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ABSTRACT

Photodynamic therapy (PDT) utilizes optical energy to activate a pre-administered photosensitizer drug to
achieve alocalized tumor control. In the presented study, PDT mediated with a second-generation
photosensitizer, WST09 (TOOKAD, Steba Biotech, The Netherlands), is investigated as an aternative
therapy in the treatment of prostate cancer. Invivo canine prostate is used as the anima model. PDT was
performed by irradiating the surgically exposed prostates both superficialy and intergtitially with a diode
laser (763 nm) to activate the intra-operatively i.v. infused photosensitizer. During light irradiation, tissue
optical properties, and temperature were monitored. During the one-week to 3-month period post PDT
treatment, the dogs recovered well with little or no complications. The prostates were harvested and
subjected to histopathologica evaluations. Maximum lesion size of over 3 cm in dimension could be
achieved with a single treatment, suggesting the therapy is extremely effective in destroying prostatic tissue.
Although we found there was loss of epithelial lining in prostatic urethra, there was no evidence it had
caused urinary tract side effects as reported in those studies utilizing transurethra irradiation.

In conclusion, we found second generation photosensitizer WST09 mediated PDT may provide an excellent
aternative to treat prostate cancer.
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INTRODUCTION

In the United States, prostate cancer is the most common male cancer and the second leading cause of cancer
death among men (1). While there are only palliative treatments for metastasized prostate cancer, early
stage prostate cancer is often confined within the organ and is treated with curative intent with surgery and/or
radiation therapy that offer a cure rate ranging from 50-70% (2-4). Significant side effects are reported to be
associated with these currently available therapies. Approximately half of the patients suffer from impotency
after either radiation or surgery (4,5). Other severe complications include urinary incontinence and injuries
to nearby structures after radical prostatectomy (surgical removal of prostate organ) and infections of various
nearby organs, and genital area swelling after radiation therapy. Furthermore, failure of radiation therapy
appears to accelerate tumor growth and progression (4,5). Hyperthermia has been used in both benign
hyperplasia and cancer of the prostate, primarily to relieve the urinary symptoms. The outcomes of the
treatments appear to be modest (6,7). The primary limitation of hyperthermiais the difficulty to achieve a
temperature (in the prostatic tissue) high enough to cause direct cell killing by the presently available
hyperthermic devices. Other drawbacks of the modality are that a number of sessions are required to provide,
even temporary, relief of the symptoms and a potential possibility of developing prostatorectal fistula (7).
An dternative/adjunctive therapy to treat localized prostate cancer is thus desired.

Photodynamic therapy (PDT) isanew cancer treatment modality. A patient is administered a light-sensitive
drug (photosensitizer). A waiting timeis exercised to alow the drug to be absorbed/retained by target cells.
The target is then irradiated with light of a proper wavelength. The light energy activates the drug and
initiates a sequence of chemical and biological reactions, which ultimately lead to cell death (8). PDT
utilizing the first generation photosensitizer, Photofrin, has been approved by the US Food and Drug
administration (FDA) for treatment of selected types of tumors, such as esophageal and lung cancer.

The present work is a pilot study utilizing a second generation photosensitizer, WST09 (Palladium-
Bacteriopheophorbide) to ablate prostatic tissue. With atotal ablation of a prostate gland as the final goal,
the current work concentrates on the biological response of a prostate and its adjacent normal tissueto aPDT
treatment.

MATERIALSAND METHODS

Normal canine prostates were used as an in vivoanima model. A total of 16 Beagles were studied. The
animals were obtained from licensed vendors (Marshal Farm, NY or Harlan farm, IN) and conditioned for a
minimum of one week before any experimental procedures were carried out. All studies were performed
under the guidance of the Ingtitutional Care and Use Anima Committee (ICUAC).

Photosensitizer

Second generation photosensitizer WST09 (TOOKAD, Steba Biotech, The Netherlands (9, 10)) is a novel
and pure Pd-substituted bacteriochlorophyll derivative (Fig. 1) and has a maximum absorption wavelength at
around 760 nm (infrared) (e = 10° mole™ cm*in chloroform). The drug has an extremely fast
pharmacokinetics and is usualy cleared from the system within afew hours (10). The drug was given to the
animal at a dosage of 2 mg/kg viaadow i.v. infuson.



Figure 1. Molecular structure of WST09.

Light Source

Light source for PDT treatment and optical measurement was provided with a portable 763 nm diode |aser
(Ceralas, Ceramopteic, Germany) with a maximum output power up to 4 W. The laser output was directly
coupled into a series of optical light splitters that alowed up to 4 irradiation fields to be treated
smultaneously. Theirradiation light fluence rates were controlled at equal or less than 150 mwW/cn for the
superficia fields and 150 mW/cm for interstitial irradiations, respectively.

Surgical and Experimental Procedures:

Standard sterilization procedures were strictly followed for al in-vivo experiments. All surgical instruments
and invasive probes were ether autoclaved or sterilized in appropriate chemicals. As a precaution, the
animals received antibiotics before and/or after surgery (SQ, Procaine Penicillin G, 20,000 units/kg) to
prevent possible infection.

The animals are prepared for surgery following a standard canine laporatomy procedure. The incision for the
surgery started midway between the costal margin and the umbilicus to the pubic symphysis. The connective
and fat tissue around the prostate were dissected to expose the anterior and lateral prostate surface. Extra
caution was taken during this step to preserve nerves. Once exposed, the prostate gland was raised for easier
access by padding sterilized gauze under it. Optical fiber probes for PDT light irradiation and in Site optical
measurement were positioned into the prostate at pre-determined locations. For superficial irradiation, a1l
cm diameter light field was centered on a prostate lobe. For interstitia irradiation, a 1 cm length linear light
diffuser was inserted into the opposite prostate lobe. The optical measurement probes were placed 3 or 6 mm
radius from the interstitia fiber (Fig. 2). Thermocouples for temperature monitoring during PDT light
irradiation were placed at 3 mm radius from the interstitial fiber or 1 mm below the irradiated surface,
respectively. Control measurements were performed and biopsies sampled.

Photosensitizer WST09 (2 mg/kg) was infused into the animal through an i.v catheter at arate of 0.5 mi/min.
The total infusion time was between 10 and 14 min. Light was applied 5 min or 15 min after photosensitizer
infusion (short drug-light interval was previoudly shown to be essential for having therapeutic effects with
the new derivatives (10,11)). For superficid irradiation, light doses of 100 and 200 Jent were used. For



interstitial irradiation, alight dose of 150 Jcm was used. In addition to the direct irradiation of a prostate,
adjacent normal structures of bladder and colon were irradiated s multaneously with the prostate, using
separate optical fiber probes, to a controlled light dose up to 80 Jenf. Animals were kept in the dark during
and after photosensitizer infusion. Light irradiation lasted between 8 - 23 min. After light treatment, the
rectus muscle, fascia and skin were closed with interrupted sutures. The animals were injected with an
analgesic such as morphine (0.5 mg/kg) or Bupremorphine (SQ, 0.3 mg/ml, 0.01-0.02 mg/kg) immediately
after surgery and every 4 hours until the Fentanyl patch kicked in (approximately 12 hours after application).
The endotracheal tube was removed upon swallow reflex. The 1.V. catheter was removed and an Elizabethan
collar was placed around the dog' s neck to prevent licking of the incision site. Standard procedures were
followed to care for the animals including continued pain control.
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Figure 2: Experimental setup for PDT irradiation and monitoring. Note the probe positions for oxygen and
temperature are not shown in the figure. They are placed either immediately under the superficialy
irradiated surface or approximately 3 mm radius from the intertitial irradiation source.

The PDT treated animals were terminated at predetermined time points (one week, one month and three

months, respectively) after the light treatment, by using barbiturate overdose. The prostate, bladder and
colon were removed for histopathological evaluation of the PDT induced lesion sizes.

Histopathology Examination:

At necropsy, the prostate, bladder, and colon were removed and photographed. All specimens were fixed in
10% neutral buffered formalin. The prostate was dissected from the urinary bladder. The prostate, bladder,

and colon were cut into 3 mm blocks, photographed, and embedded in paraffin. Sections of 5 nm were
stained with H& E to examine the histopathological changes.

RESULTS
Thermal Effect

With 150 mW/cnt superficial or 150 mW/cm interstitial irradiation fluence rate, we observed no thermal
effect (0.2—0.9 °C increasing during light irradiation) at either 3 mm radius from the interstitial irradiation



source or 1 mm below the superficialy irradiated surface. It is thus concluded that al the damage, as
observed in these animals, was induced by PDT. It was further confirmed that there was no damage in the
control prostate that received only light irradiation (200 Jent or 200 Jem) but no drug.

Dynamic Light Fluence Distribution during PDT

Figure 3 is representative of light fluence at afixed location near the interstitial irradiation source during a
PDT treatment. At each of the measurement sites (3 or 6 mm radius from the source, respectively), the light
fluence remained relatively constant throughout PDT light irradiation. Consequently, the calculated effective
attenuation depth as a function of time remained stable (Fig. 3). Small variationsin light fluence rate,
observed in the studies, are likely due to minor movement of the relative positions of the probes and the
gland rather than true optical phenomena. The stable optical properties of a prostate during WST09 mediated
PDT suggests that optical dosimetry is less unpredictable at the infrared region than that in 630 nm range.
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Figure 3. Dynamic light fluence rate and attenuation depth (Deff) during a 763 nm WSTQ9 PDT treatment.

Post Surgical Observation of the Animals

All animals that received either light or drug only (control) or PDT treatment survived from 1-week to 3-
month post-surgica period without incident. During the post-treatment period, none of the dogs showed
urinary retention. No urinary catheterization was needed in any of the animals. Out of the 13 treated-
animals, 3 had trace blood in urine within the first 24 hours after the treatment that later healed without
further incident. None required medica attention or treatment. The surgical wound healed nicely with no
signs of any post-surgical complications.

M acr oscopic Findings upon Euthanasia
In atota of 6 dogs, each lobe received single interstitia irradiation (one diffuser fiber placed in the left lobe

and one placed in right lobe of each prostate). In another total of 7 dogs, each Iobe received one superficial
irradiation or one interstitial irradiation, respectively. The single fiber irradiation delivered partia gland



treatment that allowed an accurate evaluation of lesion size. In the control group, three dogs each received 2
mg/kg drug or 200 Jcm or 200 J cent light only. The control group showed no visible abnormalities.

Interstitial irradiation

A group of 4 dogs (total of 5 lobes) received 2 mg/kg and 50 Jcm light dose. Three dogs were terminated at
one week after treatment and one dog at one month. At one week, the lesion was characterized by acute
necrosis with patchy sub-capsular hyperemia and edema. The lesions were centered in the lobe. The capsular
structure of the prostates appeared intact. The maximum lesion diameter was greater than 15 mm, with a
depth of 15 mm. There was no significant difference in lesion diameter between 5 min and 15 min drug-light
application intervals. The urethral structure appeared normal. At one month, the gland appeared pale and the
lesions appeared to be resolving significantly (Fig. 4). Residual lesion size was small and still noticeable but
surrounded with resolving necrosis throughout the entire (small) gland.

Figure 4. Dissection view of PDT lesion at one month. Prostate received 50 Jcm (left lobe) and 200 Jecm
(right lobe) intertitial irradiation, respectively. Residua necrosis, periurethral damage and gland volume
reduction were noticed.

A group of 6 dogs (total of 6 lobes) received 2 mg/kg drug and 100 Jcm light dose. Five dogs were
terminated at one week after treatment and one dog at three months. At one week, the lesion was
characterized by acute necrosis with patchy sub-capsular hyperemia and marked edema. The maximum
lesion diameter was about 20 mm with the depth of 15 - 27 mm. There was no significant differencein
lesion diameter between 5 min and 15 min drug-light application intervals. At three months, the gland
appeared normal, but pale. Volume reduction was obvious. The lesions appeared to be resolving significantly
(seeFig. 4 & 5). Residual lesion size was small but noticeable and surrounded with resolving necrosis
throughout entire gland.



Figure 5. Dissection view of PDT lesion at three months. Prostate received 100 Jcm (left lobe) and 200 Jcm
(right lobe) intertitial irradiation, respectively. Residual necrosis, periurethral fibrosis and gland volume
reduction were visible at right lobe.

A group of 8 dogs (total of 8 lobes) received 2 mg/kg drug and 200 Jcm light dose. Six dogs were
terminated at one week after trestment and one dog at one month and one at three months. At one week, the
lesion was characterized by acute necrosis with patchy sub-capsular hyperemia and marked edema. The
maximum lesion diameter was greater than 23 mm with the depth of 24 - 39 mm. There was no significant
difference in lesion diameter between 5 min and 15 min drug-light application intervals. Some dissected
sections showed that lesions covered the entire cross-section around the treatment site, and complete
destruction of prostatic and urethrd tissue. At one month, the gland appeared pale and smaller. The lesions
appeared to be resolving (see Fig. 5). Residual lesion size was noticeable and surrounded with resolving
necrosis throughout the entire gland. The urethral lesion was visible. At three months, the gland appeared
normal, but pale and smaller. Volume reduction was obvious. The lesions appeared to be resolving
significantly (see Fig. 4). Residua lesion size was small but noticeable and surrounded with resolving
necrosis throughout the entire gland. The urethral lesions were till visible.

Superficia irradiation

Prostate: A group of 3 dogs (total of 3 lobes) received 2 mg/kg drug and 100 Jent light dose. At one week
after treatment, the lesion was characterized by acute necrosis with patchy sub-capsular hyperemia and
marked edema. The lesion was located at the upper quadrants of each irradiated lobe. The lesion appeared
as well-circumscribed necrosis. The maximum lesion diameter was 14 mm with the maximum depth of 24
mm. Some dissected sections showed that |esions covered the entire cross-section around the treatment site,
and compl ete destruction of prostatic tissue. The urethral structures were intact. A group of 4 dogs (total of 4
lobes) received 2 mg/kg drug and 200 Jen light dose. At one week, the lesion was characterized by acute
necrosis with patchy sub-capsular hyperemia and marked edema. The maximum lesion diameter was greater
than 21 mm with the depth of 30 mm. The lesions extended from the surface deep into the tissue (2-3 cm).
The lesions were mainly located at the upper quadrants of each irradiated lobe. Some dissected sections
showed that lesions covered the entire cross-section around the treatment site, and complete destruction of
prostatic tissue. The urethral structure appeared unaffected.



Bladder and Colon

There was no visualy observable damage on the bladder or colon when treated with a light dose up to 40
Jen?. The section of the colons that received 80 Jent light irradiation showed marked superficial
hemorrhage. Ulceration corresponding to the irradiation field was clearly visible. There was no visually
detectable perforation. Given a centraly delivered irradiation dose of 200 Jcm on prostate, it is unlikely that
the periphery of the prostate would receive more than 40 Jcm of irradiation based on the effective
attenuation coefficient obtained from the animal. Since such alight dose was powerful enough to destroy the
entire cross section of a prostate, it is unlikely more energy would be necessary for a practical prostate
ablation. We thus conclude that the therapy is rather safe for the adjacent normal structures.

With asingle interstitial and a superficia irradiation for each lobe, at the given level of light and drug dose,
PDT treatments did not eradicate an entire prostatic gland of older dogs (e.g. ~ 8 years old). In these dogs,
gland tissue in the lower quadrant of each prostate was unaffected by PDT. The result was within our
expectation that a multi-fiber implantation is likely to be the approach for tota prostate ablation. Such an
arrangement would also benefit the preservation of adjacent structures since a prostate is not a perfectly
round object but rather has a smooth oval shape.

It is worth noting that within the sections near the irradiation sources, the lesions covered the entire treated
lobes thus also the prostatic urethra. Thisis very important since transurethral irradiation, as reported by
others (12), was amajor reason for post-surgical complication such as urinary retention and serious
hematuria. If atotal prostate ablation can be achieved with multiple implantation of interstitial irradiation
sources with the urethra situates at the margins of the PDT induced damage, it is likely such urinary tract
complications can be significantly reduced or avoided.

Light Microscopic Examination
Progtate

No abnormalities were noticed in either the light only control dogs that were terminated at 1 week or the drug
only control dog that was terminated at 3 months. Microscopic examination confirmed that extended lesions
were induced by the PDT treatments. Inthe PDT treated dogs, at one week there was marked hemorrhagic
necrosis of the glandular tissue in the treated areas with local hemorrhagic vasculitis. The size of the lesions
correlated well with the light doses. The lesion boundary aso corresponded well with the visually observed
hemorrhagic lesions. At the periphera zone of the prostate, distal from the irradiation sources, normal
glandular structureswere found to be well preserved, and some were surrounded with atrophic prostatic
acinar tissue. There was a clear demarcation between the lesions and the preserved normal structures. The
fibromuscular connective tissue appeared to be damaged in the same way as the glandular tissue,
characterized by diffuse and marked necrosis. The prostatic capsule was mainly unaffected. At 100 Jcm
and 200 Jcm interstitial irradiation, periurethral glandular and connective tissue appeared to be affected, in
some cases the lesion spread to urethral epithelium layer. A small dimension of submucosa congestion and
epithelium disruption was observed in some specimens. This might be due to the light overlap on the region
from two interdtitia irradiations or the probe was placed too close to the urethra and periuretha. At 50 Jcm
interstitial irradiation and 200 J cn* superficial irradiation, periurethral glandular and connective tissue
appeared to be unaffected. At one month, the areas treated with 50 Jcm and 200 Jem interdtitia irradiation
showed resolving necrosis with atrophic glandular tissue interposed with hemorrhagic necrosis. There was
little glandular regeneration. At 3 months, the areas treated with 100 Jcm and 200 Jcm interstitial irradiation



showed resolving necrosis with persistent glandular atrophy interposed with residual hemorrhagic necrosis.
Areas of prostatic capsule showed inflammatory reaction. There was little glandular regeneration.

Bladder and Colon

Under light microscopy, minor hemorrhage was observed at the surface of bladders irradiated with 40 Jent.
There were no clear indications of necrosis. No abnormalities were observed on the bladder and bladder neck
while the prostate gland received up to 200 J cn superficial irradiation or 200 Jem interstitial irradiation,
therefore, the risk of fistula formation was very low at a high light dose level.

Similarly, we observed only dight inflammatory reactions on the colon surface that was irradiated with up to
40 Jem’ PDT. The mucosa and underlying colonic glandular structures were well preserved with 40 Jent
irradiation. The section of colon that was irradiated with 80 Jcn? PDT light dose showed marked
hemorrhagic damage at the surface one week after the trestment. Full depth necrosis was observed within
theirradiation field of these specimens. No adverse effect was observed on colonic or rectal mucosa when
the prostate received up to 200 Jent superficia irradiation or 200 Jem interstitial irradiation. In the three
animals where the colon was stitched directly to the prostate to ssimulate a human anatomic structure, we
observed no histopathological changes on the prostate-contacting region. Therefore, the risk of fistula
formation was very low.

DISCUSSION

For early stage prostate cancer that is confined within the prostate organ and is often multifocal, conventional
therapies such asionizing radiation or surgica prostatectomy do not differentiate between normal and
cancerous prostate tissue. Rather, the goal is to ablate/remove the entire organ. Thus, the goa of PDT in the
management of prostate cancer, is likely to be total ablation of the gland (13). There are reportsin literature
indicating that, if al other treatment parameters are identical, PDT islikely to be equally effective in
destroying normal tissue and the embedded cancerous tissue arisen from the same tissue origin (14-19).

Since prostate cancer is avery slow growing disease, it is possible that PDT may be used as a primary
modality to treat prostate cancer. The advantages of using PDT in place of radiation or surgery are: reduced
side effects, better localization and a single minimally invasive intervention. It has been well defined that
PDT, in general, destroys glandular tissue, either normal or neoplastic, yet has little effect on connective
tissue (20,21). That is confirmed by our current investigation, that a prostate can largely retain its anatomical
shape and structures, even through a WST09 mediated PDT treatment destroyed a significant portion of its
glandular structure. Furthermore, the healing process of a prostate treated with WST09 mediated PDT is
largely by tissue regeneration that makes it less prone to side effects, compared to those more direct
interventions such as surgical prostatectomy.

The feasibility of using PDT to treat prostate cancer on anima models has been investigated in this
laboratory as well as several others. The effectiveness of PDT on cell destruction depends on multiple
factors, including intrinsic cell sengitivity, local tissue concentration of the photosensitizer, absorbed light
dose and the availability of molecular oxygen. There are severa reports of PDT treatment in arat prostate
tumor modd (22-24). The conclusion from these rat modelsisthat PDT can effectively kill prostate tumors.
Canine provides an excellent animal model for studying PDT in prostate due to its close resemblance both in
physical size and in anatomical structure to that of human. In-vivo optical properties of canine prostate have
been studied for Photofrin mediated PDT in this laboratory and found to be similar to that of in-vivo human
prostate (13,25,26). Canine prostate tissue-responses to PDT mediated by various photosensitizer agents



(Photofrin and SnET2) were investigated and the genera consensusiis that, given afixed optical dose, the
volume of tissue damage is rather unpredictable. 1n comparison to the first generation photosensitizer
Photofrin, most second generation photosensitizers have faster tissue-clearance time. Nevertheless, aPDT
session with these drugs till has to be divided into drug infusion, waiting, and light irradiation phases, which
require up to severa daysto complete (27-31).

The photosensitizer, WST09, used for the current study, is aunique drug. Unlike PDT mediated by
Photofrin or most other second-generation photosensitizers, WST09 mediated PDT achieves its effect mainly
via. vascular damages (10). The localization of the therapy is possible in atimely delivery of the
photosensitizer and a precise optical dosimetry. Intracellular uptake of the photosensitizer, if any, has a
minimal effect on the outcome of the WST09 mediated PDT. A distinctive characteristic of WST09 from
other second generation photosensitizersis its rapid pharmacokinetics. The drug isi.v. infused into a patient
and reaches the target through vascular circulation. The activation of the drug is accomplished while the
drug isin the vascular circulation. Unlike PDT mediated with other photosensitizers which al heavily rely
on atimely cdlular uptake of the drugs, thereis practically no waiting period necessary between the drug
infusion and the start of light irradiation in a WST09 mediated PDT session. A WST09 mediated PDT
treatment can thus be combined into one single session with far reduced inconvenience to the patients. The
fast clearance of the drug from a patient body further improves the potential usefulness of the therapy by
significantly reducing the time required for a patient to stay out of direct sunlight over along period of time,
thus causes less interruption to a patient’s life style after a treatment.

There are no peer-reviewed publications in the literature utilizing PDT to treat human prostate cancer. The
preliminary animal studies conducted in this laboratory using WSTO09 as a photosensitizer to ablate prostate
tissue is deemed very effective and predictable. In comparison to that observed at 630 nm, the 763 nm light
transmission in prostate was far less prone to the mechanical damage or changes in blood perfusion during an
interdtitial PDT irradiation (9). WSTO09, infused intra-operatively, clearly induced certain side effects (i.e. a
marked drop in animal blood pressure). This side effect was easily controlled by a pre-medication of anti-
histamine (i.v. Benadril, 0.7-1.4 mg/kg and Steroid Dexamethasone, 2 mg SQ) and adjustment of anesthesia
settings. No irreversible damage was observed due to the photosensitizer itsalf.

Our study demonstrates that the size of WST09-mediated prostate lesion correlates well with the light dose
delivered by asingleirradiation fiber. The threshold light dose for superficia irradiation and 2 mg/kg drug
dose might be between 20 and 40 Jent. It isimpressive that all interstitial light dose ranges between 50 —
200 Jcm produced severe tissue necrosis. There was little glandular regeneration at one month or three
months. Gland volume reduction was visible at 3 months (though no quantitative measurement was
performed). The new drug allows PDT treatment to start shortly (e.g. 5 min) after drug infusion. Therefore,
the time required for WST09-mediated PDT irradiation can typically be completed within afew hours—a
significant reduction of overall treatment length. In comparison to the other photosensitizer investigated in
this laboratory and reported by others, WST09 is likely to become an ideal photosensitizer for the purpose of
total prostate ablation in the treatment of prostate cancer, due to its deep light penetration, fast acting
pharmacokinetics, and extensive tissue damage. No adverse effect was seen on the surrounding tissues, such
as bladder and colon/rectum, when prostate received up to 200 Jenf superficial irradiation or 200 Jem
interdtitial irradiation. With a thorough investigation of the tissue optical properties, WST09 will likely
provide an ideal moddlity for the treatment of prostate cancer viatotal prostate ablation.
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