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Small cell carcinoma of the prostate (SCCP), although
relatively rare, is the most aggressive variant of prostate
cancer, currently with no successful treatment. It was there-
fore tempting to evaluate the response of this violent malig-
nancy and its bone lesions to Pd-Bacteriopheophorbide
(TOOKAD)-based photodynamic therapy (PDT), already
proven by us to efficiently eradicate other aggressive non-
epithelial solid tumors. TOOKAD is a novel bacteriochloro-
phyll-derived, second-generation photosensitizer recently,
developed by us for the treatment of bulky tumors. This
photosensitizer is endowed with strong light absorbance
(�0 � 105 mol�1 cm�1) in the near infrared region (��763nm),
allowing deep tissue penetration. The TOOKAD-PDT proto-
col targets the tumor vasculature leading to inflammation,
hypoxia, necrosis and tumor eradication. The sensitizer
clears rapidly from the circulation within a few hours and
does not accumulate in tissues, which is compatible with the
treatment of localized tumor and isolated metastases.
Briefly, male CD1-nude mice were grafted with the human
SCCP (WISH-PC2) in 3 relevant anatomic locations: subcu-
taneous (representing tumor mass), intraosseous (represent-
ing bone metastases) and orthotopically within the murine
prostate microenvironment. The PDT protocol consisted of
i.v. administration of TOOKAD (4 mg/kg), followed by im-
mediate illumination (650–800 nm) from a xenon light
source or a diode laser emitting at 770 nm. Controls included
untreated animals or animals treated with light or TOOKAD
alone. Tumor volume, human plasma chromogranin A levels,
animal well being and survival were used as end points. In
addition, histopathology and immunohistochemistry were
used to define the tumor response. Subcutaneous tumors
exhibited complete healing within 28–40 days, reaching an
overall long-term cure rate of 69%, followed for 90 days after
PDT. Intratibial WISH-PC2 lesions responded with complete
tumor elimination in 50% of the treated mice at 70–90 days
after PDT as documented histologically. The response of the
orthotopic model was also analyzed histologically with simi-
lar results. The study with this model suggests that
TOOKAD-based PDT can reach large tumors and is a feasi-
ble, efficient and well-tolerated approach for minimally inva-
sive treatment of local and disseminated SCCP.
© 2003 Wiley-Liss, Inc.
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Prostate cancer (PC) is the most commonly diagnosed noncu-
taneous malignancy and is the second leading cause of cancer
death among American males. Moreover, PC is the cause of
substantial morbidity and serious complications from local growth
and distant metastases that affect the quality of life of many
patients. To successfully combat primary, advanced and metastatic
PC, new therapeutic strategies are required.

Photodynamic therapy (PDT) is a mode of cancer therapy in
which drug action is locally controlled by light. In PDT, in-situ
photosensitization of a non-toxic sensitizer generates cytotoxic
reactive oxygen species (ROS) that cause cell death and necrosis

of tumor components, with minimal damage to the surrounding
tissue.1–4 In general, treatment selectivity of PDT results from
differential drug accumulation within the tumor and normal tissue
combined with site-specific illumination that, by use of an optic
fiber, can reach tumors in practically any organ. PDT has been
clinically applied to superficial tumors directly accessible to illu-
mination, such as cutaneous basal cell carcinoma,5 head and neck
tumors,6 esophageal carcinoma7 and lung carcinoma.8,9 In urology
PDT has been mainly applied for the treatment of transitional cell
carcinoma of the bladder,10–13 but it has not yet been considered
applicable for PC treatment. Several investigators reported on
experiments with PDT of normal prostate and PC. However, these
reports were mainly concerned with light transmission through
prostatic tissue14–18 and PC.19 Studies concerning PDT of the
normal canine prostate20 and of subcutaneous or orthotopic rat
Dunning R3327 tumors21–23 have been reported. To the best of our
knowledge, there is presently no published clinical PDT protocol
for human prostate cancer except for one report (letter to the
editor) that had no follow-up.24 The clinical application of PDT as
a treatment option for primary, locally advanced and certainly for
disseminated PC could not be realized thus far, primarily because
of spectral properties of available sensitizers that limit the depth of
treatment and hence the tumor mass affected.3,25 In addition the
sensitizers used so far significantly accumulated in the skin sub-
jecting patients to prolonged cutaneous phototoxicity.25

Bachteriochlorophyll derivatives synthesized in our laborato-
ry,26–30 in collaboration with Steba Biotech NV., The Netherlands,
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and Negma LeRads, France, have several advantages that over-
come the above limitations and enable treatment of larger tumor
masses. They include Bacteriochlorophyll-Serine31,32 and in par-
ticular Pd-bacteriopheophorbide (TOOKAD)28,33 (Scherz A, 2002,
personal communications), which was shown to induce lesions of
over 3 cm in diameter in the dog prostate and was recently
suggested as an alternative modality for prostate cancer therapy.23

TOOKAD has a major absorption band at 763 nm and rapidly
clears from the circulation (95% within 10 min).34 From most
other tissues it clears within a number of hours, with transient
accumulation in the liver, from which it completely clears within
48 hr (Scherz A, 2002, personal communications).34 In contrast to
clinically used photosensitizers, the therapeutic action of
TOOKAD, much like its predecessor Bacteriochlorophyll-serine,31

is by destruction of the tumor vasculature and not by direct tumor
cell kill (Scherz A, 2002, personal communications).33

We have previously shown that illumination of rat C6 glioma
xenografts shortly after i.v. injection of TOOKAD induces tumor
vascular damage that leads to vessel constriction, hypoxia and
tumor eradication.33,35 Using the same PDT protocol with Bacte-
riochlorophyll-serine for treatment of melanoma31 and DS sarco-
ma,32 we obtained similar results. The effectiveness of TOOKAD-
based PDT in destroying prostatic tissue in a canine prostate
model, with no evidence of urinary side effects,23 and lack of skin
toxicity in the rat (Koudinova et al., 2002, unpublished) have
recently been demonstrated. TOOKAD may therefore overcome
the main drawbacks of clinically used sensitizers, including the
problem of prolonged cutaneous phototoxicity presently encoun-
tered with clinically used sensitizers, and broaden the scope of the
PDT modality for prostate cancer therapy.

Primary and local, recurrent prostate tumors are amenable to
PDT due to their accessible anatomical location. Consequently,
simultaneous direct real-time visualization by transrectal ultra-
sonography combined with interstitial fiber optic illumination via
trans-perineal route is feasible.36 In addition, this modality can
provide palliation for isolated, accessible metastatic lesions. To
prove this concept, we elected to initially examine the response to
TOOKAD-PDT of the most aggressive form of human prostate
cancer, SCCP and its metastatic bone lesions in immunodeficient
nude mice. The model used in our study, WISH-PC2, was recently
described by us.37

In the present study, we demonstrate, for the first time, a
substantial curative response of a relatively large tumor mass of
human prostate xenografts, as well as established bone lesions,
using a single treatment regimen of TOOKAD-PDT. The results
obtained suggest that TOOKAD-PDT is a feasible, efficient and
well-tolerated approach for noninvasive and mini-invasive treat-
ment of local and disseminated SCCP.

MATERIAL AND METHODS

Photosensitizer
Pd-bacteriopheophorbide (TOOKAD, Steba-Biotech NV., The

Netherlands) (10 mg) was dissolved in a Cremophor EL-based
vehicle (Sigma Diagnostic, St. Louis, MO), as described earlier
(Scherz A, 2002, personal communications). The sensitizer con-
centration was determined spectroscopically at 763 nm, assuming
(�0 � 10.86�104 mol�1 cm�1) upon dilution in chloroform.

Animals
Male CD1 nude mice (28–32 g) were housed and handled in the

animal facility according to the guidelines (1996) of the Weizmann
Institute of Science, Rehovot, Israel.

Xenograft model
Single-cell suspensions of WISH-PC237 were mixed with Ma-

trigel (Becton Dickinson, Bedford, MA) (1:1, v/v) and implanted
into the mice: subcutaneously (s.c.) (10–15�106 cells/mouse),
intraosseous (i.o.) into proximal tibia (2�106 cells/mouse) and
orthotopic into the dorsal prostatic lobe through the midline, lower

abdominal incision (2�106 cells/mouse).38 Tumors of the s.c.
model reached treatment size, diameter of 7–9 mm within 3–4
weeks. Intraosseous xenografts were identified and localized by
MRI within 4–5 weeks. Orthotopic implants were identified by
palpation and reached treatment size (5–7 mm) within 3–5 weeks
after implantation.

Anesthesia
Animals were i.p. injected with a mixture of 5 mg/kg ketamine

(Rhone Merieux, Lyon, France) and 1 mg/kg rompun (Bayer,
Leverkusen, Germany) (85:15, v:v).

Light sources
The light sources were as follows: light source, #1, Xenon

fluoride lamp (Biospec, Russia) equipped with a 650–800 nm
spectral window and optic fibers, and light source #2, a 150 mW
fiber-equipped diode laser emitting light at 770 nm (Biospec,
Russia). Light source #2 was used either with a 0.6 cm diffuser for
interstitial illumination or with a flat-cut fiber for transcutaneous
illumination as described.

PDT protocol
Anesthetized mice were i.v. injected (tail vein) with TOOKAD

(4 mg/kg) and subcutaneous tumor or intraosseous xenografts were
immediately illuminated transcutaneously for 30 min with light
source number 1 at a dose of 360 J/cm,2 using a light field of
14–16 mm diameter. Orthotopic xenografts were exposed via a
midline abdominal incision and the optic fiber was implanted into
the tumor perpendicular to the abdominal wall. Illumination was
interstitially delivered at a dose of 54 J/0.6 cm (30 mW/0.6 cm/30
min) with light source #2. After treatment, the animals were
returned to the cage. Tumor response was recorded photographi-
cally and histologically, and i.o. tumors were also recorded by
MRI. The volume (mm3) of s.c. tumors was determined by caliper
measurement using the formula: length � width � depth �
0.5236.39 The controls were the following: dark control, the mice
were i.v. injected with sensitizer and placed in a dark cage (24 hr)
without illumination, and light control, tumors in uninjected mice
were illuminated under standard conditions. Animal survival (s.c.
and i.o. models) was followed for up to 70–90 days after PDT. In
accordance with the Weizmann Institute Animal’s ethics commit-
tee guidelines, the animals were euthanized to avoid tumor burden
when their tumor volume approached � 2,000 mm.3 All therapeu-
tic results relate to only one treatment session.

MRI examination
MRI was performed using a 4.7 T spectrometer with a horizon-

tal magnet (Bruker-“Biospec,” Germany). The anesthetized mice
were placed with their legs positioned above the center of the
surface coil. The anatomy and morphology of the tibia were
examined on both axial (perpendicular to the bone axis) and
coronal (parallel to the bone axis) MRI slices. The MRI was based
on a T2-weighted fast spin echo (FSE) protocol, typically with the
following acquisition parameters: 256�256 matrix, 8 echoes per
excitation with an effective TE of 67 ms, TR of 3,720 ms, slice
thickness of 2 mm and field of view of 5 cm, with 2 averages.

Histology
The mice were sacrificed and the tumors excised and placed in

buffered (phosphate buffer: 25 mM NaH2PO4, 45 mM Na2HPO4,
pH�7.4) 4% formaldehyde medium at room temperature for 24 hr.
The tumors were then processed and stained with hematoxyline/
eosin under standard conditions. Light microscopy was performed
with a microscope (Nikon Optiphot 2, Japan) equipped with a
digital camera (DVC Company, Inc., Austin, TX).

Immunohistochemistry
Histological sections were stained for the presence of lipid

peroxidation (LPO) products that accumulated in PDT-treated
tumors. Paraffin-embedded sections were deparaffinized in xylene
and rehydrated by serial incubations in 100%, 95%, and 70%
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ethanol. For early inactivation of endogenous peroxidase, the
sections were incubated in 3% H2O2 (Merck, Germany), followed
by blocking with 1% bovine serum albumin (Sigma Chemical Co.,
St. Louis, MO) and 2% goat serum in phosphate-buffered saline
(PBS). The LPO product 4-hydroxy-2-nonenal (HNE) was identi-
fied by incubation with primary rabbit anti-4-hydroxy-2-nonenal
HNE antibodies (1:500, Calbiochem, San Diego, CA) for 18 hr at
4°C.40 After washing with PBS at room temperature (3 times � 20
min), the bound antibody was detected by incubation with second-
ary goat anti-rabbit Immunoglobulin G antibodies (1:50) coupled
to horse radish peroxidase (HRP) and was developed with 3-ami-
no-9-ethylcarbazole (AEC, Sigma Chemical Co.). Samples were
co-stained with 0.1% hematoxylin (Sigma Diagnostic, St. Louis,
MO).

Determination of plasma human chromogranin A (hCgA)
Evaluation of WISH-PC2 growth was also determined by hCgA,

which is produced by this xenograft.37 Blood for hCgA assessment
was collected in cold Eppendorf tubes and centrifuged for 10 min
(14,000 rpm, 4°C) until plasma separation. All plasma samples
were immediately frozen and stored at �20°C. Plasma hCgA
levels were measured by an enzyme-linked immunoabsorbent as-
say kit as recommended by the manufacturer (Dako A/S, Glostrup,
Denmark). Statistical analysis of the results was performed by
applying the Mann-Whitney test for comparing the medians of the
treated and control groups.

RESULTS

Response of bulky tumor mass of human WISH-PC2 to PDT
First we examined whether a bulky tumor mass of WISH-PC2

responds to TOOKAD-PDT like other aggressive solid tumors and
later defined the optimal treatment protocol. Using no drug/light
time interval, we based the selected treatment protocol on optimi-
zation of light and drug doses. The effectiveness of the selected
treatment protocol was then examined (Fig. 1). Animals with
approximately 220–250 mm3 s.c. tumors were selected at random
to receive either 1 treatment course of TOOKAD-PDT, TOOKAD
alone (dark control) or illumination alone (light control).
TOOKAD-PDT (n�39) resulted in a local inflammatory response,

developing into necrosis that appeared as a dark crust on the skin
by 48 hr, reaching a maximal size by 3–6 days (Fig. 1a). This
process succeeded by tumor healing, culminating in a complete
elimination of the tumors by 14–40 days. The follow-up period
was extended to 90 days. Local tumor regrowth was observed in
9/39 animals by 30–45 days after PDT, while 3/39 animals died
for unknown reasons during the same period. The overall cure rate
of s.c. WISH-PC2 by TOOKAD-based PDT was 69% (27/39).
Light (n�10) (Fig. 1b) and dark (n�10) (Fig. 1c) control tumors
were unaffected and the mice had to be euthanized after 30 days
due to the huge tumor mass (� 2,000 mm3). The summary of this
experiment is given in Figure 1d. Plasma hCgA levels, serving as
a surrogate marker for WISH PC2, were determined on the day of
treatment and 21 days after treatment, and individual differences
were calculated (Fig. 1e). The median difference values of the
PDT group (n � 11) was �1 U/L and that of the untreated controls
(n�12) was 131 U/L. The Mann-Whitney test for comparing
medians was employed with a one-sided alternative that revealed
p � 0.00003, which is highly significant. Note that normal mice do
not express hCgA.

The effective depth of treatment delivery in this human xeno-
graft model was determined by applying PDT to a large subcuta-
neous tumor by transcutaneous illumination with the diode laser
beam (light source 2) emitting at a dose of 93 J/cm2 (108 mW/1.16
cm2/30 min). The results show effective necrosis to a depth of
�1.3 cm along the direction of the laser beam (Fig. 2a).

The earliest histological manifestations of TOOKAD-PDT (at 1
hr) consisted of vascular damage characterized by congestion and
destruction of blood vessels and multifocal hemorrhages, whereas
the tumor cells remained intact (Fig. 2b). At 16 hr (Fig. 2c) and 24
hr (Fig. 2d), cellular degeneration, necrosis and multifocal hem-
orrhages developed. At 48 hr, tumor degeneration and necrosis
with prominent pyknosis and karyorrhexis were more advanced
(Fig. 2e). At 10 days, complete necrosis and infiltration of mixed
inflammatory cells was evident (Fig. 2f) and necrotic tissue was
surrounded by newly formed granulation tissue (Fig. 2g). His-
topathological analysis of the untreated tumor tissue (Fig. 2h) and
the dark control (Fig. 2i) revealed intact tumor cells supplied by
intact blood vessels. Tumors of the light control had the same

FIGURE 1 – TOOKAD-based PDT of s.c.
human WISH-PC2. A typical example of 3
mice representing PDT and control groups is
given: (a) PDT-induced necrosis is observed
within 24–48 hr sustained for 14–29 days,
followed by healing (with a complete cure
and minimal local scarring) with no recur-
rence up to 90 days following treatment. (b)
Light and (c) dark controls, the tumors con-
tinued to grow and the animals were eutha-
nized by day 24, to avoid tumor burden. (d)
The tumor volume after PDT was recorded
and calculated as described in the Material
and Methods. Following PDT (full circles,
n�39) tumor volume decreased with time,
whereas the tumors of the light (full squares,
n�10) and dark (open squares, n�10) control
groups continued to grow. Error bars repre-
sent �SD. In total, 27/39 mice of the PDT
group survived after 90 days with no evidence
of tumor growth. Nine animals exhibited local
regrowth at various times (�30 days). To
avoid tumor burden, animals were euthanized
when tumor volumes reached � 2,000 mm3.
(e) The individual differences in plasma chro-
mogranin A levels on day of treatment and 21
days post PDT (median � �1 U/L, n�11)
and control groups (median � 131 U/L,
n�12) are presented.
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architecture, except for occasional scattered hemorrhages (Fig. 2j).
There was no evidence of tumor necrosis in either control groups.

Consistent with the vascular damage, intensive PDT-induced
LPO (observed by anti-HNE-staining) in the blood vessel walls
was observed as early as 1 hr after PDT, while weak HNE
staining was observed surrounding tumor cells (Fig. 2l). At 16
hr, the tumors exhibited PDT-induced necrotic regions coinci-
dental with HNE immunostaining with some yet unaffected
tumor cells (Fig. 2m). Further development of necrosis and
intensification of HNE staining were observed at later times, 24
and 48 hr post-PDT (Fig. 2n,o, respectively). In contrast, no
staining was observed in the surrounding connective tissue (Fig.
2o) and in untreated control specimens (Fig. 2k). Within 10
days after PDT, no intact cells were observed, and HNE stain-
ing was negative (data not shown).

The intraosseous model of WISH-PC2
Tumor response to PDT with TOOKAD (n�22) was also stud-

ied using a bone lesion model that was followed for 70–90 days
(Fig. 3a). The presence and exact location of the tumor implanted
into the medullar cavity of the tibia were verified by MRI 4 weeks
after implantation, before PDT, in order to accurately deliver the
light (Fig.4a,d). As observed by MRI, tumor growth at the tibial
location was totally arrested after PDT with no evident regrowth in
the presented mouse, which was monitored at 67 and 90 days post
PDT (Figs. 4b,c). The bright area seen in the tibia after PDT seems
to be necrotic bone cortex along with new bone formation, as seen
histologically (Fig. 5a). Indeed, during this follow-up period,
PDT-treated mice had no movement limitations. Tumors of mice
in the light (n� 5) and dark (n� 4) control groups grew robustly
with the consequent impairment of mobility (Figs. 3b,c, 4e). These

FIGURE 2 – TOOKAD-based PDT of human WISH-PC2: histopathological evaluation. (a) The depth of effective PDT in this human
WISH-PC2 was assessed on a large s.c. tumor (1,640 mm2), illuminating transcutaneously with light source #2 at 93 J/cm2 (108 mW/1.16 cm2/30
min), demonstrating effective necrosis to a depth of �1.3 cm along the direction of the laser beam. Necrotic tissue (Nc) is found flanking the
line showing the general direction of the laser beam. On both sides of the line a mass of viable tumor cells (Vc) that were not illuminated are
seen. By 1 hr after PDT (b), congested blood vessels (Bv) and multifocal hemorrhage (He) developed, but tumor cells were still intact. At 16
hr (c) and 24 hr (d) after PDT, cellular degeneration (Cd) and necrosis (Nc) developed, accompanied by multifocal hemorrhages. At 48 hr after
PDT (e), large areas of tumor disintegration were observed. Necrotic changes were more advanced with prominent pyknosis and karyorrhexis.
Ten days after PDT, the tumor had undergone complete necrosis and liquefaction (f) and is surrounded by newly formed granulation tissue (Gt)
(g). Intact tumor cells are present in the untreated tumor (h) and dark control (i). In light control (j), intact tumor cells accompanied by vascular
congestion and scattered hemorrhages. Immunostaining of histological sections exhibited negative HNE staining in untreated tumor (k). (l) One
hour after PDT intensive HNE staining (LPO) is observed around damaged blood vessels. (m) Sixteen hours after treatment, positive HNE
staining is observed in necrotic regions, whereas the viable cells (Vc) are still negative. By 24 hr (n) and 48 hr (o) after PDT, the development
of necrosis is accompanied by increased positive anti-HNE staining of the tumor and negative staining of connective tissue (Ct). Bar: 20 �m.
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animals were sacrificed 50–67 days after treatment to avoid tumor
burden. The effect of PDT on bone lesions per se was evaluated by
histology. Treated i.o. lesions (70–90 days post-PDT) were free of
tumor cells and demonstrated fibrosis and new bone formation in
the medullar cavity, whereas the bone cortex was mainly necrotic
(Fig. 5a). A complete curative response, defined by both free
movement of the animal, the absence of visible tumors and tumor-
free histopathology (�70 days post-PDT), was observed in 11/22
(50%) of the treated mice. In contrast, the dark/light control tumors
at 50 days post-treatment revealed an abundance of viable tumor
cells in the medullar cavity, with cells infiltrating the bone cortex
periosteum and the surrounding tissue (Fig. 5b). PDT on a healthy
mouse leg exhibited a slight but transient inflammation on the skin
and muscle but no necrosis or injury to the bone (data not shown).

The orthotopic model of WISH PC2
Since these experiments were conducted on human PC within

the murine host, we next examined the effect of this novel PDT

protocol by modeling interstitial illumination on the tumor within
its inherent anatomical location in the prostate microenvironment.
The total light dose used with the diffuser equipped fiber was 54
J/0.6 cm (30 mW/0.6 cm/30 min), since preliminary experiments
to define the appropriate illumination parameters showed that
higher light doses led to injury of the neighboring tissues (data not
shown). Histopathological examination of the tumor 24 hr after
PDT showed diffuse coagulation necrosis of �95% of the tumor
(Fig. 5c). Some sparing of viable cells (� 5%) was limited to the
periphery and occasionally admixed with extravasated red blood
cells. At 48 hr post-PDT (Fig. 5d), similar histological changes
were seen, but the hemorrhages were more widely spread. In
agreement with the results described above, the plasma hCgA
levels dropped by 80–90% by 48 hr after PDT.

DISCUSSION

We described the application of TOOKAD-based PDT on a
localized human prostate cancer xenograft model and its bone
metastases. The success of this treatment protocol is based on the
photochemical properties of the sensitizer (i.e., an absorption band
at 750–775 nm with a high extinction coefficient) and its damage
to the tumor vasculature. Local control of either primary PC or
symptomatic discrete PC metastases (e.g., symptomatic bone le-
sions and tumor mass effects of metastatic lymph nodes) may now
be feasible with TOOKAD-PDT, offering successful eradication of
bulky PC tumors. This was so far not achieved in the clinic in the
case of human PC with PDT protocols based on sensitizers like
Photofrin or aminolevolinic acid (ALA). The limited depth of light
penetration that restricted tumor response to a few millimeters and
the prolonged skin phototoxicity of these sensitizers deem the
respective PDT protocols inapplicable for treatment of PC.41,42

Indeed, the enhanced light penetration in the case of TOOKAD-
PDT-induced necrosis to a depth of 1.3 cm in bulky WISH-PC2
tumors (Fig. 2a) and a substantial curative effect of the intraosse-
ous tumor lesions upon transcutaneous illumination (Figs. 3a,
4a–c, 5a). The sensitizing light penetration and interstitial distri-
bution have become major factors in predicting success in the PDT
of solid tumors within visceral organs such as the human prostate
ranging in volume from 30–50 ml. This notion is further supported
by the ability of the suggested TOOKAD-PDT protocol to specif-
ically destroy prostatic tissue with minimal side effects.23 It is
therefore expected that TOOKAD-PDT of human PC should be
advantageous over other sensitizers that have longer clearance
rates25 and absorb at shorter wavelengths previously examined by
others for prostate tissue-transparency in experimental ani-
mals.17,19 Although the depth of PDT-induced necrosis is greater
than the illumination depth, interstitial laser light delivery may
include multiple fibers to enable the effective treatment of sub-
stantial masses of the prostate.36 Indeed, tumors within the prostate
are amenable to interstitial illumination that can be applied trans-
rectally or transperineally under the guidance of real time trans-
rectal ultrasonography. Since the prostate is not a vital organ,
normal tissue damage is acceptable and even desirable (in total PC
ablation) since it may reduce local recurrence. Application of
TOOKAD-PDT in a normal canine prostate model was reported to
induce necrotic lesions of over 3 cm in diameter, while the animals
recovered well without urethral complications.23 There was no
structural or functional urethral damage even when the urethra was
within the treated region. Moreover, the light scattered from the
prostate did not cause damage to the nearby rectum or bladder,
suggesting that their normal structure can be safely preserved on
the basis of optimal dosimetry. These results therefore suggest that
TOOKAD-PDT may be a promising modality for future treatment
prostate cancer.23

In using TOOKAD-PDT on well-defined s.c. tumors in order to
model localized PC, a single treatment session successfully erad-
icated the tumors, yielding a cure rate of 69% or even slightly
higher, 77% (considering the death of 3 mice from an undeter-
mined cause) (Fig. 1a,d). The response of the prostatic tumor mass

FIGURE 3 – TOOKAD-based PDT of human WISH-PC2 bone lesion
model. (a) PDT of the tumor by transcutaneous illumination of the leg
was followed by visible inflammation on the skin (day 2) and healing
by days 7–14, with a complete cure by day 30. The animal was
followed up to 90 days after treatment with no evidence of movement
difficulties. (b,c) Light and dark control, respectively. The tumors did
not respond to treatment and continued to grow. The animals were
sacrificed by day 45 to avoid tumor burden.
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FIGURE 4 – TOOKAD-based PDT of human WISH-PC2 bone lesion model: MRI evaluation. Tumor location within the tibia was determined
by MRI, as described in Material and Methods. Coronal (a) and axial (d) sections of intratibial WISH-PC2 implants are shown before PDT.
Following PDT, high intensity material can be seen at the treatment site at 67 days (b) and 90 days (c), histologically shown in Figure 5a, whereas
untreated tumor (Axial section) (e) continued to grow.

FIGURE 5 – TOOKAD-based PDT of hu-
man WISH-PC2 intraosseous and orthotopic
grafts: histopathological evaluation. (a) PDT-
treated bone at 90 days after treatment. No
tumor cells are seen in the medullar cavity
and in the surrounding tissue. There is fibro-
plasia (Ft) and a deposition of disorganized
woven new bone (Nb) within the medullar
cavity. The bone cortex (Bc) is mostly ne-
crotic. (b) In the dark control there is uncon-
trolled growth of tumor cells (Tc) filling the
medullar cavity and forming large tumor
masses in the surroundings. The intact bone
cortex contains viable osteoblasts. (c) In the
orthotopic tumor model at 24 hr after PDT,
necrotic (Nc) and isolated peripheral groups
of viable cells (Vc) were observed. (d) At 48
hr post-PDT, extensive necrosis with multifo-
cal hemorrhages developed.
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in the orthotopic model, as monitored histologically, also verified
the concept in the prostatic microenvironment (Fig. 5c,d). We
obtained similar cure rates with TOOKAD-PDT in treatment of
other solid tumors like C6 rat glioma (64 %)33 and with PDT using
Bacteriochlorophyll-Serine (the predecessor of TOOKAD) in the
cases of mouse melanoma (80 %)31 and rat DS sarcoma (80 %).32

The recurrence or post-treatment dissemination of PC can be
detected at early stages by monitoring prostate specific antigen
(PSA) levels, a serum tumor marker of PC.39 In our study, we took
advantage of the inherited surrogate marker hCgA of the WISH
PC2 model to monitor the treatment response to PDT37. A highly
significant increase of plasma hCgA levels accompanied tumor
growth in the control animals, whereas hCgA levels in PDT-
treated animals declined and became practically undetectable
(Fig. 1).

As shown in this work, the necrotic process (24–48 hr) was
initiated by vascular damage, hemorrhage and blood stasis (1–48
hr), leading to the complete destruction of the tumor with conse-
quent tissue remodeling 10 days after PDT (Fig. 2). Moreover, the
effects on the surrounding normal tissue were mild and transient,
presumably due to the greater fragility of the tumor neovasculature
and the relative resistance of the normal vasculature. Previously, it
was shown that vascular damage and the subsequent tumor cell
anoxia are indirect mechanisms that lead to tumor necrosis.43,44

PDT with Photofrin in mice led to macromolecular leakage from
blood vessels and to vascular constriction during the illumina-
tion.45 In PDT with Bacteriochlorophyll-Serine, vascular insult,
macromolecular leakage and blood stasis seem to play a primary
role in tumor destruction, as previously shown in our laboratory.31

Generation of ROS by photosensitization is a hallmark of
PDT2-4 with one of the recorded cell/tissue responses being
LPO.46,47 Lipid peroxidation leads to cell injury and death48 and
has been implicated in the pathogenesis of oxidative stress of
numerous diseases.49,50 It was therefore interesting to test if PDT-
induced oxidative stress could be traced by positive staining for
peroxide products in treated tumor sections. Peroxides of polyun-
saturated 	-6 fatty acids are converted into aldehydes like HNE,
which are highly reactive by themselves and considered secondary
toxic messengers that disseminate and augment initial free radical
events.49,51 HNE can also spontaneously conjugate to proteins and
be immunohistologically traced with anti-HNE antibodies and
serve as an LPO marker.40

Untreated tumors that contained intact viable tumor cells stained
negative for HNE (Fig. 2k). In contrast the development of necro-
sis in the tumor was preceded by intense LPO, detected 1hr after
PDT in the form of HNE staining within in the boundary of the
tumor blood vessels but not in surrounding tumor cells (Fig. 2l).
Further spreading of HNE staining in the tumor mass continued at
later times (16–48 hr, Fig. 2m–o). Within this temporal and spatial
process, one can identify 2 distinct phases: (i) selective blood
vessel associated HNE staining observed at 
1 hr after illumina-
tion that can be identified with the primary photogeneration of
ROS (Fig. 2l) and (ii) secondary light-independent HNE-facilitated
peroxide generation of radicals associated with ischemia that cul-

minates in complete necrosis and tissue disintegration within 
10
days after treatment (Fig. 2m–o). The relative contribution of the
primary and secondary phases of LPO production to the overall
therapeutic effect of TOOKAD-PDT has yet to be explored. In-
terestingly, normal tissue sparing could be verified histologically
by this method, demonstrating negative HNE staining of connec-
tive tissue within the tumor (Fig. 2o).

Thus, our study suggests that photosensitization of TOOKAD is
primarily confined to the tumor blood vessels with consequential
functional damage and stasis as recently reported by us in mela-
noma tumors.52 However, massive tumor damage and necrosis
develop subsequent to treatment as a result of a secondary wave of
oxidative damage marked by LPO that spreads to cover the entire
tumor. Furthermore, TOOKAD-PDT is more confined to the neo-
plastic component of the tumor for reasons that are presently
unclear. Preservation of subepithelial mature collagen following
Photofrin-PDT has been previously reported.53

Prostatic small cell carcinoma is an aggressive malignancy with
a very poor prognosis. One of the typical clinical features of SCCP
is its tendency to develop visceral metastasis. The most frequent
metastatic sites of SCCP are the bones (55%), regional and distant
lymph nodes (52%), and the liver (48%).54 No effective treatment
for systemic SCCP has been established, most probably because of
the limited patient population and the aggressiveness of the dis-
ease.55 To model bone metastases, we applied transcutaneous PDT
with TOOKAD for bone lesions of WISH-PC2 (Figs. 3–5a,b),
obtaining a 50% long-term cure rate. Although bone lesions in-
variably appear in the context of disseminated disease, they man-
ifest clinically with unique morbidity and sequel. Consequently,
we suggest that isolated bone lesions that, for example, endanger
weight bearing areas or the integrity of the spinal cord could be
clinically addressed by this accurate local treatment modality that
offers treatment to larger tumors than was formally possible with
PDT. It is anticipated that direct interstitial fiber optic light deliv-
ery will be used for optimal clinical results including intraosseus
treatment. To the best of our knowledge, this is the first reported
experimental treatment of tumor bone lesions by PDT, most likely
enabled by the near infrared absorption of the TOOKAD.

In summary, currently concentrating on the most violent type of
PC, we have demonstrated that TOOKAD-PDT may offer a prom-
ising treatment option for primary prostate cancer or problematic
prostate cancer metastasis (e.g., bone lesions). Future studies will
address the response of human prostatic adenocarcinoma xeno-
grafts by applying the knowledge gained in our study.
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