
motility standard. The OxyFlo was calibrated before leaving
the factory, using a motility standard solution of carefully
selected latex spheres undergoing Brownian motion. A
relative measure, the blood perfusion unit, was the output
of the flow meter and is representative of local flow at the
distal tip of the probes. Before the experiments, all probes
were calibrated by way of the kit supplied by the manufac-
turer. The ongoing standardization also followed the manu-
facturer’s procedures. A low light power (<0.5 mW) was
applied by a laser diode integrated into the system. The
wavelength of 830 nm enables it to follow front blood flow,
during and after PDT. Measurements were representative of
a volume of 0.3–0.5 mm3 near the probe and were recorded
5 min before the beginning of treatment, during VTP and
5 min after treatment. When the mouse was sacrificed, the
value of the residual flow obtained after stabilization of the
signal was indicated “the physiological zero.” This value was
withdrawn from the whole of the measured values, and the
results were presented in the form of percentage compared to
the flow before irradiation.

Endothelial Cells Ultra Structural Integrity by Transmission
Electron Microscopy

Just after treatment, tumors were fixed in 2.5% gluta-
raldehyde in 0.1 M phosphate buffer overnight at 4°C. Full
thickness biopsies were cut into thin pieces and washed with
0.1 M sodium cacodylate buffer, pH 7.2, for 2 h. Subsequently,

they were fixed in 1% osmium tetroxide solution for 20 min,
washed in 0.1 M phosphate buffer (pH 7.2) for 90 min and
washed once again with sodium cacodylate buffer. The
samples were dehydrated through series of graded alcohol,
embedded in resins Epon and sectioned into semithin-
sections (2 µm), which were stained with toluidine blue.
Ultrathin sections (75 nm) were sectioned from semithin
sections, contrasted with uranyl acetate agent and lead citrate
to improve contrast of cellular organelles. Ultrathin sections
were observed using transmission electron microscopy (TEM;
CM10, Philips, Eindhoven, The Netherlands). All chemicals
were purchased from Sigma (Saint Quentin Fallavier,
France), unless otherwise stated.

Co-expression of TF and Collagen IV by Immunohistochemical
Staining

The tumor tissues were coated with Tissue-Tek® OCT
(Sakura Firetek, Torrance, CA, USA) and placed first in
liquid nitrogen-cooled isopentane for at least 40 s to com-
pletely freeze the biopsy and, afterwards, placed at −80°C.
The sections (approximately 5–7 µm thick) were fixed with
poly-(ethylene glycol) (PEG) for 10 min, hydrated in
phosphate-buffered saline (PBS) with 0.05% Tween 20
(Dulbecco’s PBS, Gibco, Invitrogen Corporation, Scotland),
and incubated for 4 h at room temperature with the primary
rabbit anti-mouse TF monoclonal antibody (extracellular
domain of mouse tissue factor comprising amino acids 29–
250) (1:320 in dilution buffer: PBS pH 7.4 with 0.1% (m/v)
sodium azide, 0.06% (m/v) N-ethylmaleimide, 1% (m/v)
BSA, 30% (v/v) glycerol; American Diagnostica Inc., Stam-
fard, CT). After washing, the sections were incubated for 1 h
with secondary goat anti-rabbit biotinylated polyclonal immu-
noglobulins (diluted 1:200 in PBS-Tween; Dakocytomation,
Denmark). The revelation of secondary biotinylated anti-
bodies was performed with a streptavidin-horseradish perox-
idase complex (1 h at room temperature, diluted 1:200 in
PBS-Tween;, Dakocytomation, Denmark) and the peroxidase
substrate (5 min, Vector® NovoRed™ Substrate Kit for
peroxydase, HistoGreen, Vector Laboratories, Paris, France).

To make the localization of TF expression precise, a
collagen IV immunostaining was performed. The sections
were incubated with 0.1 M HCl for 20 min, washed and
incubated for one night at 4°C with the primary rabbit anti-
mouse collagen IV monoclonal antibody (diluted 1:3000 in
PBS;fs Novotec, Wittelsheim, France). After washing with
PBS-Tween, the sections were incubated for 1 h at room
temperature with the secondary goat anti-rabbit biotinylated
polyclonal immunoglobulins (diluted 1:200; Clinisciences).
The revelation of secondary biotinylated antibodies was
performed as described above. Then, a hematoxylin counter-
staining was performed to visualize the section by optical
microscopy (AX-70 Provis, Olympus, Rungis, France).

Assessment of FibrinogenConsumption by Immunofluorescence
Staining

The tumor tissue was prepared as described above, using
Tissue-Tek® OCT. The sections were air-dried and washed in
isotonic PBS. To localize the vessels, the sections were
incubated for 3 h with the primary rabbit anti-mouse collagen
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IV monoclonal antibody (1:3200 dilution; Novotec) and for
1 h with the secondary goat anti-rabbit biotinylated poly-
clonal immunoglobulins. The secondary antibody was
revealed using a Texas red streptavidin complex (1:4000
diluted in Tris-buffered saline Tween®20; Streptavidin Fluo-
prob, Interchim, Montluçon, France). To determine the
consumption of fibrinogen, the sections were incubated with
polyclonal rabbit anti-Human Fibrinogen/FITC (fluoresceine
isothiocyanate) (1:20 dilution, Dakocytomation, Denmark)
for 30 min. The co-distribution of collagen IV and fibrinogen
was visualized by fluorescence microscopy (Axioskope 2,
Zeiss) using an excitation filter (band-pass 455–495 nm or
540–552 nm, respectively) and emission filter (band-pass 505–
555 nm or 565–595 nm), respectively.

Assessment of Intravascular Thrombosis by Histopathology,
with Vascular Immunohistochemistry

To make the effects of VTP targeting angiogenic
endothelial cells on tumor functional vasculature precise,
tumor tissues were fixed during 24 h at room temperature in a
buffer (0.1 M Tris-HCl, pH 7.4, 3.2 mM calcium acetate,
22.8 mM zinc acetate, 36.7 mM zinc chloride). Histopathology
was performed on 5 µm paraffined tissue sections. For each
condition tested (control, both photosensitizers, different times
after treatment), a hematoxylin, eosin and safran (HES)
staining was performed. To detect thrombogenic effect of PDT
in the vessels, another adjacent section was incubated for 3 h at
room temperature with the primary rat anti-mouse CD31
antibody (1:20 dilution buffer; Pharmingen/BD Biosciences,
Le-Pont-de-Claix, France). After washing, the slides were
incubated for 1 h with the secondary rabbit polyclonal anti-rat
biotinylated IgG (1:400 dilution in PBS-Tween; Clinisciences).
The revelation of secondary biotinylated antibodies was per-
formed with a streptavidin-horseradish peroxidase complex (1 h
at room temperature, diluted 1:400 in PBS-Tween, Dakocyto-
mation, Denmark) and the peroxidase substrate (5 min, Vec-
tor® NovoRed™ Substrate Kit for peroxydase, HistoGreen,
Vector Laboratories, Paris, France). Then, a hematoxylin
counterstaining was performed to visualize the section by
optical microscopy (AX-70 Provis, Olympus, Rungis, France).

Protein Extraction and Bio-Plex® Mouse Cytokine (TNF
(tumor necrosis factor)-α and IL(interleukin)-6) Assays (21)

Proteins were extracted from tumor frozen specimens
using Cell Lysis kit (Bio-Rad, Marnes La Coquette, France)
according to the manufacturer’s recommendations. Half of
the tumor specimens were first disrupted using steel bead
tissue lyser (Quiagen, Courtaboeuf, France) for 15 min.
Disrupted tumor tissues were exposed to the lysis solution,
scrapped, then transferred into microvial (Eppendorf®,
Lepecq, France) and centrifuged at 4,500 g for 20 min at
4°C. Protein-containing supernatants were then collected and
stored frozen at −80°C until analyzed. Before being analyzed,
the protein concentration was determined in each extract
using 690 nm colorimetric DC Protein assay kit (Bio-Rad)
based on Lowry technique. The expression of the signaling
cytokine was analyzed using Bioplex® cytokine assay (Bio-
Rad) based on multiplex sandwich bead immunoassays.
Protein extracts were transferred into 96-well dishes and

diluted with 25 µl buffered solution. Fluorescent-capturing
beads coupled to antibodies directed against TNF-α and IL-6
were mixed. The antibody-conjugated beads were added into
each well and incubated 30 min. Following incubation, the
plates were washed and incubated with biotinylated anti-
bodies fixing each target protein. Streptavidin-phycoerythrin
solution was then added. The analysis consisted of a double
laser fluorescence detection allowing simultaneous identifica-
tion of the target protein through the red fluorescence
emission signal of the bead and quantification of the target
phosphoprotein through the fluorescence intensity of phy-
coerythrin. Positive control, consisting of standard protein
extract from control cell line was added to each series.
Results were recorded as mean fluorescence intensities and
normalized to the data measured in the positive controls.

Statistical Analysis

The Pearson correlation coefficient was used to study the
linear dependence between mean fibrinogen and mean
collagen staining. Efficacy of PDT according to the response
surface methodology was presented with the Kaplan-Meier
model, considering the percentage of tumors not having
reached 10 times their initial volume as the end-point.
Statistical analysis was conducted through the log-rank test.
Mann-Whitney U test was used to assess the significant level
between independent variables. The level of significance was
set to p<0.05.

RESULTS

Mice treated by PDT with TPC-Ahx-ATWLPPR showed
a statistically significant therapeutic efficacy, compared to the
TPC-treated group (Fig. 1A). No significant difference was
observed between the control group and the TPC-treated
group. Control groups (i.e. light only, TPC only and TPC-
Ahx-ATWLPPR only) were also used; no significant differ-
ence could be observed between these groups (data not
shown). Tumor growth curves with the targeted photosensi-
tizer resulted in stabilization of almost all tumor volumes
within 10 days post-treatment (Fig. 1B). Nevertheless,
interestingly, the mean diameter at day 2 for the group
treated by TPC-Ahx-ATWLPPR was significantly higher than
before PDT, also followed by a significant decrease at day 6
(p=0.016 and 0.040, respectively; Fig. 1D). Histologic exami-
nation of CD31 staining tissue sections, taken from tumors at
24 h after vascular-targeting PDT, indicated extensive vascu-
lar disruption, oedema tissue and mixed types of cell death,
necrosis and apoptosis with condensed and/or fragmented
nuclear morphology throughout tumor sections with both
photosensitizers (Fig. 1C). Increased induction of cytokines
TNF-α and IL-6 was observed a few minutes only after TPC-
Ahx-ATWLPPR-induced VTP (Fig. 1E).

Laser Doppler technology offers the advantage of
continuous blood-flow monitoring during PDT. Tumor blood
flow was measured continuously before the start of treatment
until 5 min after the conclusion of PDT (Fig. 2A). In TPC-
Ahx-ATWLPPR-PDT-treated animals, a rapid increase in
blood flow occurred during the first 3 min of treatment.
Following this PDT-induced increase, blood flow decreased at
about 50% of baseline, resulting in a characteristic biphasic
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change in tumor blood flow (22,23). The first minimum was
reached at about 10 min after the start of treatment, but the
time to the trough varied widely among tumors. With TPC-
mediated PDT as control, minor fluctuations in blood flow
were detected during illumination. However, PDT may
induce hyperthermia and thus also affect tumor blood flow.
To evaluate thermal effect of our VTP protocol, we moni-
tored tissue temperature during treatment with both photo-
sensitizers (Fig. 2A). Whatever the photosensitizer, the tumor
tissue temperature increased in a comparable manner, rang-
ing between 1.6°C and 1.9°C during the photodynamic
treatment. This increase would not be expected to affect the
tumor vasculature. In a study by Dudar and colleagues,
normal tissue from rabbits required temperatures greater
than 47°C to bring about vascular stasis in less than 1 hour,
while stasis occurred in tumors in the same time frame at
temperature greater than 41°C (24). We measured no
significant variation of tumor oxygenation before and imme-
diately after VTP, no matter the photosensitizer (Fig. 2A).

To determine the cause of reduction in blood flow using
the laser Doppler experiments, damage to vasculature in the
periphery of the tumors (which often have both wide vessels
and high vessel densities) was first evaluated histologically.
Extensive platelet aggregation and red blood cell agglutina-
tion were observed into blood vessels of the tumor capsule
from animals treated with TPC-Ahx-ATWLPPR as soon as
treatment ended (Fig. 2B).

In order to elucidate the precise mechanism that was
responsible for the coagulation initiation post-treatment, we
studied the effects of TPC-Ahx-ATWLPPR photosensitiza-
tion on endothelial cells morphology. Vessel walls were first
identified as CD31-positive structures (Fig. 3A). A strong and
distinct staining, predominantly membranous but also cyto-
plasmic, of vascular endothelial cells was observed with both
photosensitizers. The staining was observed in the vascular
endothelial cells of the wide and small vessels. We secondly
showed that the ultra structural morphology of endothelial

cells did not seem to be impaired as checked by TEM, no
matter the photosensitizer (Fig. 3B).

Disturbance of endothelial cells through vascular injury
could also result in an increase in expression of procoagulant
mediators (25). As illustrated in Fig. 4B, the increased
expression of TF is the major event during vascular dysfunc-
tion resulting in a highly thrombogenic environment (26). We
examined if VTP targeting endothelial cells could affect TF
expression. An intense TF expression was observed a few
minutes only after TPC-Ahx-ATWLPPR-induced VTP
(Fig. 4A). As control tumors using either light only or
photosensitizers only, TPC-induced photodynamic activity
induced no TF expression compared to the peptide-conju-
gated photosensitizer. Fibrinogen expression in tumor tissue
was compared between TPC-mediated PDT and animals who
received the conjugated photosensitizer. Moreover, to gain an
insight into localization of fibrinogen in the tumor tissue, we
undertook an immunohistochemical analysis of type IV
collagen-staining (Fig. 4C). Immediately post-treatment, we
calculated no colocalization for TPC, whereas tumors treated
with TPC-Ahx-ATWLPR exhibited a marked colocalization
between both staining. Four hours post-treatment, an
increase of relative fibrinogen staining was evaluated for
TPC; on the contrary, a decrease of fibrinogen expression was
evidenced concerning the conjugate (Fig. 4C).

The thrombogenic effect after TPC-Ahx-ATWLPPR-
induced VTP was confirmed by histological examination with
blood stasis in all regions examined 2 h post-treatment
(Fig. 5A), followed by thrombi in vessel lumen 4 h post-
treatment (Fig. 5B).

DISCUSSION

The goal of tumor vascular targeting is to selectively
modulate tumor vascular function in order to lead to a
therapeutic purpose (27). To achieve this aim, therapeutic
molecules need to be selectively delivered to the tumor
vascular targets. A variety of tumor vascular molecular
markers have been suggested for a selective targeting through
conjugating therapeutic agents with tumor vasculature hom-
ing molecules; nevertheless, a marker that is absolutely
specific for tumor vasculature has not yet been and may
never be described (28). In PDT, a passive targeting of tumor
vasculature might be practically the most effective approach
to target tumor blood vessels. This passive targeting can be
obtained either by changing PDT scheduling (i.e. by decreas-
ing DLI), or by designing photosensitizers localizing primarily
in the vascular compartment. The first method has been
suggested by Kurohane et al. describing hemostasis due to
damage to angiogenic endothelial cells (12). This approach
suppressed tumor growth more efficiently than conventional
PDT. This method has also been suggested with a novel
photosensitizer MV6401, a pyropheophorbide derivative with
indium chelated in the center of the pyropheophorbide
macrocycle (29). The authors determined that PDT-induced
vascular effects occurred rapidly with an acute response
immediately after PDT and a-long-term response at times
greater than 3 h after treatment. MV6401-mediated photo-
dynamic treatment produced selective vascular effects, includ-
ing vasoconstriction, vascular shutdown, thrombi formation
and in fine tumor growth delay. The second method involves

Fig. 1. Vascular-targeted PDT induced tumor growth delay. A, using
optimal treatment condition (fluence rate = 85 mW/cm2, fluence =
120 J/cm2, dose = 1.75 µmol/kg) deduced from RSM (18), tumor
growth curves following treatment with TPC-Ahx-ATWLPPR [black
squares] were compared to growth curves with TPC [white squares].
Light-only control group was represented [black circles]. A no
significant difference could be observed between the control group
and the TPC-treated group. On the contrary, mice treated by PDT
with TPC-Ahx-ATWLPPR showed a tumor growth delay compared
to the TPC-treated group (data points show the median tumor
volume). Kaplan-Meier curves of control mice or mice treated by
PDT, using TPC or TPC-Ahx-ATWLPPR considering the percentage
of tumors not having reached 10 times their initial volume at the end
point (right). At least nine mice were used for each experimental
group. Statistical analysis was performed using the log-rank test (p
values represent comparison TPC versus TPC-Ahx-ATWLPPR). B
tumor growth curves following treatment for all animals during
10 days. C histological images of CD31 staining counterstained with
hematoxylin obtained from tumor sections of the U87 tumors 24 h
after PDT (same optimal conditions) using TPC-Ahx-ATWLPPR
(left) or TPC (right). D boxplots of tumor mean diameters before
treatment and at day 2 and 6 post-PDT. E increased expression of
TNF-α and IL-6 in tumors, following treatment with TPC-Ahx-
ATWLPPR [black] and TPC [white]. The induction of both cytokines
was compared to control tumors (no-light). Data represent mean ±
s.d.; n=4 samples per group, *p<0.05 versus control.
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the use of “vascular-targeting” agents that aim to destroy the
neovasculature already formed, and which have to be
distinguished from anti-angiogenic agents acting on the
angiogenic process itself (30–32). Ichikawa et al. modified a
PEG-coated liposomal BPD-MA, with the APRPG-penta-
peptide binding to tumor angiogenic sites (3). Although
increased uptake of photosensitizer by tumor tissue was
solely attributable to the PEG moiety, conjugation to APRPG
appeared necessary to suppress tumor growth efficiently.

For the first time, we propose to characterize the vascular
effect of PDT using a peptide-conjugated photosensitizer target-

ing NRP-1 (19). As a DLI of 4 h, corresponded to the highest
incorporation of TPC-Ahx-ATWLPPR in endothelial cells lining
the vessels, has been chosen (17), and since our molecular
marker is mainly over expressed by angiogenic vascular
endothelial cells (33), the supposed initiating event would be a
morphological and functional alteration of endothelium.

Blood-flow stasis is a consequence of PDT of solid
tumors using many photosensitizers. TPC-Ahx-ATWLPPR-
mediated VTP produced a vascular effect during treatment,
including, as in many instances, an initial treatment-induced
increase in tumor blood flow followed by a reduction in blood
flow. A transient increase in blood flow upon illumination
may be a physiological response created by photochemical
oxygen consumption (34). A generalized hypothesis for the
mechanisms leading to vessel stasis begins with perturbation
and damage to endothelial cells during light treatment of
photosensitized tissues. Using our vascular targeting strategy,
measurements of blood flow stasis after VTP can arise from a
combination of functional damage to endothelial cells and the
resulting a physiological response to this damage. Treatment
with the conjugate can alter the thrombogenic state of
endothelial cells by influencing major thrombogenic path-
ways, thereby increasing the thrombogenic potential of the
environment. Indeed, direct stimulation of endothelial cells
led to the establishment of thrombogenic sites within the
vessel lumen, and this initiated a physiological cascade of
responses, including red blood cell agglutination and platelet
aggregation. The formation of blood stasis and platelet

TPC-Ahx-ATWLPPR                                              TPC

A

B (X 6.61) (X 3.9)

lumen

lumen

EC
EC

N
N

M
M

20 µm 20 µm

RBC

Fig. 3. Representative vessel images of CD31 staining counterstained with hematoxylin (A) and transmission electron
microscopy (TEM) (B) obtained from tumor sections of the U87 tumors, immediately after treatment with optimal
conditions, using either TPC-Ahx-ATWLPPR or TPC. EC endothelial cells; M mitochondria; N nucleus; RBC red blood
cells.

Fig. 2. Vascular-targeted PDT with TPC-Ahx-ATWLPPR induces a
decrease in tumor tissue blood flow during PDT without significant
variation in temperature measurements. No difference in tumor PO2

was monitored prior to PDT compared to after treatment with
optimal conditions. A Upper panel: averaged data of blood flow and
traces of intratumoral temperature obtained with the laser Doppler
flowmetry technique using PDT-treated tumors with TPC-Ahx-
ATWLPPR (left) or TPC (right). Lower panel: tumor oxygenation
in PDT-treated tumors. Vertical lines indicate the beginning of PDT
(light on) and the end of treatment (light off), respectively. Results
are representative of three independent experiments. B Histological
images of the tumor capsule immediately after treatment showing red
blood cells and platelets aggregation only for TPC-Ahx-ATWLPPR-
mediated PDT compared to TPC. Top, histologic sections of the
tumor tissue stained with the CD31 antibody; bottom, enlarged view
of the corresponding specimen showing platelets aggregation with the
conjugate.
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thrombi, leading to vessel occlusion and blood-flow alteration
after PDT, has been described in several studies of rabbit eye
microvasculature and ocular tumors with, for instance, BPD-
MA (35,36). Functional endothelial cell damage led to the
induction of the protein expression of TF. Under normal
physiological conditions the vascular endothelium is a non-

thrombogenic surface; endothelial cells express several
anticoagulative factors (37), such as ecto-adenosine diphos-
phatase, heparin-like molecules and the membrane glycopro-
tein thrombomodulin. But after damage, they can express
factors initiating the clotting cascade, the most important one
being TF. Fungaloi et al. examined the effects of PDT on the
changes in activity of thrombomodulin and TF. PDT can alter
the thrombogenic state of endothelial cells decreasing throm-
bomodulin expression and increasing expression of functional
TF in a light-energy dose-dependent way (38). In our experi-
ments, VTP induced an increase in TF expression from
endothelial cells which were capable of expressing TF after
stimulation only when the tumor was treated with TPC-Ahx-
ATWLPPR. It is possible that TF from endothelial cells was
shed into circulation, thereby contributing to systemic throm-
bogenicity, suggesting that its release and diffusion may
contribute to thrombus formation. TF can be released from
cell surfaces by shedding of TF-exposing microparticles from
endothelial cells (39), initiating the coagulation cascade by
binding to and subsequently activating factor VII. Platelets
can also internalize TF but do not generate TF (40). Cells
undergoing apoptosis may become pro-coagulant by increas-
ing TF release (41). Thus, the specific photosensitization
induced by TPC-Ahx-ATWLPPR produced mainly functional

A

TPC-Ahx-ATWLPPR                                              TPC

B

200 µm 200 µm

200 µm 200 µm

20 µm20 µm

20 µm20 µm

Fig. 5. Thrombogenic effect after TPC-Ahx-ATWLPPR-induced VTP. A 2 h post-treatment: extensive blood-vessel
congestion (intense blue zones indicated by white arrows) were observed in tumor vasculature exclusively for mice treated
with TPC-Ahx-ATWLPPR. Semithin-sections (2 µm) were stained with toluidine blue. Bottom, enlarged view of the
corresponding specimen. B 4 h post-treatment: thrombi formation using TPC-Ahx-ATWLPPR compared to its non-
conjugated counterpart. Representative images of CD31 staining counterstained with hematoxylin obtained from tumor
sections. Bottom, enlarged view of the corresponding specimen.

Fig. 4. A immediately after treatment, TPC-Ahx-ATWLPPR-induced
photodynamic activity induced TF expression (brown staining) com-
pared to the non-conjugated photosensitizer. Tissue factor staining
appeared to be non-uniform and was not limited to vessel lumen areas
but also present in tumor tissues. Bottom, enlarged view of the
corresponding specimen. B an illustration of the intrinsic and extrinsic
pathways of blood coagulation. C fibrinogen consumption following
TPC-Ahx-ATWLPPR-mediated PDT. Intra-tumoral patterns of fibri-
nogen and type IV collagen expression. Color composite images of
collagen-staining [in red] and of fibrinogen-staining [in green] corre-
sponding to the same tumor section. The relative levels of fibrinogen
expression were normalized to those of collagen in order to compare
the intensity of staining between TPC and the conjugate. Four hours
after PDT, a decrease in the relative fibrinogen staining 0.71 versus 1.95
was observed for TPC-Ahx-ATWLPPR and TPC, respectively.
Analysis of the tumor sections after TPC-Ahx-ATWLPPR-induced
PDT showed that fibrinogen expression was mainly colocalized inside
the vessels compared to its non-conjugated counterpart (Pearson
correlation coefficient values 0.39 versus 0.08, respectively).
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changes of endothelial cells. Lack of fibrinogen diffusion in
tumor tissue after TPC-Ahx-ATWLPPR-induced VTP sug-
gested that photosensitization did not modify vascular
permeability. This is likely because endothelial barrier
function was maintained by the integrity of endothelial
network at least until 4 h post-PDT. In contrast, in another
study, photosensitization with verteporfin increased overall
vascular permeability in both rat prostate tumor models and
endothelial cells in vitro. According to the authors, this
vascular barrier dysfunction was observed shortly after PDT,
suggesting a loss of endothelial integrity (4).

Two and 4 h post-treatment, we observed for TPC-Ahx-
ATWLPPR lumen thrombosis related to a decrease of
fibrinogen expression. No massive extravasation of fibrinogen
from the blood compartment into extravascular areas was
evidenced. Lack of fibrinogen extravasation using this target-
ing strategy could be an example of inhibited extravasation of
other plasma-derived proteins that may serve as an ideal
matrix for endothelial cells, such as von Willebrand factor and
vitronectin (42). It is well-known that fibrinogen is one of the
proteins that can function as an ideal matrix for endothelial
cell migration (43). Several studies have shown that fibrino-
gen is a component of the tumor microenvironment (44). In
addition to fibrinogen, other plasma proteins are likely to
serve as ideal matrix proteins for endothelial cells. A tumor
vascular permeability increase may contribute to the meta-
static process because sublethal PDT itself together with some
tumor secreting factors (e.g. VEGF) could increase vascular
leakiness. Moreover, localized oedema was observed at day 2
for the group treated with the conjugate. This inflammatory
reaction may be secondary to the ischemic-related cell death
and the cytokine production. Indeed, tumors obtained from
mice treated with the conjugated photosensitizer showed the
greatest increase in TNF-α and IL-6 protein levels compared
to animals who received PDT with TPC. PDT-induced
inflammatory changes were widely characterized by enhanced
expression of a number of proinflammatory cytokines,
including IL-1β, TNF-α and IL-6 (45,46). Moreover, TF
pathway can also influence inflammatory signaling by activa-
tion of protease-activated receptor-1 and -2 or expression of
TNF-α and IL-6 (47). Szotowski et al. explained that the
asHTF (alternatively spliced human tissue factor) released
from endothelial cells contributes to create an imbalance in
homeostasis. This soluble TF isoform released from endothe-
lial cells in response to inflammatory cytokines becomes pro-
coagulant in presence of phospholipids (47). The inductive
phase of inflammation, mounted during PDT light treatment
or immediately thereafter, could be associated with a prompt
release of pro-inflammatory mediators and rapid expression
of genes encoding inflammatory chemoattractants, cytokines,
leukocyte adhesion molecules, degradative enzymes, and
other mediators (48). Some of these mediators (e.g., cyto-
kines) can also be released from cells sustaining injury by
direct PDT damage (45,49).

Treatment of glioma-bearing mice with the peptide-
conjugated TPC showed a statistically significant reduction
in tumor growth compared with animals who received PDT
with TPC. This strategy of targeting NRP-1 improves the
potential of VTP. Nevertheless, treatment with TPC-Ahx-
ATWLPPR led to a halt in tumor growth rather than
regression, even if we observed tumor-free mice (30%,

40 days post-treatment). It is not excluded that pro-angio-
genic factors secreted could also induce compensatory
changes in the existing vasculature toward more mature
blood vessels. This vasculature phenotype ensures mainte-
nance of the established tumor mass and may be resistant to
our targeting strategy. Our future efforts will focus on
exploring the therapeutic potential of fractionated VTP.
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