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ABSTRACT OF THE DISSERTATION

Alternative Therapies in the treatment of Port Wine Stain Birthmarks
By
Wesley Jing-Hau Moy
Doctor of Philosophy in Biomedical Engineering
University of California, Irvine, 2015

Professor Bernard H. Choi, Chair

Roughly 400,000 children each year are born with port wine stain (PWS)
birthmarks, which are skin capillary malformations characterized by a pink-reddish color
that develop into purple nodules if left untreated. While PWS birthmarks can be found
anywhere on the body and are typically non-life threatening, a large majority (~90%)
present on the head and neck regions and can lead to complications including dental
abnormalities and may be associated with capillary malformations in other organs such as
the eyes (glaucoma), and brain (seizures). Due to the unsightly nature of PWS, people that
have them on exposed areas of skin (face, neck, arm or leg regions) can endure immense
psychological and social suffering. The current gold standard treatment for PWS in the US
is laser irradiation using the pulsed dye laser (PDL). Treatment of PWS with the PDL has
limited efficacy; many patients undergo 15 or more laser treatments without seeing full
clearance of the PWS, demonstrating the need to investigate alternative therapies.

In my dissertation research, | investigated alternatives to PDL treatment for PWS,

including photodynamic therapy (PDT), combined PDT/PDL protocols, and alternative

Xiv



light based treatments. PDT has demonstrated promise towards achieving better treatment
outcomes for PWS birthmarks, however, careful selection of treatment parameters is
needed to avoid unwanted side effects. [ performed preclinical studies of PDT using two
photosensitizers, NPe6 and Hemoporfin, to better develop safe treatment parameters. |
then investigated a combined PDT/PDL protocol and determined that a synergistic effect
exists between the PDT and PDL protocols, illustrating that this combined approach leads
to a desired treatment outcome while minimizing side effects. To better understand the
PDT treatment mechanisms in skin, I also studied the depth of injury caused by NPe6-
mediated PDT in preclinical models and found a direct relationship between depth of
vascular injury and light dose administered. Finally, in investigating alternatives to the
PDL, I studied the use of intense pulsed light (IPL) and performed a direct comparison
study to the PDL. [ used computational models to characterize the predicted performance

of the IPL and performed experimental studies in preclinical models.
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Chapter 1 - INTRODUCTION AND BACKGROUND

One out of three children born in the US is born with some type of skin lesion[1].
Birthmarks are generally considered to be discolored or raised spots found on the skin.
Multiple types of birthmarks exist and can have a psychological or social impact on the way
a person is perceived[2]. These include congenital nevi, (small dark or light brown patches
on the skin that may be raised and have malignant potential) venous malformations,
(improperly formed veins that typically present at birth and expand proportionately with
the person) hemangiomas, (which either present at birth, or shortly thereafter eventually
go away on their own) and capillary malformations, such as Port Wine Stain (PWS)
birthmarks(1).

Roughly 400,000 children each year are born with port wine stain (PWS)
birthmarks[2]. These flat vascular lesions are characterized by a pink-reddish color and if
left untreated, develop into purple nodules. Clinicians use light based therapies to treat
PWS birthmarks, such as the pulsed dye laser (PDL). A large majority of PWS birthmarks
present on the head and neck regions (~90%) and can lead to complications or be
associated with other abnormalities in areas such as the eyes and brain [3]. Histopathology
of PWS skin biopsy is characterized by normal epidermis overlying abnormal plexus of
dilated blood vessels located in the upper dermis[4]. In contrast, normal skin without PWS
does not exhibit these large scale capillaries in this region of the skin. PWS can be found
anywhere on the body and are typically non-life threatening. However, due to the unsightly
nature of PWS, people that have them on exposed areas of skin (face, neck, arm or leg

regions) can endure immense psychological and social suffering[5].



The current standard treatment of PWS involves the use of lasers (especially the
pulsed dye laser (PDL)) or intense pulsed light (IPL) to irradiate the malformed blood
vessels in combination with cooling of the skin. Cryogen spray cooling is the use of 10-50
ms spurt of tetrafluoroethane onto the skin to lower the temperature, followed by a 30-40
ms delay before light irradiation[6].

Cooling is necessary to counteract competitive absorption of the treatment light
wavelengths by epidermal melanin. The short duration also allows for spatial selectivity.
The pulse duration of the cryogen spurt is so short that the temperature decrease does not
affect the vessels targeted by the light therapy. After cryogen cooling, a laser emits a
yellow-orange light (585-595 nm range) that is strongly absorbed by hemoglobin in the
ectatic blood vessels in the upper dermis[6-8]. Thrombosis and vessel damage occur as a
result of the light energy being converted to heat. Treatments that occur earlier in life tend
to have better outcomes (a lightening of the skin) than treatment at adult ages where the
disease has progressed much further. However, even with early treatment, some patients
may undergo 15 or more treatments, and not achieve complete lesion removal[9]. Another
treatment outcome that is commonly observed is temporary removal of the PWS, followed
by recurrence of the disease at a later time point.

A brief review of several studies utilizing the PDL to treat PWS highlights its
limitations[10-12]. Unfortunately, only a small fraction of patients experience complete
blanching with PDL treatment, while the vast majority do not [13, 14]. There is a critical
need to develop and improve current PDL-based therapies so that they can more effectively
treat patients. The five hurdles that PDL therapies must overcome are 1) PDL therapy has

difficulty removing small superficial vessels, characterized by vessel diameter <20 pum[15,



16]. 2) Light absorption via melanin content in skin limits the maximum permissible
radiant exposure that can be used in a safe manner[17]. 3) Light at 585-595 nm can only
penetrate a certain depth into the tissue. Thus, vessels that are beyond the depth that the
PDL can reach are a limiting factor [18]. 4) Optical shielding from vessels in close clusters
can affect the effectiveness of the PDL. 5) Vessel size, depth, and density vary from patient
to patient, and even within patient sites[19]. This reduces the effectiveness of the same PDL
treatment, and can greatly affect treatment outcomes.

An alternative therapy to the PDL is photodynamic therapy (PDT). PDT requires
three main components: 1) light activated reagent, or photosensitizer, 2) presence of
oxygen, and 3) a light source. The general procedure of PDT involves administration, either
local or systemic, of the photosensitizer followed by the subsequent irradiation of the
target area with an appropriate wavelength of light, which induces the activation of the
photosensitizer[20]. This activation causes a reaction with oxygen to create cytotoxic
species such as singlet oxygen or free radicals[21].

PDT was first discovered in the early 1900s by a medical student named Oscar Raab,
when he demonstrated that light irradiation of the drug acridine red caused a negative
effect on in vitro paramecium[22]. This study was the first to observe that light activation
of the drug caused a photochemical effect that produced cytotoxic effects to cells. In 1913,
Dr. Freidrich Meyer-Betz became the first human case study of PDT, when he injected 200
mg of hematoporphyrin (Hp) into his own body[23]. The concept of a photosensitive
period became well known after this experiment, as Dr. Meyer-Betz remained sensitive to

light for a period of 2 months. Any exposure to the light in the absorption spectrum of the



photosensitizer caused an increase in swelling of his skin. In the 1960s-70s, a series of in
vivo experiments showed the efficacy of PDT to treat animal tumors[24-26].

PDT is highly dependent on the light activation of the photosensitizer and creation
of different reactive species, which then cause cellular damage. Wavelengths of light at the
peak of the absorption spectrum cause an excitation of the molecular energy level from its
ground state into a higher singlet state. The excited molecules can then: 1) return to ground
state, or 2) transition to a triplet state. In the triplet state, a return back to the ground state
is spin forbidden, resulting in a long excited state, where the molecules can interact with
their surroundings. These two specific processes constitute the Type I and Type II
reactions. Type I reactions typically involve electron or hydrogen atom transfer to non-
oxygen molecules, known as reactive radicals[27]. In turn, these radicals then interact with
oxygen, creating reactive oxygen species (ROS). These ROS are highly cytotoxic and induce
apoptosis, or cellular death, when they come in contact with biological cells. Type II
reactions utilize a direct energy transfer of the excited photosensitizer with triplet state
oxygen (302), which then directly create singlet oxygen (102) [21]. Both Type I and Type II
processes can occur simultaneously, but specific conditions may induce one type over the
other. When hypoxic conditions and high photosensitizer concentration environments
exist, Type I reactions may dominate due to the lack of oxygen present, while Type II

reactions may dominate if high oxygen environments exist.
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Figure 1.1 Jablonski diagram illustrating absorption of light and transition processes. PS,
photosensitizer; IC, internal conversion; IX, intersystem crossing.

Any cellular structure that comes into contact with singlet oxygen or ROS can be
functionally and structurally altered such that cell death is inevitable. Due to the nature of
ROS and singlet oxygen (highly reactive and short lifetime), specific cellular structures can
be targeted by localizing the photosensitizer. For vascular applications, this means that by
limiting where the activation of the photosensitizer takes place, we can selectively target
only the blood vessels, while preserving surrounding tissues. The tissue damage caused by
PDT can typically be broken down into two types of mechanisms: 1) cell death directly by
interaction of ROS and singlet oxygen, and 2) vascular damage and activation of the
immune system.

Apoptosis and necrosis are the two general forms of cell death that occur as a result
of direct PDT effects on cells. Programmed cell death (apoptosis) is a naturally occurring

process that is triggered by intra- and extracellular signals. The typical response to



apoptosis is not to induce the inflammatory response, but rather the activation of
macrophages that engulf the dead cells. Necrosis occurs when cells are damaged such that
they are no longer viable and typically results in a pronounced inflammatory response to
the region where necrotic tissue exists[28, 29]. The volume of tissue affected by necrosis
and apoptosis are typically governed by the photosensitizer[29], cell type and specific light
dose[30]. After a PDT treatment, necrosis and apoptosis can be clearly differentiated, with
necrosis occurring at the site of photosensitizer activation, while apoptosis occurs in the
boundary surrounding the necrotic area.

In blood vessels, one immediate after effect of PDT treatment is a hypoxic
environment. One prevailing theory that currently exists is that vascular collapse and the
consumption of the oxygen present in the blood during the PDT reaction may cause
surrounding cells to become resistant to additional PDT damage[31]. Large efforts have
been made to monitor tissue oxygenation and blood flow during PDT treatment[32-35],
and blood flow measurements are discussed in future chapters.

Utilizing PDT to treat PWS is not a new phenomenon, and studies performed in
China have demonstrated in the past decade that PDT can be effective in blanching PWS
and causing permanent shutdown of flow in unwanted blood vessels. A study using blue
light to activate a porphyrin derivate for the treatment of PWS resulted in observations of
skin necrosis[36]. This particular study highlights the dangers of using too high of an
irradiance when performing PDT to induce blanching of the PWS. A study of 238 patients
using Photocarcinorin-mediated PDT, coupled with a copper vapor laser resulted in
excellent results in 28% of patients, 32% reporting good results, 37% reporting fair results

and a poor response in 3%, after 2-4 treatment sessions. Utilizing these forms of PDT has a



double-edged sword effect; the resulting treatment is promising in efficacy, but severe side
effects included long term photosensitivity (a period up to 4 weeks where patients were
required to avoid sun exposure), and a significant risk of scarring when radiant exposures
were too high. This particular effect occurs when deep vascular damage results from high
light doses during PDT. Deep vascular damage causes an upstream effect that compromises
the structure and integrity of vessels closer to the surface of the skin, creating an ischemic
necrosis effect (further investigated in chapter 6).

Our group began to develop the idea to use PDT for vascular applications by
studying Porfimer Sodium-mediated PDT in 1998. Results from this study, conducted by
Dr. Stuart Nelson, indicated that Porfimer Sodium-mediated PDT would be able to
effectively cause PWS blanching, but that side effects including scarring, deep vascular
damage, and 30+ days of photosensitivity, would preclude any type of clinical utility. To
date, this study remains unpublished, however, it became the basis for future experiments
to explore and characterize PDT as a potential treatment option for PWS. Our group then
proceeded to investigate Benzoporphyrin Derivative Monoacid Ring A (BPD) mediated PDT
in the chick chorioallantoic membrane microvascular model[37, 38]. Additionally, the new
concept of combining treatment protocols of PDT and PDL was also introduced, and will be
a central theme moving forward. The results of the CAM model studies demonstrated that
the combined PDT+PDL protocol resulted in significantly more vascular damage than any
other group. It also suggested that a synergistic interaction existed between PDT and PDL
treatment protocols[38].

Our group then proceeded to conduct further preclinical animal studies to evaluate

the effectiveness of BPD-mediated PDT in combination with PDL. We proceeded to utilize



the dorsal window chamber model, which will be discussed in more detail later. In the first
study utilizing the dorsal window chamber model, we compared BPD PDT, PDL, and
PDT+PDL[39]. One mg/kg drug dosage was administered intravenously to Sprague Dawley
rats and the following interventions were evaluated: control (no drug, no light), PDT alone
(16 min exposure time), PDL alone at 7 J/cmZ, PDL alone at 10 J/cm2, PDT+PDL (PDL at 7
J/cm?2), and PDT+PDL (PDL at 10 J/cm?). For PDT, a 576nm laser source was utilized over a
10 mm diameter spot, and for PDL, a 585nm, 1.5ms pulse duration, and 7 mm spot was
utilized. Experimental observations were made at the following time points: before each
treatment, immediately after, and 18 hours post intervention. No blistering, ulceration or
scabbing was seen in any of the experiments. Using a blood flow monitoring technique
called laser speckle imaging (LSI, which will be further discussed in more depth), reduction
in blood flow was observed in all experiments, with PDT+PDL at 7 ] /cm? resulting in the
largest reduction in blood flow.

In a second follow up study[40], improvements in the surgical technique to install
the dorsal window chamber enabled a longer evaluation period than the previous 18 hour
time point. Our group performed the following interventions on Golden Syrian hamsters,
after injection of BPD at one mg/kg drug dosage: control (no light, no drug), control (drug,
no light), PDT alone (25-96 J/cm?), PDL alone (7 J]/cm?), and PDT (25 or 75 J/cm?) + PDL (7
J/cm?2). LSI was used to monitor blood flow dynamics and was performed before,
immediately after, and at days 1, 3, and 5 post-intervention. Similar to the first study of
BPD-PDT + PDL, the combined PDT+PDL protocol resulted in complete vascular shutdown

sustained over the 5 day monitoring period.



Demonstrating that the combined PDT+PDL protocol was effective, our group
translated these findings into a Phase I FDA approved clinical trial of PDT+PDL treatment
for PWS[41]. PWS patients were recruited from a patient population with non-facial PWS.
Subjects had four sites evaluated: control (no drug, no light), PDL only (585 nm, 1.5 ms
pulse duration, 8 ] /cm?2), PDT, and PDT+PDL. PDT was performed using a 576 nm
continuous wave laser, at 6 mg/m? drug dosage. Our group evaluated radiant exposures of
15, 30, 45, 60, 75 and 90 J/cm2. At PDT =75 ]J/cm? and greater in combination with the
PDL, we observed near complete blanching, indicating that the combined protocol was able
to achieve improved efficacy compared to either treatment alone. We concluded from this
study that the initial clinical experiments support our hypothesis that PDT+PDL can be a
more effective therapy for selective removal of cutaneous microvasculature.

After investigating BPD-mediated PDT in combination with the PDL, we then
focused our efforts to characterizing a new, promising photosensitizer, Mono-l-aspartyl
chorlin-e6 (NPe6). NPe6 is a vascular specific photosensitizer and was selected due to its
potential to cause permanent shutdown in blood vessels. The combined PDT+PDL protocol
was demonstrated to achieve an enhanced vascular effect while avoiding the risks and
limitations inherent to either therapy alone. By combining the two protocols, we
demonstrated that lower radiant exposures could be used (chapter 3), while providing a
synergistic effect to cause persistent vascular shutdown. The usage of lower light doses
enables a minimization of adverse effects like scarring or skin necrosis.

In addition to NPe6, we also investigated the most commonly used photosensitizer
in China for treatment of PWS, Hemoporfin (HMME). Several studies have shown that PDT

(Photocarcinorin (PSD-007) and HMME) is somewhat of an effective form of treatment for



PWSJ[42-46], however there are several side effects including prolonged photosensitivity
period (4+ weeks), the perseverance of smaller blood vessels post PDT treatment[44],
secondary scar formation[47], and PDT-induced hyperpigmentation. We focus more on
characterizing HMME in chapter 5.

In order to quantify the efficacy of the treatments, we utilized the dorsal window
chamber model[48]. As had been used in previous studies[39, 40], the dorsal window
chamber model allows for epidermal or dermal irradiation and subdermal imaging[49].
This method involves the installation of a titanium frame that provides access (i.e. window)
to the skin microvasculature on the backside of a mouse. The animal is first anesthetized
and its fur is removed using a depilatory cream to leave a smooth skin surface. The eyes of
the animal subject were then lubricated using a sterile ophthalmic ointment to prevent
drying of the cornea. The dorsal skin of the mouse is pulled taut, resulting in a front and
back layer of skin. To better visualize the target vasculature, the skin was transilluminated
with a white light source. One half of the window chamber frame was used as a template
for proper placement of the window chamber. Using three 16 gauge needles, holes were
made in the dorsal skin using the half window chamber frame template. The needles were
then removed and the full titanium frame was assembled using screws and nuts through
the previously made holes to secure the chamber in place. A spacer sleeve was installed
over the screws (typically made of Tygon tubing), to create the proper distance between
each half of the frame. Next, surgical sutures were used to keep the skin in place, and not
allow for the target vasculature to be affected. After installation of the frame onto the taut
skin, the front side skin flap is removed by using forceps to pinch the skin and surgical

scissors, revealing the backside skin vasculature. A small border (<0.5mm) of skin around
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the frame opening is left to prevent leakage of fluid from the window chamber.
Microscissors and forceps are used to remove fascia from the exposure back layer skin. A
glass cover slip is installed with a small injection of saline to keep the frame enclosure
moist, followed by a plastic retention ring to keep everything in place. This model was used
extensively to evaluate the effectiveness of each treatment protocol (PDT, PDL, combined
PDT/PDL and alternative light sources).

To monitor blood flow dynamics within the window chamber, we employed the use
of Laser Speckle Imaging (LSI). LSI is a useful technique as it is non-invasive and the
instrumentation is simple. It was originally developed for imaging tissue vascular
structures in the early 1980s[50, 51], and recent improvements to the method include use
of a CCD camera and advancements to the image processing algorithms[52, 53]. The main
components are a laser, a diffuser, a camera, and imaging software to process the data. LSI
utilizes the speckle pattern that is formed by a laser illuminating a surface. Incident
coherent light from the laser on the surface is scattered due to the inherent changes of
roughness on the surface, resulting in constructive and deconstructive interference of the
light. Intensity is visualized as the algebraic addition of all wave amplitudes arriving at each
point, visually seen as a random distribution of areas of high intensity, when the waves add
together in phase, or low to no intensity, when the individual waves are added together and
cancel each other out. This speckle pattern can then be used to quantify the movement of
scattering particles on the laser-illuminated surface, as the moving scattering particles
induce a phase shift of the scattered light producing temporal fluctuations in the speckle

pattern. From a biological tissue perspective, scattered light producing temporal
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fluctuations also includes contributions from subsurface moving scatterers to the speckle
pattern.

Laser speckle is a random phenomenon that can only be described statistically. An
expression for the contrast of a speckle pattern was derived by Goodman et al[54], and is
the basis for all LSI techniques used in our lab. There are several factors that determine the
spatial and temporal characteristics of a speckle pattern. They include the size, shape,
material, texture, and motion of the illuminated object, as well as wavelength, spectral
bandwidth and polarization of the light source used to create the speckle pattern.

Images of time-varying speckle patterns can then be captured at set exposures times
by a camera, and information about the movement of the scattering particles can be
calculated. After the images are acquired, a speckle contrast image is computed. This
involves the use of a sliding window algorithm (typically 7x7), where the mean (<I>) and
standard deviation (o) are computed for each pixel of interest as the sliding window
progresses through the image. This computation yields a speckle contrast value (K) for

each pixel of interest.

Computed speckle contrast values lie between 0 and 1, and the speckle size can be
determined by changing the aperture stop in a camera.

When an object moves after it has been illuminated with laser light, the speckle
pattern of the object will fluctuate. For small movements, on the same order magnitude as
the size of the speckles, the speckle pattern will move with the object and remain
correlated. In the case where the motion is much larger than the speckle size, the speckle

pattern will decorrelate and change completely. Decorrelation can also occur when light is
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scattered from a fluid that is constituted by a high concentration of particles. In relation to
the speckle contrast, large speckle fluctuations are seen as a reduction in the contrast value
when images are taken at a fixed exposure time. The amount of reduction of contrast is the
basis for LSI.

Fercher and Briers originally published a paper using LSI for flow visualization
using single exposure photography[51] in 1982. In this paper, they introduced a method
using spatial statistics of time integrated speckle to measure blood flow in the retina.
Utilizing a short exposure time on the same order magnitude as the correlation time of the
intensity fluctuations, they were able to demonstrate that a high speckle contrast image
could be acquired. Long exposure times would allow for the speckles to average out,
resulting in a low contrast pattern. In simpler terms, high velocity equates to faster
intensity fluctuations that can lead to more averaging over a set integration time.
Goodman’s early work on speckle resulted in the following relationship between flow

velocity and contrast reduction.

1 T
a?(T) = ?j; C.(1)dt

In this equation, spatial variance of the intensity of time averaged speckles (0?) is a
function of the autocovariance of the intensity fluctuations (Ct), and exposure time (T).

With the assumption of a Lorentzian velocity distribution,
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we see the following reduction of the equation:
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For all studies performed in this dissertation, we employed a simplified LSI
processing algorithm. Briers et al.[55] demonstrated that the relationship between speckle
contrast and correlation time can be affected depending on what velocity distribution
model is used to process LSI. However, a study performed by Ramirez-San-Juan et al.[53],
rederived the LSI equation utilizing a Gaussian velocity model, and demonstrated that for
most practical speckle contrast values (0 to 0.6), utilizing a Lorentzian or Gaussian velocity
distribution resulted in identical values for speckle contrast and correlation time. Thus, use
of the simplified algorithm is justified and can be seen in the computation of Speckle Flow

Index (SFI).

SFI =

2TK?

Exposure time of the image being acquired is represented by T and K is the speckle
contrast value.
LSI was used to quantify blood flow dynamics over a seven day period. Figure 1.2

shows a representative example of blood flow monitoring using LSI on a dorsal window

chamber model of the microvasculature.

-0

Raw speckle Speckle Speckle flow index
image contrast image map

Figure 1.2 Calculation of SFI from raw speckle to speckle contrast images
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To evaluate the microvascular response to each type of treatment with SFI image
analysis, we adapted an iterative selection method on the data[56]. The SFI images were
then categorized into a binary scale, where “1” represented complete shutdown of blood
flow, and “0” represented persistent or partial blood flow. These results were then
tabulated into a dose response analysis [57]. Our group has previously employed this
method in several other studies[58, 59], in order to determine a characteristic radiant
exposure, or a specific radiant exposure that was associated with a set probability of

predetermined response.
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Figure 1.3 Dose response curve used to estimate the threshold radiant exposure needed for
kidney stone ablation[60]. 45 individual experiments were conducted and were graded
with a binary response: no audible ablation event (“0”) and audible ablation event (“1”).

The above figure is used to determine the energies needed for successful kidney
stone ablation. We utilized the same approach, changing the axes to fit our criteria of
persistent vascular shutdown (y-axis) and radiant exposures needed to cause this effect (x-
axis). After utilizing this analysis, we were able to then identify sub-therapeutic regions

below the characteristic radiant exposures calculated from the dose response analysis
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performed on each study. This led to the rationale of combining PDT and PDL treatment
protocols to evaluate if there was an additive or synergistic effect. By using radiant
exposures determined to be sub-therapeutic when only performing one treatment protocol
but combining them together, we then evaluated the effectiveness over a large set of

treatment parameters (chapter 3).
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Chapter 2 - PRECLINICAL IN VIVO EVALUATION OF NPE6-
MEDIATED PHOTODYNAMIC THERAPY ON NORMAL
VASCULATURE

We report our initial study of NPe6-mediated photodynamic therapy within a
rodent dorsal window chamber model based on laser speckle imaging (LSI) and dose
response analysis. We demonstrate that NPe6-mediated PDT can cause persistent vascular
shutdown within the blood vessels in the animal model and can be a possible treatment

protocol for port wine stain disease.

Abstract

Current treatments of port-wine stain birthmarks typically involve use of a pulsed
dye laser (PDL) combined with cooling of the skin. Currently, PDL therapy protocols result
in varied success, as some patients experience complete blanching, while others do not.
Over the past decade, we have studied the use of photodynamic therapy (PDT) as either a
replacement or adjuvant treatment option to photocoagulate both small and large
vasculature. The objective of the current study was to evaluate a PDT protocol that involves
use of an alternate intravascular photosensitizer mono-Laspartylchlorin-e6 (NPe6)
activated by an array of low cost light emitting diodes.

To monitor the microvasculature, a dorsal window chamber model was installed on
22 adult male mice. The light source consisted of a custom-built LED array that emitted 10
W at a center wavelength of 664 nm (FWHM % 20 nm). The light source was positioned at a
fixed distance from the window chamber to achieve a fixed irradiance of 127 mW/cm?. A

retroorbital injection of NPe6 (5 mg/kg) was performed to deliver the drug into the
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bloodstream. Laser irradiation was initiated immediately after injection. To monitor blood-
flow dynamics in response to PDT, we used laser speckle imaging. We employed a dose-
response experimental design to evaluate the efficacy of NPe6- mediated PDT.

We observed three general hemodynamic responses to PDT: (1) At low radiant
exposures, we did not observe any persistent vascular shutdown; (2) at intermediate
radiant exposures, we observed an acute decrease in blood flow followed by gradual
restoration of blood flow over the 7-day monitoring period; and (3) at high radiant
exposures, we observed acute vascular shutdown that persisted during the entire 7-day
monitoring period. Dose-response analysis enabled identification of 85 J/cm? as a
characteristic radiant exposure required to achieve persistent vascular shutdown at Day 7
following PDT.

The experimental data suggest that NPe6-mediated PDT can achieve persistent

vascular shutdown of normal microvasculature.

2.1 Introduction

Port wine stain (PWS) is a congenital vascular malformation commonly found on the
face and neck regions. Current treatments typically involve use of a pulsed dye laser (PDL)
combined with cooling of the skin[9]. Yellow light, in the 585-595 nm wavelength range, is
strongly absorbed by hemoglobin and can photocoagulate the targeted vasculature.
Currently, PDL therapy protocols result in varied success, as some patients experience
complete blanching, while others do not[61]. Many factors contribute to less than optimal
PWS blanching, including reperfusion, angiogenesis, small-diameter vessels (<20 um) that

are resistant to conventional PDL-based protocols, vascular density and depth. The limited
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efficacy of PDL treatments has led us to believe that a new protocol is needed to tackle the
problem of PDL-resistant small vasculature.

Over the past decade, we have studied the use of photodynamic therapy (PDT) as
either a replacement or adjuvant treatment option to photocoagulate both small and large
vasculature[39-41]. We previously used Benzoporphyrin Derivative Monoacid Ring A
(BPD) as the photosensitizer, and studied treatment protocols involving PDT alone, PDL
alone or the combination of photodynamic and PDL therapies. Our preliminary preclinical
and clinical data suggest that the combination protocol is a superior method to induce
persistent shutdown of the vasculature. Unfortunately, our implementation of BPD-
mediated PDT is limited due to the high cost of BPD and the lack of availability of 576-nm
light sources.

In our current study, we devised a protocol that involves use of an alternate
intravascular photosensitizer mono-L-aspartylchlorin-e6 (NPe6) activated by an array of
low-cost light emitting diodes (wavelength = 664 + 20 nm)[62]. Previous studies have
demonstrated that NPe6 is an effective photosensitizer for mediating light induced changes
to the microvasculature[63, 64]. To assess therapeutic efficacy, we used the mouse dorsal
window chamber model and laser speckle imaging to monitor blood- flow dynamics. In
multiple published studies[39, 40, 48, 65-68], we have used this combination to monitor

the hemodynamic response of the vasculature to phototherapeutic protocols.
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2.2 Materials and Methods

2.2.1 Rodent Dorsal Window Chamber Model

To monitor the microvasculature, a dorsal window chamber model was used[48].
Twenty-two adult male mice (25-30 g, C3H strain) were used in accordance with a
protocol approved by the Institutional Animal Care and Use Committee at University of
California, Irvine. The window chamber model was prepared for convenient, longitudinal
observation of the vascular network on the subdermal side of the mouse, and is described
in detail by Moy et al[48]. Animals were anesthetized with a combination of ketamine and
xylazine (2:1 ratio, 0.1/100 g body weight) administered through intraperitoneal injection.
Two titanium window chamber frames were implanted on the back of each animal using
screws, spacers, and nuts. Sutures were used to restrict movement of the skin within the
chamber, preserving the location of the vasculature over the 7-day evaluation period. A full
thickness of skin was removed, revealing the subdermal layer of vasculature. To prevent
dehydration, isotonic saline solution was applied onto the exposed skin, followed by
placement of a glass cover slip and retention ring to hold the solution in place. The animal

was allowed to recover for ~24 hours prior to PDT.

2.2.2 Light Source

The light source consisted of a custom-built LED array, provided by Light Sciences
Oncology, that emitted 10 W at a center wavelength of 664 nm (FWHM # 20 nm). Light
output was controlled with a variable-current power supply. PDT Protocol To perform
PDT, a custom light-tight box was developed. The animal was anesthetized with isoflurane
(5%) delivered with a nose cone placed over its snout. An aperture was used to isolate the

window chamber and avoid irradiation of surrounding tissue regions. The light source was
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positioned at a fixed distance from the window chamber to achieve a fixed irradiance of
127 mW/cm?. The irradiation time was varied as described below. NPe6 was reconstituted
using 4 ml of double deionized water in a 10 ml vial, to create a stock solution of 25 mg/ml.
A retroorbital injection of NPe6 (5 mg/kg) was performed to deliver the drug into the

bloodstream. Laser irradiation was initiated immediately after injection.

2.2.3 Laser Speckle Imaging (LSI)

To monitor blood-flow dynamics in response to PDT, we used laser speckle imaging
(LSI). The imaging instrument was nearly identical to that described by Bui et al[65].
Briefly, the animal was anesthetized with isoflurane (5%) delivered with a nose cone
placed over its snout. The animal was positioned with the subdermal side of the window
chamber imaged directly by a camera (Nuance, Caliper Life Sciences, Hopkinton, MA)
equipped with a 5x zoom lens. A HeNe laser (A = 633 nm, 30 mW) was used to irradiate the
epidermal side of the window chamber and the transmitted speckle pattern imaged with
the camera. A beam expander and ground-glass diffuser was used to homogenize the
incident laser beam. An image exposure time of T = 10 milliseconds was used to achieve a
linear response range of the instrument for the expected blood- flow speeds in the
arterioles and venules. Custom software written in LabVIEW (Version 8.6, National
Instruments, Austin, TX) and MATLAB (The Mathworks, Natick, MA) was used to acquire
and process images.

We collected LSI data on Days 0 (i.e., day on which PDT was performed), 1, 2, 3, and
7.0n Day 0, LSI data were collected immediately prior to and after PDT was completed. For
each time point, a sequence of 10 raw speckle images was collected. Each image was

converted to a speckle contrast image using a 7x7 sliding window. At each window
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position, the mean intensity (<I>) and standard deviation (o) were computed, and the
speckle contrast (K) of the center pixel in the window was calculated using the following

expression:

K = o
<>

A simplified speckle imaging equation[53] was used to convert each speckle
contrast image to a speckle flow index (SFI) image. The equation is SFI = (2TK?)-1, where

SFI is the reciprocal of the speckle decorrelation time.

2.2.4 Dose-Response Experimental Design

We set out to determine if NPe6-mediated PDT is capable of achieving persistent
vascular shutdown and to estimate a characteristic radiant exposure required to achieve
shutdown. To this end we employed a dose- response experimental design, typically used
in pharmaceutical studies and also used previously in laser-tissue interaction studies[60,
69, 70]. Our independent variable was radiant exposure (0-1,000 J/cm?), which we varied
in a logarithmic fashion. Since irradiance was fixed at 127 mW/cm?, we essentially varied
the irradiation time to control radiant exposure. A single experiment was performed at
each of the 20 radiant exposures, in addition to two control experiments. Additional
negative control experiments were performed using either (a) the maximum radiant
exposure (1,000 J/cm?2) without any NPe6 administered, or (b) the minimum radiant
exposure (0 J]/cm?) with NPe6 administered.

Using Prism software (Version 5.0d, GraphPad Software, San Diego, CA), we
performed a dose-response analysis to determine the RE50/7, defined as the characteristic

radiant exposure at which complete vascular shutdown was achieved through Day 7.
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Complete vascular shutdown was defined as no flow seen in the SFI image on Day 7, when
compared to the baseline SFI image on Day 0, pre-NPe6-mediated PDT. We also determined
the 95% confidence interval of the RE50/7 value.

Two authors (W.J.M. and B.C.) independently reviewed the SFI images from each of
the 22 experiments and graded each one as either a “0” (lack of complete vascular

shutdown at Day 7) or a “1” (complete vascular shutdown at Day 7).

2.3 Results

With LSI and the dorsal window chamber, we observed three general hemodynamic
responses to PDT (Fig. 1). At low radiant exposures, we did not observe any or persistent
vascular shutdown (Fig. 1A). The 0 J/cm? radiant energy exposure and the two control
experiments exhibited this pattern, as was expected. At intermediate radiant exposures, we
observed an acute decrease in blood flow followed by gradual restoration of blood flow
over the 7-day monitoring period (Fig. 1B). At high radiant exposures, we observed acute

vascular shutdown that persisted during the entire 7-day monitoring period.
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Figure 2.1 Representative SFI images of the microvasculature following irradiation. (A) No
acute shutdown, no persistent shutdown on Day 7. Experiment: 0 ] /cm? radiant exposure.
(B) Acute shutdown post experiment, but no persistent shutdown on Day 7. Experiment: 60
J/cm? radiant exposure. (C) Acute shutdown and followed by persistent shutdown.
Experiment: 700 J/cm? radiant exposure. For each experiment, the SFI values for each
image was normalized with respect to the Day 0 (Pre) baseline.

Following the graded system explained above, we determined that 9 out of the 20
experimental conditions produced a “0” result, with the remaining 11 experiments
producing a “1” result at Day 7. Radiant exposures of 80 and 100-1,000 J/cm? produced a
“1” result, while radiant exposures of 0-70 and 90 J/cm? resulted in a “0”. Additional
negative control experiments were conducted using either (a) retroorbital administration
of NPe6 and no light, or (b) no NPe6 administration and a radiant exposure of 1,000 J/cm?.
Both of these experiments resulted in a lack of acute or persistent vascular shutdown.
Dose-response analysis enabled identification of 85 J/cm? as the RE50/7 value for NPe6, to
achieve persistent vascular shutdown at Day 7 following PDT (Fig. 2.1). A fairly sharp
demarcation between a “0” response and a “1” response existed, resulting in a fairly

narrow 95% confidence interval of 72-95 J/cm? for the RE50/7 value.
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Figure 2.2 Dose-response analysis of persistent vascular shutdown response at specific
radiant exposures. REs0/7 of 85 J/cm? was determined from the data.

2.4 Discussion

The experimental data (Figs. 2.1 and 2.2) of this study suggest that NPe6-mediated
PDT can achieve persistent vascular shutdown at doses greater than 90 J/cm?. Given this
observed efficacy of NPe6-mediated PDT, we propose that this approach is a potential
treatment for PWS and other cutaneous vascular lesions in humans, and further preclinical
evaluation is warranted.

Examination of SFI data from high radiant exposures (>90 J/cm?2) revealed the
desired outcome of persistent vascular shutdown continuing through Day 7. The shutdown
was very apparent from inspection of the SFI images, as both small and large diameter
vessels showed a complete absence of blood flow. Hence, NPe6-mediated PDT can achieve
shutdown of smaller-diameter vessels that otherwise may be resistant to PDL therapy.

In our previous studies involving BPD-mediated PDT, we found that persistent vascular

shutdown was achieved during a 16 minutes irradiation time. During our clinical study, we
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found that patient acceptance of this irradiation time was not an issue. In our current study,
we determined a REs0/7 value (85 J/cm?) associated with an irradiation time of 10
minutes. Hence, we expect that NPe6-mediated PDT also would be tolerated by patients, at
least from a time perspective. Additionally, the low cost of the LED-based light source
components is expected to make the treatment more accessible and easier to adopt in the
clinic.

At low radiant exposures (<80 J/cm?) we observed an acute reduction in blood flow
that gradually returned by Day 7 (Fig. 1B). These data suggest the onset of three biological
response mechanisms: (a) restoration of the vascular network by reperfusion of
incompletely photocoagulated microvasculature, (b) development of new blood vessels
separate from existing vasculature, and (c) angiogenesis and its regenerative effects on
existing vasculature. Our results of reperfusion following PDT with low radiant exposures
are consistent with those from previous pulsed-laser studies that have demonstrated the
difficulty of achieving persistent vascular shutdown. Our current study and these previous
studies collectively demonstrate the critical need to perform longitudinal monitoring of
blood flow in response to phototherapies, since immediate vascular responses (<24 hours)
may differ greatly from those observed several days past the therapeutic intervention.

Our past work with BPD demonstrates that translation of PDT results from rodents
to humans requires additional considerations. Light doses required for the clinical
response in humans were different. In addition, we frequently observed ulceration in the
rodent window model due to lack of deep vasculature (a result of the surgery) that did not

occur in the human studies. Thus, the primary value of the preliminary animal experiments
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is to confirm that persistent vascular shut down can be achieved; however, dosing
information and side effect profiles must be determined in future clinical experiments.

Current literature does include some information about dosing and side effect
profiles that will be useful for our planned clinical experiments. With respect to the safety
concerns in humans of NPe6-mediated PDT, we refer to the study conducted by Chan et
al[58] in which NPe6 was administered to 14 patients with basal cell carcinoma, squamous
cell carcinoma or papillary carcinoma. Patients received varying drug dosages (0.5-3.5
mg/kg) and light dosages (argon pumped dye laser at 664 nm; 25-200 J/cm?; 50-400
mW /cm?). Ninety percent of the patients exhibited a complete response, which was defined
as no clinical or histopathological evidence of tumor remaining after PDT treatment.
Adverse effects were pain at the treatment site (two patients) and erythema and edema of
the treatment site (one patient). Three patients experienced pruritus, facial edema,
erythema, and tingling, all of which were not clearly related to treatment. Photosensitivity
tested with a solar stimulator was not evident 1 week post-treatment in 12/14 subjects.
One patient had erythema with the solar simulator until 3 weeks post-treatment and one
patient was not tested. In Usuda et al[71], 29 patients with 38 lesions of centrally located
early lung cancer received PDT with a 40 mg/m? dosage of NPe6, followed by 664 nm
wavelength light (100 J/cm?2; 150 mW/cm?). They achieved complete remission in 35/38
lesions (92.1%). Recurrence occurred in seven lesions. Patients were told to avoid light for
2 weeks post-treatment. The study did not report any indications of extensive necrotic
damage of the tumors and no other adverse effects were noted by the authors.

Previous studies of NPe6-mediated PDT have demonstrated promising outcomes for

tumor treatment[58, 62-64, 71, 72]. Our current study of NPe6-mediated PDT treatment
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highlights the potential role of this therapy in treatment plans targeting unwanted
cutaneous vasculature. Our future work will study the role of additional independent
variables (irradiance, drug dosage, fractionation, combination protocols, etc.) on our ability

to achieve persistent vascular shutdown.
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Chapter 3 - INVESTIGATION OF TALAPORFIN SODIUM-
MEDIATED PHOTODYNAMIC THERAPY ALONE AND IN
COMBINATION WITH PULSED DYE LASER ON CUTANEOUS
VASCULATURE

We report our second study of NPe6-mediated photodynamic therapy in
combination with the pulsed dye laser (PDL). We utilized the rodent dorsal window
chamber model and performed blood flow monitoring using laser speckle imaging (LSI).
Pharmacokinetics of the photosensitizer was studied using fluorescence microscopy and
speckle flow index (SFI) maps of the data were tabulated using dose response analysis. We
demonstrate that low dose NPe6-mediated PDT in conjunction with low dose PDL can
cause persistent vascular shutdown within the blood vessels in the animal model and can

be a possible treatment protocol for port wine stain disease.

Abstract

Laser therapy is the standard treatment of port wine stains in the United States, but
complete removal is infrequently achieved. Photodynamic therapy (PDT) is an alternative
treatment option. Our previous data suggest that PDT followed immediately by pulsed dye
laser (PDL) irradiation allows use of lower radiant exposures for each treatment
component, achieves prolonged vascular removal, and potentially avoids risks and
limitations inherent to either therapy alone. Our study objectives were to 1) establish a
characteristic radiant exposure to achieve persistent vascular shutdown with PDL
irradiation, 2) determine if the combined PDT+PDL approach reduces PDT radiant

exposure required to achieve persistent vascular shutdown, and 3) measure the
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pharmacokinetics of Talaporfin sodium to study the mechanism of action associated with
this phototherapy. We estimated a characteristic radiant exposure value of 7.1 J/cm?2 with
PDL irradiation. With PDT+PDL, the characteristic PDT radiant exposure required to
achieve persistent vascular shutdown decreased significantly from 85 to 45 ]J/cm?
(p=0.0002). We estimated a characteristic intravascular time for Talaporfin sodium of ~22
min. PDT+PDL achieved persistent vascular shutdown at lower radiant exposures than
either treatment alone, demonstrating the potential to achieve safer and enhanced removal

of cutaneous vascular lesions.

3.1 Introduction

Port wine stain (PWS) birthmarks are vascular malformations characterized by an
increase in the number of blood vessels, ectasia, and dilation. Lesions are initially flat and
red to pink in color. Untreated PWS birthmarks will darken to red-purple and tissue
hypertrophy and nodularity may develop. The progressive disfiguration is associated with
complications include bleeding, dental abnormalities, and psychosocial distress[73].

Currently, the standard treatment for PWS in the United States involves use of lasers
or intense pulsed light to photocoagulate selectively the abnormal vasculature. Clinicians
typically use pulsed dye lasers (PDLs, A = 585-595 nm) and Alexandrite lasers (A = 755 nm)
to target the optical absorbers oxyhemoglobin and deoxyhemoglobin in the vessels[8, 73].
The absorbers convert the optical energy to heat, resulting in thermal damage and
thrombosis in the targeted vessels[74]. With photothermal therapy, PWS often become
lighter in color, but patients must undergo many treatments (15-20 are not uncommon;

[75]). Furthermore, treatment of skin types IV-VI is difficult due to absorption of light by
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overlying epidermal melanin, limiting both the maximum safe radiant exposure and
treatment efficacy.

Photodynamic therapy (PDT) of PWS birthmarks is an alternative treatment option.
PDT involves optical excitation of an exogenous photosensitizer and subsequent energy
transfer from the photosensitizer to oxygen to create cytotoxic singlet oxygen (Gorman et
al, 2006). Excitation of intravascular photosensitizers enables targeted destruction of the
vasculature. To date, clinicians in China have the most extensive experience applying PDT
to treat PWS birthmarks. In 2010, Lu et al[43] published data collected from 75 patients
treated with PDT using Photocarcinorin (PSD-007) and a copper vapor laser (A =510.6 and
578.2 nm). They reported complete blanching of the PWS in 57% of subjects, after four or
fewer treatments. Treated subjects needed to avoid sun exposure for two weeks and wore
dark glasses for one month. The current state of PDT for treatment of cutaneous
microvasculature is that the treatment can be effective but is associated with prolonged
photosensitivity and a substantial risk of scarring.

We developed a combined PDT+PDL protocol to achieve an enhanced vascular effect
while avoiding the risks and limitations inherent to either therapy alone. By combining the
photochemical and photothermal aspects of PDT and PDL, we postulate that lower radiant
exposures can be used for both PDT and ensuing PDL therapy, minimizing adverse effects
and achieving excellent and perhaps enhanced treatment efficacy compared to either
treatment alone.

We previously investigated Benzoporphyrin Derivative Monoacid Ring A (BPD) as a
photosensitizer for vascular-selective PDT+PDL[39-41]. We selected BPD due to its ability

to enable vascular-specific PDT and a good safety record when utilized for treatment of
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macular degeneration[76]. Furthermore, we selected BPD over the porphyrin derivatives
used in China, due primarily to a shorter reported period of photosensitivity (five days as
opposed to several weeks;[77]). In a preclinical study, we compared BPD-mediated PDT,
PDL, and combined PDT+PDL treatment protocols[40] and observed that only PDT+PDL
resulted in persistent vascular shutdown sustained over the five-day monitoring period.

Based on this outcome, we then conducted a preliminary clinical study evaluating
PDT+PDL versus either PDT or PDL alone[41]. We did not observe any serious adverse
events and epidermal changes were mild and self-limited. We did observe an increase in
the degree of blanching of the PWS birthmark associated with PDT+PDL treatment, but we
unfortunately did not achieve the desired degree of blanching.

To enhance treatment efficacy, we considered alternative PDT protocols. We
proposed use of Talaporfin sodium (TS; Light Science Oncology, Bellevue, Washington) as
the photosensitizer. Researchers previously investigated TS for the treatment of benign
prostatic hypertrophy, endobronchial cancer, hepatocellular carcinoma, gliomas,
esophageal cancer, refractory solid tumors, lung cancer, and metastatic colon cancer[78-
82]. TS is a promising photosensitizer for PWS treatment based on the following
characteristics: 1) evidence of sufficiently-long intravascular dwell times[62]; 2) evidence
of safety and tolerability in humans[78-83]; 3) relatively short photosensitivity period of
approximately one week at proposed drug doses[83]; and 4) absorption at a longer
wavelength (664 nm), which we postulate will enable photocoagulation of both superficial
and deep vessels, depending on irradiation time.

Based on data from a preclinical study involving a rooster comb model, Ohshiro et

al[84] reported that TS-mediated PDT is a promising treatment option for cutaneous
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vascular lesions. In an independently-designed preclinical study involving the dorsal
window chamber model[85], we established a characteristic radiant exposure of 85 ] /cm?
associated with persistent vascular shutdown following TS-mediated PDT.

The objectives of the current study were to 1) establish a characteristic radiant
exposure to achieve persistent vascular shutdown with PDL irradiation, 2) determine if the
combined PDT+PDL therapy reduces the PDT light dose required to achieve persistent
vascular shutdown, and 3) measure the pharmacokinetics of TS in the window chamber
model to study the mechanism of action associated with TS-mediated PDT and PDT+PDL

protocol.

3.2 Materials and Methods

3.2.1 Dorsal window chamber model

Similar to previous work from our group[85], we performed experiments on adult
C3H mice (25 to 30 g mass, n = 38). Our institutional Investigational Animal Care and Use
Committee approved all experiments. We installed dorsal window chambers on each

subject. We provide details of the surgical procedure in a previous publication[48].

3.2.2 Light sources and Photosensitizer

We used two light sources in this study. For PDL irradiation, we used a clinical 595-
nm laser (Vbeam Perfecta, Candela Corporation, Wayland, MA). We held the following
parameters constant: spot size of 10 mm diameter, pulse duration of 1.5 ms. Although
clinicians typically use cryogen spray cooling with this PDL during treatment of PWS
birthmarks, we found that spray cooling of the suspended window chamber led to marked

deformation of the skin. For PDT, we utilized a custom-built light emitting diode array
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centered at 664-nm excitation (spectral range of 20 nm). We used reconstituted TS (Light

Sciences Oncology; Bellevue, Washington) into a stock solution of 25 mg/mL.

3.3.4 Treatment protocols

PDT: We used the same protocol described previously by Moy et al[85]. A 5%
isoflurane was initially used to anesthetize the subject. We then moved the subject to a
custom-built PDT station. During PDT, we maintained the subject under anesthesia with
1.5% isoflurane. We positioned the epidermal side of the window chamber so that it
served as the irradiated surface and positioned an aperture over the window chamber to
avoid stray-light irradiation of other parts of the body. We first injected TS (5 mg/kg) into
the bloodstream via retro-orbital injection and began PDT immediately afterwards for the
desired period of time. For all experiments, we used an irradiance of 100 mW/cm?2 and
varied the irradiation time to achieve specific values of radiant exposure, ranging from 0 to
260 J/cm?2. To avoid systematic errors, we randomized the order of experiments.

PDL: We anesthetized and positioned the animal as described for the PDT protocol.
We then irradiated the window chamber with a single 595-nm laser pulse. We used
radiant exposures between 3.25 and 10.00 J/cm?2.

Combined PDT+PDL protocol: We performed the PDT and PDL protocols as
described above. To test the hypothesis that the PDT+PDL protocol enables persistent
vascular shutdown with lower radiant exposures of either PDT or PDL irradiation, we
restricted our study to values of PDT (20 to 60 J/cm?) and PDL (4 to 6 ]/cm?2) radiant
exposures that were below the associated REso/7 values for either protocol alone. We

performed PDL irradiation within 5 s after PDT was complete.
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3.3.5 Laser Speckle Imaging (LSI)

To monitor blood-flow dynamics associated with phototherapy, we used LSI. We
described previously the specifics of LSI methodology with the window chamber[48].
While imaging the dermal side of the window chamber, we collected raw speckle image
sequences generated by using transmitted 633-nm Helium-Neon laser and processed these

images to Speckle Flow Index (SFI) images using a simplified speckle imaging equation[53].

3.3.6 Experimental design

In this study, we used dose-response analysis in a similar fashion to the approach
described in a previous publication[85]. We performed 19 experiments to establish a dose-
response curve for PDL irradiation, and 19 experiments for PDT+PDL irradiation. Based on
the need for longitudinal monitoring to properly assess the fate of microvasculature after
phototherapy[40], we collected raw speckle images at the following time points: before
phototherapy; immediately after phototherapy; and at Days 1, 2, 3, and 7 after
phototherapy. Five of the authors (BC, W]M, KMK, BSL, and JJM) independently reviewed
the SFI images collected on Day 7 of each experiment and graded each set of images as
either “0” (no persistent vascular shutdown on Day 7) or “1” (persistent vascular shutdown
achieved on Day 7). We then used the software package Prism (version 5.0d, GraphPad
Software, San Diego, CA) to fit a sigmoid to the data and estimated a characteristic radiant

exposure (REso/7) at which persistent vascular shutdown was achieved.

3.3.7 Statistical analysis
We used an F test to compare the log(REs0/7) values determined from PDT (85

J/cm2,[85]) and from the combined PDT+PDL experimental study. We used Prism software
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to perform this analysis. Our null hypothesis was that the REso/7 values for the two studies

do not differ in a statistically significant manner.

3.3.8 Pharmacokinetic modeling

We used intravital fluorescence microscopy to collect images of the microcirculation
in the window chamber after retroorbital injection of TS (1 mg/kg). We used 633-nm
Helium-Neon laser light as the excitation source and collected emission light with a 4x
objective and a bandpass filter (680-nm center wavelength) to isolate the TS fluorescence.
We used an EMCCD camera (QuantEM:512C, Photometrics) to collect the fluorescence
emission images. We first collected background fluorescence images prior to TS,
administered TS to the vasculature, and collected and analyzed a time sequence of
fluorescence images. We subtracted a mean background image from each post-injection
image and calculated the mean fluorescence emission from specific regions of interest
selected from individual blood vessels. For each region of interest, we normalized the
emission at each time point to the maximum emission value. Similar to previously
published studies[86, 87], we then fit a biexponential relationship to our collective data of

fluorescence emission versus time from 11 regions of interest:

C(t) = ae™Ptr +ye=ot

Where C(t) is the fluorescence emission versus time and a, 3, y, and & are fitting
parameters. t1 =1n2/f3 and t2 = In2/y represent characteristic pharmacokinetic times. We
specifically are interested in t1, which is a characteristic intravascular time prior to

significant diffusion of TS into the perivascular space.
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3.3 Results

3.3.1 Dose-response analysis of data collected with 595-nm PDL irradiation

To assess blood-flow dynamics in response to PDL irradiation (10-mm spot
diameter, 1.5-ms pulse duration), we collected raw speckle images at various time points
before and after PDL irradiation (Figure 3.1). Similar to trends we observed
previously[85], we observed three general trends: 1) minimal acute change in blood flow
and no persistent vascular shutdown (Figure 3.1A); 2) marked acute change in blood flow,
followed by partial to full recovery of blood flow and no persistent vascular shutdown
(Figure 3.1B); and 3) marked acute or delayed reduction in blood flow, followed by
complete vascular shutdown at Day 7 (Figure 3.1C). With application of dose-response
methodology, we estimated a characteristic radiant exposure (REso/7) of 7.1 ] /cm2

required to induce persistent vascular shutdown with PDL irradiation (Figure 3.1D).
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Figure 3.1 Characteristic radiant exposures associated with persistent vascular shutdown
following 595-nm PDL irradiation. We performed PDL irradiation on the epidermal side of
window chambers and imaged blood-flow dynamics using LSI. We assessed persistent
vascular shutdown on Day 7. We assigned a “0” score to window chambers in which some
evidence of blood flow was present, and a “1” score to window chambers in which blood
flow was no longer evident. We used dose-response analysis to calculate a characteristic
radiant exposure (REs0/7) at which 50% of irradiated window chambers are expected to
have vascular shutdown on Day 7. (A-C) Representative LSI data associated with 595-nm
PDL irradiation, in which persistent vascular shutdown was not (top) and was (bottom)
achieved, using radiant exposures of (A) 4, (B) 6, and (C) 10 J/cm?, respectively. (D) Based
on data from 19 experiments, we identified a REso/7 of 7.1 ] /cm? for PDL irradiation.
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3.3.2 Combined use of PDT followed immediately by PDL irradiation resulted in
persistent vascular shutdown at a significantly lower characteristic PDT radiant
exposure.

We then conducted a set of experiments in which we varied PDT radiant exposure
(20 to 60 J/cm?2) and then applied a PDL pulse at a radiant exposure (4 to 6 ]/cm?2) below
the PDL REso/7 value (Figure 3.1D). We used LSI to monitor the microvascular response
to the PDT+PDL approach. We determined that the characteristic PDT radiant exposure
required to achieve persistent vascular shutdown, decreased from 85 to 45 J/cm? (Figure

3.2). This difference in PDT REso/7 was found to be statistically significant (p = 0.0002).
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Figure 3.2 The combination of TS-mediated PDT and PDL irradiation leads to a significant
reduction in the characteristic PDT radiant exposure required to achieve persistent
vascular shutdown. In this set of experiments, we used PDT (20 to 60 J/cm?2) and PDL
radiant exposures (4 to 6 ]/cm?2) that were below the REs0/7 values of 85 J/cm?2 (Moy et al.,
REF) and 7.1 J/cm? (Figure 1D), respectfully. (A) Representative maps of blood flow that
demonstrate persistent vascular shutdown at Day 7. In this specific example, we applied
PDT with a radiant exposure of 60 ]J/cm? followed by PDL irradiation at a radiant exposure
of 6 ]/cm2. This combination resulted in marked acute vascular shutdown which persisted
through Day 7. (B) Based on data from 30 experiments, we determined that the
characteristic radiant exposure required to achieve persistent vascular shutdown,
decreased from 85 J/cm? with PDT alone to 45 ]J/cm? for the combined PDT+PDL protocol.
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3.3.3 The characteristic intravascular dwell time for Talaporfin sodium is ~22 min in
the normal dorsal window chamber microcirculation.

To determine the location of photodamage induced by PDT, we next used intravital
microscopy to study the pharmacokinetics of TS in our in-vivo preclinical model. We
applied a two-compartment model to the measurements of TS fluorescence emission from
specific regions of interest. Based on the model fit, we estimated a characteristic TS
intravascular time of ~22 min in Figure 3.3, which suggests that persistent vascular

shutdown is associated primarily with intravascular photodamage.
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Figure 3.3 Application of two-compartment model to characterize the intravascular lifetime
associated with TS. (A) We collected intravital microscopy images of fluorescence emission
of TS from regions of interest in the window chamber. We observed a marked decrease in
fluorescence within the initial 30 min and slower diffusion of TS out of the microcirculation
into the perivascular space. Scale bar represents 300 um. (B) Fluorescence emission data
from specific regions of interest in window chamber preparations (n=11), and a best-fit
curve associated with a double exponential, two-compartment pharmacokinetic model.
Based on these data, we estimated that TS has a characteristic intravascular lifetime of ~22
min.
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3.4 Discussion

Clinicians routinely use lasers to treat PWS. With PDL therapy, most patients
require more than 15 sessions to achieve complete lesion removal[75]. Our group and
others have studied the use of PDT as either an alternate or adjuvant method to treat PWS
birthmarks[39-41, 43, 85]. Although recent preclinical and clinical results are promising,
the optimal photosensitizer for vascular-specific PDT and the associated mechanism of
action remains unknown. Our results 1) establish a characteristic radiant exposure
(REso0/7) to achieve persistent vascular shutdown with PDL irradiation (Figure 3.1); 2)
reveal that combination PDT+PDL approach reduces the PDT light dose required to achieve
persistent vascular shutdown, even at low PDL radiant exposures (Figure 3.2); and 3)
suggest that TS-mediated PDT achieves persistent vascular shutdown primarily via
endothelial cell damage (Figure 3.3).

We first set out to determine the PDL radiant exposures required to achieve
persistent vascular shutdown. Similar to methodology used in previous studies of
photocoagulation of microvasculature[69, 70, 85], we used dose-response methodology to
estimate the REso/7 value required to induce persistent vascular shutdown following 595-
nm PDL irradiation (10 mm spot; 1.5 ms pulse duration). Based on our experimental data,
we estimated a REso/7 value of 7.1 | /cm? for PDL irradiation (Figure 3.1). Previously, we
determined that the REso/7 value associated with TS-mediated PDT, using a custom-built
LED array centered at 664 nm (FWHM = 20 nm), was 85 J/cm?[85].

With the PDL and PDT REso/7 values established, we next studied the PDT radiant
exposure required to achieve persistent vascular shutdown with the combined PDT+PDL

approach. We focused our study on using PDL and PDT radiant exposures that both were
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below the respective REso/7 values, based on the hypothesis that the combined PDT+PDL
treatment will achieve effective blanching of the PWS with otherwise sub-therapeutic
radiant exposures of PDT and PDL irradiation. Our data (Figure 3.2) demonstrate that the
PDT REso0/7 value required to induce persistent vascular shutdown with the combination
PDT+PDL treatment protocol is substantially lower than the value required with PDT alone
(45 vs. 85 ]/cm?, respectively).

Based on this result, we can evaluate the degree of synergy between the PDT and
PDL vascular effects when the two phototherapies are combined. To assess the degree of
interaction (a) between PDT and PDL irradiation, we employ a method described

previously by Madsen et al[88]:

foor T
(f = —PDT 'PDL

fPDT+PDL
Where feor and fppL are the fractions of PDT and PDL experiments, respectively, which do
not induce persistent vascular shutdown, and fepr+ppL is the fraction of combined
experiments which do not induce persistent vascular shutdown. In this analysis, a = 1
indicates an additive effect (or absence of any effect), a > 1 indicates a synergistic effect,
and « < 1 indicates an antagonistic effect. We focused our analysis on the parameter space
evaluated with the PDT+PDL experimental study (Figure 3.2): PDT radiant exposures of 20
to 60 J/cm?[85] and PDL radiant exposures of 4 to 6 ] /cm2. Based on these data, we
calculate o = 2.7, indicating that PDT and PDL together achieve a synergistic treatment
effect. Although the mechanisms for this synergistic shutdown effect remain unknown, we

postulate that the reduction is associated with partial endothelial cell damage induced
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during PDT, with subsequent PDL irradiation completing the photodamage process
required to achieve persistent vascular shutdown.

As an initial study of the mechanism of action associated with TS-mediated PDT, we
employed intravital fluorescence microscopy to study how the distribution of TS changes
with time (Figure 3.3). Based on previous data on BPD pharmacokinetics published by
Zhou et al[87], we applied a two-compartment model[86] to the fluorescence emission
data. With the model fit, we estimated a characteristic intravascular time for TS of 22 min.
The REs0/7 values of 45 and 85 ]J/cm? are associated with irradiation times of 7.5 and 14.2
min, respectively. These data, combined with our analysis on degree of interaction,
collectively suggest that TS-mediated PDT induces damage primarily to the endothelial
cells, which in turn is expected to induce platelet aggregation and thrombosis.

Mitra and Foster[62] demonstrated that optical activation of TS accelerated
extravasation of the photosensitizer from abnormal tumor vasculature. It is possible that
our intravital microscopy data, collected in the absence of PDT, overestimated the
characteristic intravascular time of TS in the microcirculation of the dorsal window
chamber during PDT. Future experiments will study this issue.

Currently, an animal model with PWS-like vasculature does not exist. Nevertheless,
previous studies utilizing the dorsal window chamber demonstrated correlation with
studies on in vivo PWS skin. Barton et al[89] used the dorsal window chamber model to
identify formation of methemoglobin with photothermal irradiation of blood. This
observation was the basis for development of several clinical laser systems applicable for
treatment of PWS that utilize innovative strategies to target methemoglobin. Babilas et

al[15] performed intravital fluorescence microscopy of dorsal window chambers irradiated
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with PDL. They demonstrated inability of the PDL to photocoagulate small blood vessels,
which is in agreement with clinical observations[90]. Our group previously used this model
to demonstrate the potential of BPD-mediated PDT+PDL treatment protocol for enhanced
vascular shutdown[39, 40], which has also been demonstrated in our pilot clinical
study[41]. Based on the results obtained previously[85] and within the current study, we
have initiated an Investigational Review Board approved trial to evaluate TS mediated
PDT+PDL for treatment of PWS. The clinical design involves varying drug and light dose
for PDT over the course of the study. Our early clinical data have demonstrated a higher
degree of vascular shutdown with TS-mediated PDT than we observed previously with
BPD-mediated PDT[41].

The observed reduction in PDT and PDL radiant exposures required to induce
persistent vascular shutdown when these two modalities are combined (PDT+PDL),
indicate that the dual therapy might represent a potential new approach for effective
treatment of PWS birthmarks. Future preclinical studies focusing on the microscopic
effects at the level of the endothelial cells and associated hemodynamics within the
microcirculation should provide more insight into the degree of synergy associated with
the combined PDT+PDL treatment protocol.

Successful removal of PWS birthmarks in children is expected to eliminate the
psychosocial damage inflicted by these lesions. Unfortunately, the current optical
treatment protocols for PWS birthmarks are limited in their ability to achieve substantial
blanching of PWS birthmarks with few treatments. Our preclinical PDT+PDL data

presented herein suggest that complete vascular shutdown can be achieved with reduced
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light doses, which is an important first step toward achieving a vertical leap in the clinical
management of PWS birthmarks.

In conclusion, PDT+PDL induced persistent vascular shutdown at lower radiant
exposures than either treatment alone and has the potential to provide safer and enhanced

removal of cutaneous vascular lesions.

3.5 Acknowledgments

The work was supported in part by grants obtained from the National Institutes of
Health (R01 HD065536), the National Institutes of Health Laser Microbeam and Medical
Program (P41 EB015890), and the Arnold and Mabel Beckman Foundation. The authors
thank Light Sciences Oncology for their generosity in providing us with TS. The authors

thank Dr. Tom Foster (University of Rochester) for discussions involving TS-mediated PDT.

47



Chapter 4 - HEMOPORFIN-MEDIATED PHOTODYNAMIC
THERAPY ON NORMAL VASCULATURE

We report our study of Hemoporfin-mediated photodynamic therapy, the most
commonly used photosensitizer for PWS treatment in China. We utilized the rodent dorsal
window chamber model and performed blood flow monitoring using laser speckle imaging
(LSI). Speckle flow index (SFI) maps of day 7 time points were tabulated using dose
response analysis. We draw direct comparisons between NPe6-mediated PDT and
Hemoporfin-mediated PDT and demonstrate the efficacy of Hemoporfin-mediated PDT to

cause persistent vascular shutdown within the blood vessels.

Abstract

Port-wine stain birthmarks are currently treated using a pulsed dye laser (PDL)
combined with cooling of the skin. PDL treatment protocols utilize 585-595 nm wavelength
light, where hemoglobin strongly absorbs this range of light. An alternative treatment
option to the PDL is photodynamic therapy (PDT). The objective of the current study was to
evaluate a PDT protocol that involves use of the most commonly used intravascular
photosensitizer Hemoporfin for treatment of cutaneous vascular lesions, activated by a
commercially available laser diode.

To monitor the microvasculature, a dorsal window chamber model was installed on
21 adult male mice. The light source consisted of a DSSP laser that emitted 150 mW at 532
nm. The light source was positioned at a set distance from the window chamber to achieve
a fixed irradiance of 100 mW/cmZ. A retroorbital injection of Hemoporfin (2 mg/kg) was

performed to deliver the drug into the bloodstream. Laser irradiation was initiated
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immediately after injection. To monitor blood-flow dynamics in response to PDT, we used
laser speckle imaging. We employed a dose-response experimental design to evaluate the
efficacy of Hemoporfin-mediated PDT.

We observed four general hemodynamic responses to PDT: (1) At low radiant
exposures, we did not observe any persistent vascular shutdown; (2) at intermediate
radiant exposures, we observed delayed vascular shutdown effect with significant change
to the vascular structure; (3) at intermediate radiant exposures, we observed an acute
vascular shutdown effect with gradual restoration of blood flow and no significant changes
to the vascular structure; and (4) at high radiant exposures, we observed acute vascular
shutdown that persisted during the entire 7-day monitoring period, with no change in
vascular structure. Dose-response analysis enabled identification of 359 J/cm?2 as a
characteristic radiant exposure required to achieve persistent vascular shutdown at Day 7
following PDT.

The experimental data suggest that Hemoporfin-mediated PDT can achieve
persistent vascular shutdown of normal microvasculature, but fairly high radiant

exposures, or long treatments times, are required to achieve this effect.

4.1 Introduction

Port wine stain (PWS) birthmarks are congenital vascular malformations. Over 95%
of PWS birthmarks are found on the face and neck regions[4]. Current treatment protocols
in the US involve the use of a pulsed dye laser (PDL) combined with cooling of the skin[9].
Yellow light, in the 585-595 nm wavelength range, is strongly absorbed by hemoglobin and

can photocoagulate the targeted vasculature.
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An alternative treatment option to PDL therapies for PWS is photodynamic therapy
(PDT). PDT contains three main components: 1) an optical light source, 2) photosensitizer,
and 3) creation of cytotoxic singlet oxygen[91]. Excitation of the photosensitizer within the
PWS blood vessels allows for specific targeted injury of vasculature. Today, PDT treatment
for PWS is most commonly practiced by physicians in China, utilizing Photocarcinorin
(PSD-007)[42] or Hemoporfin (HMME)[92, 93].

In 2007, Gu et al[42] published data collected from 1949 lesions in 1385 PWS
patients treated with PDT. They found 128 cases (6.6%), after only 2 or more PDT session,
resulted in full 100% clearance, and another 145 lesions (7.4%) had poor results with
clearance <50%. Subjects treated with PDT were required to remain out of sunlight for 4
weeks. In 2011, Xiao et al[93] published data from 642 patients over a 5 year period,
averaging 3-8 treatment sessions per person. They observed 5% of patients with complete
clearing (100%), 29.8% of patients with more than 50% clearing, and over 70% of patients
with more than 25% clearing. Ten percent of patients were reported to have experienced
complications including blistering, hypopigmentation, hyperpigmentation, scarring, and
photoallergy, for a time period <2 months. Patients were required to avoid sunlight 2
weeks after PDT, due to the long duration of photosensitivity. Results from multiple
published studies on PDT treatment of PWS have indicated that PDT can be effective;
however, a prolonged photosensitivity period and a large risk of scarring are side effects
that must be taken into consideration.

In previously published studies, we investigated Benzoporphyrin Derivative
Monoacid Ring A (BPD) and Talaporfin sodium (TS) as photosensitizers for vascular-

specific PDT[39-41, 85] and for a combined PDT+PDL treatment protocol[94]. The
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rationale to investigate a combined protocol was to utilize both treatments for a synergistic
effect in treating PWS, while simultaneously minimizing the risks of each treatment by
using lower energies. We investigated BPD because it has vascular specific properties and
itis an FDA-approved clinical treatment for wet aged macular degeneration[76]. In a
preclinical study involving an animal model, we conducted experiments to compare BPD-
mediated PDT, PDL, and combined PDT+PDL treatment protocols over a five-day
monitoring period to determine the efficacy of each treatment. We observed that the
combined PDT+PDL protocol was the only consistent treatment that resulted in persistent
vascular shutdown sustained over the entire duration of the monitoring period. We then
translated these findings into a preliminary clinical study that evaluated the PDT+PDL
protocol versus either PDT or PDL alone protocols[41]. No adverse events and mild
epidermal changes in this study. We also observed visual improvement in the treated skin
utilizing the combined protocol, but not the desired degree of blanching. We then moved to
TS, which has been previously investigated for treatment in a number of indications:
esophageal cancer, malignant gliomas, and lung cancer[78, 79, 82]. TS is a promising
photosensitizer for PDT treatment for PWS due to its long intravascular dwell times[62]
and has also been evaluated in multiple clinical trials that demonstrate evidence of safety
and minimal adverse side effects in humans[78, 81-83]. TS has a reported photosensitivity
period of one week, comparable to BPD[83], and has an absorption peak at 664 nm, which
will enable treatment of both deep and superficial vasculature. Based off a 2009 study
performed by Ohiro et al[84], involving the use of the rooster comb preclinical model of
PWS vasculature, TS-mediated PDT was reported to induce blanching and be a possible

treatment for cutaneous vascular lesions. In 2012, we evaluated TS-mediated PDT on the
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dorsal window chamber model and determined a characteristic radiant exposure of 85
J/cm? is necessary for persistent vascular shutdown[85].

The objectives of the current study were to 1) establish a characteristic radiant
exposure to achieve persistent vascular shutdown with Hemoporfin-mediated PDT, 2)
determine if the Hemoporfin-mediated PDT light dose required to achieve persistent
vascular shutdown is comparable to that of NPe6-mediated PDT, and 3) observe the

mechanism of action associated with the Hemoporfin-mediated PDT protocol.

4.2 Materials and Methods

4.2.1 Dorsal window chamber model

Similar to previous work from our group[48, 85, 94], we utilized the dorsal window
chamber model and performed experiments on adult C3H mice (25-30 g, n = 32). All
experiments were approved by the Institutional Animal Care and Use Committee at

University of California, Irvine.

4.2.2 Hemoporfin irradiation

For Hemoporfin-mediated PDT irradiation, we utilized a commercially available
diode pumped solid state laser (532 nm Dragon Laser, Jilin, China). The light source was
positioned to achieve an irradiance of 100mW /cm2. The irradiation time was varied to
achieve radiant exposures ranging 0-550 J/cm2. Hemoporfin was reconstituted into a stock
solution of 25 mg/mL. A retro-orbital injection of Hemoporfin (2 mg/kg) was performed to
deliver the drug into the bloodstream and laser irradiation initiated immediately after
injection. The drug dose was selected based on clinical treatment parameters found in

review of clinically published results.
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4.2.3 Experimental design

We anesthetized and positioned the animal in a custom window chamber holder
placed on top of a heating pad. We irradiated the window chamber from the epidermal

side. All experiments were randomized to minimize systematic bias.

4.2.4 Laser Speckle Imaging (LSI)

We monitored the photochemical effects of Hemoporfin-mediated PDT irradiation
by observing blood flow dynamics using LSI. Briefly, a 633-nm Helium-Neon laser was
used to illuminate the dermal side of the window chamber, from which raw speckle image
sequences were collected. Using a simplified speckle imaging equation, we processed the
collected images to Speckle Flow Index (SFI) images. LSI methodology has been previously

described in detail[48].

4.2.5 Dose response analysis

Similar to previous publications[85, 94], we used the dose-response analysis
approach. We performed 32 experiments for Hemoporfin-mediated PDT. We monitored
blood flow in a longitudinal fashion to study the fate of the microvasculature following
phototherapy. Raw speckle images were collected at the following time points: pre-
phototherapy; immediately post-phototherapy; and at Days 1, 2, 3, and 7 after
phototherapy. All authors (BC, WM, GM, KK) independently reviewed the SFI images
collected on Day 7 of each experiment and graded each set of images on a binary scale: a
“0” (no persistent vascular shutdown on Day 7) or “1” (persistent vascular shutdown
achieved on Day 7) was assigned to each Day 7 image. We used a commercial software

package (Prism version 5.0d, GraphPad Software, San Diego, CA) to perform a sigmoidal fit
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to the data and estimated a characteristic radiant exposure (REso/7) at which persistent

vascular shutdown was achieved.

4.3 Results

We observed four general hemodynamic responses to Hemoporfin-mediated PDT
(Figure 4.1, 4.2). At low radiant exposures, we observed no persistent vascular shutdown
and no change in vascular structure. At intermediate radiant exposures, we either observed
a delayed vascular shutdown effect, with significant change to the vascular structure, or we
observed an acute vascular shutdown effect with gradual restoration of flow, and no
significant changes to the vascular structure (Figure 4.2). At high radiant exposures, we
observed acute vascular shutdown that persisted over the 7-day monitoring period, with
no change vascular structure.

We utilized a previous grading system[85] and determined that 7 out of the 21
experiments produced a “0” result, while the remaining 14 experiments produced a “1”
result at Day 7. There was not a clearly defined relationship between increasing radiant
exposure and the expected result of persistent vascular shutdown.

Dose-response analysis enabled identification of 359 J/cm? as the REso0/7 value for
Hemoporfin, or the requisite energy needed to achieve persistent vascular shutdown at
Day 7 following PDT (Fig. 4.3). At the 95% confidence interval, a range of 252-505 J/cm?

was calculated for the REso/7 value.
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Figure 4.1 Observed trends within Hemoporfin-mediated PDT. Brightfield and SFI images
are displayed at time points Day 0 pre-experimentation, Day 3 and Day 7. A) 33 J/cm?
radiant exposure, showing no shutdown or reduction in flow with vasculature intact. B)
169 ]J/cm?2radiant exposure, showing change in morphological structure of vasculature
with complete shutdown. C) 300 J/cm? radiant exposure, showing no change in
morphological structure of vasculature with complete shutdown. Presence of
hemorrhaging was observed in all windows, as evidenced by fluctuations in background
intensity and structural change in tissue surrounding vasculature.
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Figure 4.2 Representative example of Hemoporfin-mediated PDT using clinical conditions
on preclinical model. We used 100 mW/cm? irradiance, 2 mg/kg drug concentration, and
133.8 J/cm? radiant exposure. We performed laser-mediated PDT on the epidermal side of
window chambers and imaged blood-flow dynamics using LSI. We assessed persistent
vascular shutdown on Day 7. We observed acute vascular shutdown, followed by gradual
improved flow. We assigned a “0” score to for this experiment as there was evidence of
blood flow recovery. A) Color and B) Brightfield images of the window chamber, indicating
that blood vessel structure changed only minimally throughout 7 day monitoring. C) SFI
images that display functional flow within the blood vessels of the window chamber. Flow
was reduced through day 3 of the experiment, but returned at day 7

REsy/7 = 359 Jicm?

Persistent Vascular
Shutdown Response

04
0 1 2 3 4

log(Radiant exposure) [chmz]

Figure 4.3 Hemoporfin-mediated PDT dose response curve. Based on data from 21
experiments, we identified a REso/7 of 366 J/cm?.
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4.4 Discussion

The experimental data (Figures 4.1, 4.2, 4.3) suggest that Hemoporfin-mediated PDT
can achieve persistent vascular shutdown at doses greater than 359 J/cm?, and we have
verified that this approach can be used to cause persistent vascular shutdown, as it has
been demonstrated in published clinical studies[46, 47, 92]. Further preclinical evaluation
is warranted to better characterize the mechanism of injury, as it was observed to have a
much delayed effect on the vasculature compared to the more immediate effect caused
NPe6.

Analysis of high radiant exposures (>360 J/cm?) revealed that Hemoporfin was
consistent in the resultant persistent vascular shutdown. The vascular structures remained
but did not have any functional flow. Hemoporfin-mediated PDT caused shutdown in both
large and small blood vessels, leading to the quality of the window chamber degrading
significantly by the end of the 7 day monitoring period. Thus, Hemoporfin-mediated PDT
may be more effective in shutting down small diameter blood vessels that are not easily
treated with the pulsed dye laser. However, PDT with this agent must be approached with
caution as there will be significant potential for skin necrosis.

In our previous studies involving NPe6-mediated PDT, we determined a
characteristic radiant exposure of 85 J/cm? and at 127mW /cm? irradiance, this equates to
an irradiation time of 10 minutes. However, with the Hemoporfin-mediated PDT, at
100mW/cm?, a 359 ]J/cm? treatment equates to 60 minutes, which may be difficult for
patients to tolerate in the clinic. From previous published studies[46, 47, 92], we also
examined clinically used parameters (100mW /cm? irradiance and 100 J/cm? radiant

exposure) and evaluated them on the dorsal window chamber model. We found that
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radiant exposures between 75-200 ] /cm? yielded variable results, meaning some
experiments produced persistent vascular shutdown, while others did not. Upon further
examination of the dose response curve, the 95% confidence interval is large due to the
fluctuating “0” and “1” scores over that energy range.

Similar to NPe6-mediated PDT, we observed the phenomena of acute vascular
shutdown where blood flow was shut down immediately after treatment but gradually
returned by Day 7 (Figure 4.2). However, one stark difference was the radiant exposure
used that resulted in this effect (>369 J/cm? compared to 85]/cm? for NPe6), in addition to
the lack of vascular structure change observed. One potential biological response
mechanism is a restoration of the vascular network by reperfusion of blood vessels that
were not entirely photocoagulated as a result of the Hemoporfin-mediated PDT. The
observation of flow recurrence in some experiments confirms the need for monitoring
beyond the 24 hour post-treatment mark. The immediate and acute vascular response can
be subject to change and assessment of immediate changes in blood flow can lead to a
misleading interpretation of the overall treatment outcome.

Our past work with NPe6[85, 94|, demonstrates that translation of PDT experiments
performed on rodents to humans must be carefully considered. Light doses required for the
clinical response in humans|[14, 43, 45-47, 92, 95] were found to be very different in the
mouse model. We frequently observed tissue necrosis in the rodent model, which may be
due to a lack of deep vasculature which did not occur in the clinical trial. The primary value
we drew from the preliminary animal experiments was to confirm that persistent vascular
shutdown can be achieved and that we can compare and contrast the amount of energy

required to achieve the same type of results in each photosensitizer/light combination.
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Previous studies of Hemoporfin-mediated PDT have demonstrated promising
outcomes for PWS treatment[14, 43, 45-47, 92, 95]. Our current study of Hemoporfin-
mediated PDT treatment highlights the effectiveness of this therapy for vascular shutdown
but indicates that prolonged irradiation times are required and necrosis can occur.. Qur
future work will study the mechanism of injury caused by Hemoporfin-mediated PDT on
vasculature and may include combination therapy with the PDL to see if there is a

synergistic effect when the two treatment modalities are used together.
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Chapter 5 - STRUCTURAL CHANGES IN TISSUE DAMAGE
ASSOCIATED WITH TALAPORFIN SODIUM-MEDIATED
PHOTODYNAMIC THERAPY IN RAT SKIN

We report our study of Talaporfin sodium-mediated photodynamic therapy using a
rat model and looking at histology and immunohistochemistry at 3 days post-treatment..
We investigated the mechanism by which Talaporfin Sodium-mediated PDT causes
shutdown of blood vessels inducing apoptosis 9 hours post treatment. Depth of tissue and
vascular injury are light dose dependent when drug concentration and irradiance are held

constant.

Abstract

Alternative treatments are needed to achieve consistent and more complete port
wine stain (PWS) removal, especially in darker skin types; photodynamic therapy (PDT) is
a promising alternative treatment. We previously reported on Talaporfin Sodium (TS)-
mediated PDT. Itis essential to understand treatment tissue effects to design a protocol,
which will achieve selective vascular injury without ulceration and scarring. The objective
of this work is to assess skin changes associated with TS-mediated PDT with clinically
relevant parameters.

We performed TS (0.75 mg/kg)-mediated PDT on Sprague-Dawley rats. Radiant
exposures were varied between 15-100 J/cm2. We took skin biopsies 3 days post-
treatment. We assessed the degree and depth of vascular and surrounding tissue injury

using histology and immunohistochemistry staining.
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TS-mediated PDT at 0.75 mg/kg combined with 15 and 25 J/cm? light doses resulted
in vascular injury with minimal epidermal damage. At light dose of 50 ]J/cm?, epidermal
damage was noted with vascular injury. At light doses >50 ] /cm?, both vascular and
surrounding tissue injury were observed in the forms of vasculitis, extravasated red blood
cells and coagulative necrosis. Wide spread coagulative necrosis involving deeper adnexal
structures was observed in 75 and 100 ]J/cm? light doses. Observed depth of injury
increased with increasing radiant exposure, although this relationship was not linear.

TS-mediated PDT can cause selective vascular injury; however, at higher light doses,
significant extra-vascular injury was observed. This information can be used to contribute

to design of safe protocols to be used for treatment of cutaneous vascular lesions.

5.1 Introduction

In the United States, port wine stain birthmarks (PWS) typically are treated with
high intensity pulsed light. The pulsed dye laser (PDL, A = 585-595 nm) combined with
epidermal cooling of the skin is the most commonly used light source. Intravascular oxy-
and deoxy-hemoglobin are selectively targeted by the PDL. The light energy is converted to
heat, which causes localized vascular damage. Activation of the clotting cascade, and
subsequent formation of thrombi, can lead to a severe reduction or complete shutdown of
blood flow.

While PDL can lighten PWS, it is common to require 8-10 laser treatments or
more[96]. Additionally, treatment of patients with darker skin is more difficult due to high
epidermal melanin that competitively absorbs PDL light. In these patients, the maximum
safe radiant exposure is lower due to the risk of damage to the epidermis, limiting

treatment efficacy.
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A clinical need exists to develop alternate or adjuvant treatment protocols.
Photodynamic therapy (PDT), is a promising treatment option for PWS that involves the
collective use of a photosensitizing agent, oxygen, and a light source to create the formation
of cytotoxic singlet oxygen[42, 92, 93]. This approach has been used most commonly in
China using Photocarcinorin and Hemoporfin as photosensitizers. However, the
photosensitive period is 2 weeks or more and ulceration and scarring are significant risks.

We have endeavored to design alternative PDT protocols with a shorter
photosensitive period and fewer side effects. Talaporfin Sodium (TS) in combination with
664 nm light is a promising option. We characterized blood flow changes associated with
TS-mediated PDT on C3H strain mice[85] over a period of 7 days. 5 mg/kg of TS solution
was administered via retroorbital injection. We determined a characteristic radiant
exposure of 85 ]J/cm? for TS-mediated PDT. At radiant exposures >85 ]/cm?, we observed
complete shutdown of perfusion, while below this range (<85 ]J/cm?) blood flow either
persisted or was temporarily shutdown before returning.

Type, extent and depth of TS-mediated PDT tissue injury has not previously been
evaluated. In order, for TS-mediated PDT to be viable therapeutic option, injury should be
limited to vasculature within 1-2 mm from the skin surface.

We hypothesize that TS-mediated PDT can cause selective vascular damage and the
depth of this damage will be dependent on light dose. We administered 0.75 mg/kg of
Talaporfin Sodium to Sprague Dawley rats, and varied the light dose (15-100 J/cm?2) and
assessed the degree and depth of vascular and surrounding tissue injury using Hematoxylin

and Eosin staining and immunohistochemistry staining. The 0.75mg/kg drug dosage differs
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from previous studies (Moy, Kelly) utilizing a different preclinical animal model, as this

new treatment parameters are currently being assessed in the clinical trial.

5.2 Materials and Methods

5.2.1 Sprague Dawley rat model
We performed experiments on male Sprague Dawley rats (200-250 g, n=10). We

report on data collected from eight subjects, as two died before completion of the
experiments. All experiments were approved by the Institutional Animal Care and Use

Committee at University of California, Irvine.

5.2.2 Light source

We used a commercially available diode laser (664 nm, Biolitec AG). A 1000 um
fiber (ocean optics, P1000-2-UV-VIS) delivered light from the laser to a beam expander
(Thorlabs, BE10M-B), which produced a uniform 2 inch diameter collimated beam.
Irradiance was measured using a handheld power meter (Coherent, PM3 device head,

Molectron 3Sigma power meter), prior to irradiation.

5.2.3 Photosensitizer

We combined reconstituted TS (Light Sciences Oncology; Bellevue, Washington)
with sterile saline to generate a stock solution of 25 mg/mL. We injected each subject with

a dose of 0.75 mg/kg.

5.2.4 Fiber-based fluorescence probe

We monitored real time fluorescence from the TS solution injected into each animal.
Alaser diode (660 nm, 50 mW, Roithner laser, ADL-66505TL) was coupled to the center

fiber of a 7-fiber fluorescence/reflection probe (Ocean Optics, R400-7-UV/VIS). The
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surrounding 6 fibers were used for collection of the emitted fluorescence. Fluorescence
emission was filtered using a razor edge filter (664 nm, Semrock, LP02-664RU-18-D)
placed in an inline fiber optic filter holder (World Precision Instruments, 56200). Filtered
emission was coupled through a fiber (Ocean Optics, 727-733-2447) directly into a
spectrometer (Ocean optics, USB 2000) and analyzed using OceanView software (Ocean
Optics, v1.4.0). The spectrometer exposure time was 40 ms, at a data collection rate of 0.5
Hz. Fluorescence data was analyzed by integrating over the collected spectrum from 650-

850 nm.

5.2.5 Color photography and Microscopy

A commercial point and shoot camera (Canon EOS 5D Mark II, Canon EF 24-105mm
F4 zoom lens) was used to take images of wound site progression on the rat model. Color
photographs were taken of the animal prior to experimentation and application of the
mask, after completion of PDT, and over the three-day monitoring period. Histological
observations were made on a microscope (Zeiss Axioplan 2, Zeiss Plan-Neofluar objectives

20x/0.5 and 10x/0.3) and images were taken using a camera (Canon Power Shot G12).

5.2.6 PDT protocol

We used 5% isoflurane to induce anesthesia. The animal was placed onto a heating
pad for body temperature regulation and was maintained under anesthesia with 3%
isoflurane. We shaved and applied a depilatory cream (Nair, Church & Dwight, Marietta,
GA) to the back side of each animal to reveal the skin. We identified three regions of
interest on the back of each subject. We created a customized opaque mask containing
three 1-cm diameter circles, with each circle spaced 5-mm apart in a triangular fashion

(Figure 5.1). We used this mask to restrict PDT only to the regions of interest. We injected
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a 0.75 mg/mL TS solution via tail vein injection into each subject. We placed the
fluorescence probe onto the subject approximately 2 inches away from the treatment site.
Once perfusion of the drug was identified by detecting TS fluorescence emission, PDT
irradiation was initiated using the 664 nm laser. For all experiments, we used an irradiance
of 100 mW/cm? and varied the irradiation time to achieve specific values of radiant
exposure, 15, 25,50, 75 and 100 J/cm?. Three treatment spots with varying radiant
exposures per subject were achieved by blocking specific regions of interest at

predetermined time points during laser irradiation.

Site 2 Site 1

Site 3

Real time
fluorescence probe

Normal

Figure 5.1 Schematic diagram of mask applied to dorsal side of rat. Sites represent where
treatment occurred and where biopsies were taken. A fourth normal site, not exposed to
any treatment light, was also biopsied. The real time fluorescence probe was placed
approximately 2 inches from the mask, away from the treatment light.

5.2.7 Histology
Following color photography on day 0 (3, 6,9, and 12 hour time points) and at day

3, we euthanized the subjects and collected 12 mm skin biopsies at each of the three
treatment sites. A fourth site where no light treatment occurred was collected as a negative

control. Biopsies included a border of normal, untreated skin surrounding the affected
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treated area. Tissues were placed in 5% formalin and processed for histological analysis.
Prior to embedding, the tissues were sliced through the middle of the sample and then
embedded into paraffin wax. After embedding, three 10 pum thick tissue sections were
removed from the tissue block and were stained with hematoxylin and eosin (H&E). Two
board certified dermatopathologists (JY, SD) reviewed the H&E stained slides of TS-
mediated PDT treatment spots from each animal. For 3, 6,9, and 12 hour time points on
day 0, immunohistochemistry stains Caspase 3 and CD31 were performed (Figure 5.4)

In order to quantify a positive Caspase 3 stain, the dermatopathologists rated each
slide using a grade of 0-3 scale for color and quality of each stain: Grade 0: no staining,
Grade 1: faint staining comparable to background non-specific staining of surrounding
tissue; Grade 2: red, moderately intense staining; and Grade 3: bright red intense staining.
To be considered a positive stain, the Capsase 3 antibody must show strong diffuse to
punctate cytoplasmic staining of a Grade 2 and 3. Non-specific, thus negative staining, is
noted with weak Grade 1 staining intensity or non-ceullar staining pattern such as staining

of lumen of the vessels or stromal staining at the edge of the tissue sample.
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Figure 5.2 Hematoxylin and Eosin stained slide of normal skin. 1) Healthy epidermis that is
4-6 cells thick. 2) Dermis contains adnexal structures surrounded by delicate medium sized
collagen fibers, deep in dermis lies a thin layer of stratum liposum, composed of aggregate
of uniform adipocytes. 3) Stratum carnosus composed of bundles of skeletal muscle. 4)
Stratum fibrosum consists of thicker caliber vessels mixed with stroma and wispy collagen
fibers. Yellow arrow indicates artifact from H&E staining process.

5.3 Results

Normal Control: The epidermis, dermis, and subcutaneous layers in the normal
control had structural features characteristic of normal tissue (Figure 5.2). The epidermis
had a 4-6 cell thick layer of stratified squamous epithelium. The dermis was comprised of
thin wispy collagen at the superficial layer and uniformly distributed adnexal structures
(i.e. hair follicles, sweat glands), surrounded by medium sized collagen consistent with
normal dermis. In the deep dermis lies a thin layer of stratum liposum, composed of
aggregate of uniform adipocytes. The stratum fibrosum consists of thicker caliber vessels
embedded in a loose stroma composed of wispy collagen fibers. Caspase 3 expression in
normal skin was demonstrated by non-specific staining throughout the upper dermis

(Figure 5.4A)
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15]/cm?: At 15 ]J/cm? radiant exposure, the tissue exhibited minimal and limited
structural changes from the normal control. Subcorneal micro-pustules, mild dermal
edema, and focal epidermal erosion were noted in all samples. The average depth of tissue
necrosis was noted to be 0.12 mm from the top of the epidermis.

25]/cm2: At 25 J/cm? radiant exposure, the epidermis showed minor erosion and
was more pronounced and widespread than at 15 J/cmZ2. Blood vessels in the dermis were
observed to have early signs of ectasia and endothelial swelling. The average depth of
tissue necrosis was 0.56 mm from the top of the epidermis (Figure 5.3B). On Day 0 at 9
hours, Caspase 3 expression revealed specific staining of superficial vessels in the upper
dermis (Figure 5.4B). Non-specific staining was observed in vessels above the adipocytes
(Figure 5.4C).

50 J/cm2: At 50 J/cm?, ulceration of the epidermis into the mid dermis was
observed. Ischemic necrosis of the entire follicular structure was noted. Adjacent, blood
vessels began to show signs of structural distress and some intravascular thrombi were
noted. Early vasculitis was noted with neutrophils in the wall of the small caliber vessels;
however, minimal extravasated blood cells were observed, indicating that the blood vessels
were mostly intact. There was a mild chronic inflammatory response and some
neovascularization in the stratum fibrosum. The average depth of tissue necrosis was 1.64
mm (Figure 5.3C).

75]/cm2: At 75 J/cm?, the epidermis was completely eroded and the dermis was
further damaged. The ischemic change involved the entire dermis to the level of the
skeletal muscle. Dermal blood vessels were severely damaged. Pronounced vasculitis was

noted with extravasated red blood cells. Significant neovascularization and a brisk
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fibroblastic proliferation were noted, representative of a mild and early wound healing
response. The average depth of tissue necrosis was 2.04 mm (Figure 5.3D). On Day 0 at 9
hours, Caspase 3 expression was observed in vessels at the superficial dermis and near the
stratum fibrosum, in addition to a higher density of Caspase 3 expression overall (Figure
5.4D).

100 J/cm?: At 100 ]J/cm?, the epidermis was completely eroded and dermal necrosis
extended into the skeletal muscles. In the dermis, the blood vessels were completely
obliterated and extravasated red blood cells were pronounced. Prominent
neovascularization and a significant fibroblast population were observed as well, indicating

a brisk wound healing process. The average depth of tissue necrosis was 2.22 mm.
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Figure 5.3 Hematoxylin and Eosin stained slides of normal, and TS-mediated PDT treated
rat skin at 25, 50 and 75 J/cm? light doses. A) Normal rat skin, biopsy taken from site not
exposed to light during PDT treatment. B) At 25 J/cm?, a distinct line of neutrophils
indicates the depth of necrosis, measured at 0.56mm. Vascular changes were observed in
the superficial dermis, with minimal epidermal erosion. C) At 50 J/cm?, the depth of tissue
necrosis was measured at 0.56mm, a direct result from ischemic necrosis caused by
vascular damage. Changes in vasculature were noted below the superficial dermis, in the
form of extravasated red blood cells and thrombus formation. D) At 75 J/cm?, ulceration
and necrosis was noted from the epidermis through the mid stratum carnosus. Affected
striated muscle was observed to have no nuclei, adjacent to healthy striated muscle with
nuclei present. Vessels observed were severely damaged, with fibroblast and macrophage
proliferation were noted in damaged tissue areas.
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Figure 5.4 Caspase 3 stained slides of normal, 25 and 75 J/cm? on Day 0, 9 hour time point.
A) Normal skin showing non-specific staining of blood vessel at 140x magnification. B) At
25 ]J/cm?, specific staining of vessel showing endothelial cell damage at 70x magnification.
A properly stained blood vessel is observed in the middle of the image, where the
endothelial cells are undergoing apoptosis. C) At 25 J/cm?, Non-specific staining of blood
vessel above layer of adipocytes at 140x magnification. Stain is faint in color, and the stain
highlighted non-cellular structures, the lumen of the vessel. D) At 75 ] /cm?, Caspase 3
specific staining of deep vessels noted above the adipocyte layer. Stain was scored at 3
(dark red color), endothelial cells were undergoing apoptosis and shape of vessel was
uncompromised.
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Figure 5.5 Average depth of necrosis observed at each radiant exposure. At least 5 depth
measurements were made from each biopsy at the corresponding radiant exposure. Error
bars indicate the standard deviation over the measurements made.
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5.4 Discussion

Our results indicate that the severity and depth of injury is light dose dependent
(Figures 5.3 and 5.4). This is expected and is nicely demonstrated by our results. There is a
direct relationship between the dose and the amount and grade of epidermal injury,
vascular damage and extra-vascular dermal changes. At 15 ]J/cm?, there appears to be
minimal tissue damage to the epidermis but no significant vascular injury and no injury to
the surrounding dermis. At 25 J/cm?, there appears to be minimal tissue damage to the
epidermis, while vascular injury was noted in the Caspase 3 stain in the upper portion of
the dermis. No injury was observed in the surrounding dermis. There is a pronounced
increase in tissue damage severity and depth of injury starting at 50 J/cm?, which is further
observed with increasing light dosage. Dermal fibrosis and granulation tissue were noted
at the level of the stratum carnosus for all doses 50 J]/cm?2 and above.

At the dose of 50 J/cm?, epidermal erosion was observed followed by vascular
damage in the form of endothelial swelling. Mild fibroblastic proliferation was observed,
indicating dermal wound response. At 75 ] /cm?, epidermal erosion was pronounced over
the treatment site. Vascular damage was noted in the form of endothelial swelling. There
was proliferation of fibroblasts to the injury site. On Day 0 at 9 hours, Caspase 3 staining
revealed selective deep vascular damage (deep dermis above adipocyte layer), with an
increase in Caspase 3 staining of the stromal fibroblasts as a result of increased damage to
the surrounding tissue. At 100 ]J/cm?, the epidermis was completed eroded, followed by
deep vascular damage through the stratum fibrosum. Significant surrounding tissue

damage was noted in the form of ischemic necrosis.
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At higher doses (75 and 100 ]J/cm?) there was pronounced granulation tissue with
prominent neovascularization highlighted by small caliber, single layer vessels with
luminal red blood cells. Vascular destruction and necrobiosis and collagen degeneration
also occurred. Neovascularization, the process by which new vessels are formed, was
prominent in the dermis-stratum carnosus interface. At 75 ] /cm?2, damage was observed at
the mid stratum carnosus level. At 100 ]J/cm?, damage occurred from the epidermis
through the stratum fibrosum. A high level of fibroblast proliferation was noted compared
to the normal sample. Neovascularization was also prominent in the stratum fibrosum.

Figure 5.5 summarizes the tissue depth of injury observed at each radiant exposure.
While the average depth is not linearly dependent on the light dosage, we see a clear
relationship between increasing depth and increasing radiant exposure. Thus it is
paramount to determine safe levels of light dosage to avoid wide spread tissue damage as
observed in the highest radiant exposure (100 J/cm?).

The rat skin model has significantly different characteristics compared to regular
human skin and diseased port wine stain skin. The main differences include a lack of
keratinized outer layer of skin in rats, skin thickness is much thinner in rats, and the
number and density of blood vessels found in the superficial dermis. Despite these
differences, the rat model allowed us to characterize and understand the effects of TS-
mediated PDT at clinically relevant doses. Further investigation is warranted to determine
if changing parameters can be more effective in selectively targeting vasculature.

It has been demonstrated that TS-mediated PDT can cause selective vascular injury;

however, at higher light doses, significant extra-vascular injury was observed in the rat
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model. This information can be used to contribute to design of safe protocols for treatment
of cutaneous vascular lesions.

In conclusion, we have demonstrated a clear correlation between the administered
light dose and the depth and extent of tissue injury during TS-mediated PDT. Future studies
would involve taking biopsies at different time points to identify possible mechanisms, use

of additional immunohistochemistry stains, and comparison with other photosensitizers.
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Chapter 6 - TARGETED NARROWBAND INTENSE PULSED LIGHT
ON CUTANEOUS VASCULATURE

We report our study of Intense Pulsed Light (IPL), an alternative light based
treatment to the Pulsed Dye Laser (PDL). We utilized the rodent dorsal window chamber
model and performed blood flow monitoring using laser speckle imaging (LSI). We draw
direct comparisons between PDL and this IPL device and demonstrate the efficacy of the
[PL to cause persistent vascular shutdown within normal vasculature. Monte Carlo
modeling was performed over the output spectrum of the IPL device and was compared to
the PDL (595nm wavelength) to investigate the distribution of absorbed energy in a

simulated blood vessel.

Abstract

Laser based therapies are the standard treatment protocol for port wine stain in the
United States, but complete removal is infrequently achieved. Intense pulsed light (IPL)
offers a broadband light spectrum approach as a viable treatment alternative. Previous
studies suggest that IPL can be more effective in treatment of port wine stain by utilizing
multiple wavelengths to selectively target different peaks in oxy- and deoxy-hemoglobin.
Our study objectives were to 1) determine a characteristic radiant exposure able to achieve
persistent vascular shutdown with narrowband IPL irradiation, 2) determine the degree to
which narrowband IPL irradiation can achieve persistent vascular shutdown, and 3)
compare the effectiveness of narrowband IPL radiation to single wavelength pulsed dye

laser (PDL) irradiation in achieving persistent vascular shutdown.
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We utilized either single pulse or double, stacked pulses in narrowband IPL
experiments, with the IPL operating over a 500-600 nm wavelength range on the rodent
dorsal window chamber model. We compared the results from our narrowband IPL
experiments to acquired PDL data from a previous study and determined that narrowband
IPL treatments can also produce persistent vascular shutdown. We ran Monte Carlo
simulations to investigate the relationship between absorbed energy, wavelength, and
penetration depth.

For single and double pulse narrowband IPL irradiation we observed 1) little to no
change in blood flow, resulting in no persistent vascular shutdown; 2) marked acute
disruption in blood flow and vascular structure, followed by partial to full recovery of
blood flow, also resulting in no persistent vascular shutdown; and 3) immediate changes in
blood flow and vascular structure, resulting in prolonged and complete vascular shutdown.
Monte Carlo modeling resulted in a 53.2% and 69.0% higher absorbed energy distribution
in the top half and the total simulated vessel when comparing the composite narrowband
IPL to the 595 nm (PDL), respectively.

Our data collectively demonstrate the potential to achieve removal of vascular
lesions using a 500-600 nm range. Additionally, the narrowband IPL was tuned to optimize
a specific wavelength range that can be used to treat PWS, whereas the PDL can only

operate at one discrete wavelength.

6.1 Introduction

Port Wine Stains (PWS) are vascular malformations of the skin that are birthmarks.
PWS are characterized by an increase in vessel diameter (vasodilation) and increase in the

number of blood vessels (hypervascularization)[97]. PWS lesions initially present as a
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reddish pink coloration of the skin and are flat in nature. If left untreated, PWS often
develop nodules and tissue hypertrophy[98], and can lead to dental abnormalities and
psychosocial problems[7].

The standard treatment in the United States of PWS utilizes high intensity light,
typically delivered by a laser, to selectively target abnormal vasculature. Clinicians often
use the pulsed dye laser (PDL, A = 585-595 nm), in conjunction with epidermal cooling[99],
to minimize the amount of surrounding tissue damage caused by the thermal energy of the
laser. The PDL is selectively absorbed by oxy- and deoxy-hemoglobin in blood vessels[7, 8]
and subsequently is converted to heat that ideally reaches temperatures that create
localized damage. Subsequent thrombosis formation leads to either a severe reduction in
or shutdown of blood flow[74]. This entire treatment protocol is known as selective
photothermolysis[100].

While PDL therapy of PWS has led to successful lightening of the PWS color, patients
may require several laser treatments[75] before seeing sufficient improvement. PDL
treatments can span over the course of many years, depending on the severity of the PWS
disease, and its resistance to the PDL treatment. Furthermore, PDL therapy is not as
effective for PWS patients with darker skin due to the competitive absorption of the laser
light by epidermal melanin. As a result, the maximum radiant exposure must be decreased
in consideration of tissue damage and safety concerns, which in turn limits the
effectiveness of laser treatment.

Here, we investigated the use of targeted narrowband intense pulsed light (IPL) as
an alternative light source to the PDL to determine if a range of wavelengths is more

effective than the single wavelength from the PDL. A previous study of PDL-resistant
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PWS[101] suggested that [PL (555-950 nm wavelength range) could be used as an
alternative to the PDL. In this study, all subjects (n =15), with PWS of various sizes,
locations and colors, achieved at least a 50% reduction of their PWS through IPL
treatments. Another study conducted in China investigated the treatment of 30 PWS
patients with IPL[102], operating over 515-1200 nm wavelength range with 3-8 treatment
sessions over a duration of 4-5 weeks. They reported that 100% of patients showed more
than 25% clearance, while 30% of patients were able to achieve 75% clearance, further
showing that IPL, under certain treatment parameters, has the potential to be an effective
treatment for PWS clearance both in a reduction in the number of treatments and
improved efficiency of the treatment. A split-face study performed using the PDL and
IPL[103] demonstrated that an IPL with a wavelength range of 555-950 nm achieved more
effective clearance than the PDL (A = 585 nm). Additionally, data from other studies[104,
105] suggest that IPL is a viable option for PWS clearance, but acknowledge that, due to the
large variance in treatment parameters (pulse duration, radiant exposure, wavelength
range), [IPL warrants further investigation.

In this study, we used a narrowband IPL that emits broadband light over the
wavelength range of 500 to 600nm. The wavelength range of this narrowband IPL enables
light absorption over the entire absorption spectra of oxy- and deoxy- hemoglobin,
including the 577 and 600 nm oxyhemoglobin absorption peaks while not using much
higher wavelengths (900-1200 nm), which may enhance PWS clearance[106]. The
objectives of the current study were to 1) determine a characteristic radiant exposure able
to achieve persistent vascular shutdown with narrowband IPL irradiation, 2) determine the

degree to which narrowband IPL irradiation can achieve persistent vascular shutdown, and
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3) compare the effectiveness of narrowband IPL radiation to single wavelength PDL

irradiation in achieving persistent vascular shutdown.

6.2 Materials and Methods

6.2.1 Dorsal window chamber model

Similar to previous work from our group[85, 94], we utilized the dorsal window
chamber model[48] and performed experiments on adult C3H mice (25-30 g, n = 41). All
experiments were approved by the Institutional Animal Care and Use Committee at

University of California, Irvine.

6.2.2 IPL irradiation

For narrowband IPL irradiation, we utilized a commercially availble IPL (Dye-VL,
Alma Lasers US, Buffalo Grove, IL) with a spot size of 10 mm, pulse duration between 3 and
5 ms and radiant exposure between 7 and 15 J/cmZ2. A 15 mm diameter, 1-2 mm thickness
of ultrasound gel was placed on the epidermal side of the window chamber, prior to

contact with IPL device.

6.2.3 Experimental design

We anesthetized and positioned the animal in a custom window chamber holder
placed on top of a heating pad. We irradiated the window chamber from the epidermal
side with either a single pulse or two stacked pulses of narrowband IPL. For the latter (i.e.,
double-pulse) narrowband IPL experiments, a one-second delay was used between
administration of the first and second pulses. All experiments were randomized to

minimize systematic bias.
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6.2.4 Laser Speckle Imaging (LSI)

We monitored the photothermal effects of the IPL irradiation by observing blood
flow dynamics using LSI. Briefly, a 633-nm Helium-Neon laser was used to a illuminate the
dermal side of the window chamber, from which raw speckle image sequences were
collected. Using a simplified speckle imaging equation[53], we processed the collected
images to Speckle Flow Index (SFI) images. LSI methodology has been previously

described in detail[48].

6.2.5 Experimental design

Similar to previous publications[85, 94], we used the dose-response analysis
approach. We performed 40 experiments for [PL irradiation with either a single (n = 13), or
double (n = 27) pulse of light. We monitor blood flow in a longitudinal fashion to study the
fate of the microvasculature following phototherapy[66]. Raw speckle images were
collected at the following time points: pre-phototherapy; immediately post-phototherapy;
and at Days 1, 2, 3, and 7 after phototherapy. Five of the authors (BC, WJM, COO, JDY, and
JS) independently reviewed the SFI images collected on Day 7 of each experiment and
graded each set of images on a binary scale: a “0” (no persistent vascular shutdown on Day
7) or “1” (persistent vascular shutdown achieved on Day 7) was assigned to each Day 7
image. We used a commercial software package (Prism version 5.0d, GraphPad Software,
San Diego, CA) to perform a sigmoidal fit to the data and estimated a characteristic radiant

exposure (REso/7) at which persistent vascular shutdown was achieved.

6.2.6 Monte Carlo modeling

A Monte Carlo computational model incorporating the window chamber, multiple

layers of tissue, and a flat circular source profile was developed to estimate the absorbed
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energy deposition in a vessel embedded within the hypodermis (Fig. 1). We simulated light
propagation from 500 to 600 nm, in steps of 5 nm. The source was 5 mm in radius and
assumed incident normal to a four-layer system comprised of skin, hypodermis, water and
glass, to mimic the layers found in the window chamber. Within the hypodermis layer, a
vessel with radius 81 um was embedded. This vessel radius was selected based on
calculation of the mean vessel radius determined from LSI images of 60 window chambers.
The optical properties for each region are given in Table 6.1. The absorption coefficients for
the skin, hypodermis and vessel were determined using the volume fractions of blood,
water, blood oxygen saturation, and fat for each wavelength[107-109]. The scattering
coefficient was determined from previous studies[108]. The Monte Carlo simulations were
performed using used the Virtual Tissue Simulator software
(http://virtualphotonics.codeplex.com). Photons were launched from the source and
propagated within a conventional Monte Carlo simulation using discrete absorption
weighting[110, 111], which deposits absorbed energy at each collision. The tissue was
subdivided into 10 pm x 20 mm x 10 pum voxels along the x—, y— and z-axes to collect the
absorbed energy; in other words, the vessel was modeled as a cylinder of infinite length.
For each simulation, 106 photons were used which ensured that the relative errors of the
absorbed energy estimates within the vessel, due to statistical noise associated with Monte

Carlo modeling, were less than 2%.
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flat source radius =5 mm
-

air

0.35 mm skin vessel depth = 0.45 mm

0.2 mm hypodermis vessel radius = 0.081 mm

0.1 mm water
0.1 mm glass

air

Figure 6.1 Schematic of geometry used to represent the dorsal window chamber in Monte
Carlo simulations. Not drawn to scale. A depth position of 0mm represents the air-skin
interface. The center of the 0.081mm radius vessel is at a depth of 0.45mm.

region ' g [ n | Hs/mm ' g/ mm '
air 1 [ 14 10010 ] 0 '
skin 0.61 | 1.44 | A-varied | A-varied
hypodermis | 0.69 | 0.8 | A-varied = A-varied
water 1.0 | 1.33 | 0.5704 0
glass 1.0 | 146 | 0.5704 0

vessel 098 08 A-varied = A-varied |

Table 6.1 Tissue properties used in Monte Carlo simulations. Anisotropy (g), index of
refraction (n), absorption (pa) and scattering (o) coefficients were based on values
obtained from literature and are wavelength dependent.

6.3 Results

6.3.1 Single pulse narrowband IPL irradiation

Similar to trends observed previously with photodynamic therapy[85] and PDL
irradiation[94] of the microvasculature in the window chamber, we observed three trends
in the single pulse narrowband IPL irradiation data: 1) little to no change in blood flow
over the 7 day monitoring period resulted in no persistent vascular shutdown; 2) marked
acute disruption in blood flow and vascular structure, followed by partial to full recovery of
blood flow over the 7 day period, which also resulted in no persistent vascular shutdown;
and 3) immediate changes in blood flow and vascular structure, followed by prolonged and
complete vascular shutdown by day 7. For experiments that did not result in persistent

vascular shutdown, we observed the presence of hemorrhage within the window chamber
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62% of the time (Table 6.2). Note that in Table 6.2, we present the data as irradiance
(kW/cm?) instead of radiant exposure, due to the different pulse durations used in this
study. With an irradiance greater than 5333 kW/cm?, we observed consistent, persistent

vascular shutdown.

6.3.2 Double pulse narrowband IPL irradiation

With double-pulse narrowband IPL irradiation, we observed the same three trends
as described above for the single pulse narrowband IPL irradiation data. We observed
hemorrhage formation within the window chamber in 93% of experiments. Although
hemorrhage formation did not correlate with persistent vascular shutdown, double pulse
narrowband IPL irradiation induced persistent vascular shutdown at lower irradiance

values (2000-4000 kW/cm?) than single pulse irradiation (Table 6.2).

6.3.3 Monte Carlo Modeling

The results of the 20 simulations performed between 500-600 nm in 5 nm
increments are displayed in Figure 6.2A. We calculated a composite absorbed energy
distribution from the narrowband IPL simulations, with weighted contributions from each
wavelength dependent on the narrowband IPL spectrum. Absorbed energy distribution is
53.2% higher in the top half of the composite narrowband IPL compared to the 595 nm
(PDL). Total absorbed energy distribution over the entire simulated vessel is 69.0% higher
in the composite narrowband IPL compared to the 595 nm (PDL). We performed further
analysis in Figure 6.2C, in which a line profile of the normalized total energy absorption
profile at 595 nm was compared to the combined total absorbed energy of the narrowband

[PL. With 595 nm irradiation, we observed that the average absorbed energy is more
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uniformly distributed over the diameter of the vessel than it is with narrowband IPL

irradiation.
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Figure 6.2 A) Normalized absorbed energy distribution within 0.081um radius vessel over
500-600 nm wavelength range at 5 nm increments. All energy distribution maps are
plotted on the same color scale. B) Comparison of 595 nm normalized absorbed energy
distribution and composite narrowband IPL 500-600 nm energy distribution of 0.081um
radius vessel. Composite vessel indicates that most absorbed energy is contained within
the top half of the vessel, while the bottom half has lower absorbed energy compared to
595 nm. C) Line profile of normalized absorbed energy distribution using 595nm and
narrowband IPL irradiation. With the former, the average absorbed energy is more evenly
distributed over the entire vessel, as compared to the narrowband IPL absorbed energy.
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PDL Narrowband IPL - Single Narrowband IPL - Stacked
Irradiance | Hem. | Shutdown Irradiance | Hem. | Shutdown Irradiance | Hem. | Shutdown

2167 yes 0 2800 yes 1 1250 yes 0
2167 yes 0 3000 no 0 1250 yes 0
2667 yes 0 3000 yes 0 1400 yes 0
2667 yes 0 3000 no 1 1400 yes 0
3667 yes 0 3000 yes 0 1600 yes 0
4000 yes 0 3000 yes 1 1750 yes 0
4000 yes 0 3333 no 0 1750 yes 0
4333 yes 0 3333 no 0 2000 yes 1
4333 yes 0 3333 no 0 2200 yes 0
4667 yes i 3333 yes 0 2200 yes 0
4667 yes 0 3333 yes 1 2400 yes 1
5000 yes 0 4000 yes 0 2500 yes 0
5000 yes 0 4000 yes 0 2750 yes 1
5333 yes 1 2750 yes 0
5333 yes 1 2750 yes 1
5333 yes 1 2800 yes 1
5T yes 1 3000 yes 1
Bee7T yes 1 3000 yes 0
|| 3000 yes 0

|| 3333 yes 1

|| 3333 yes 0

|| 3333 yes 0

|| 3333 yes 1

|| 3667 yes 1

|| 3667 no 0

|| 3667 yes 1

4000 no 0

Table 2 Summary of observations of persistent vascular shutdown for experiments in
which the PDL irradiance was 2167-5000 W/cm?, the narrowband IPL single pulse
irradiance was 2800-4000 kW /cm?, and the narrowband IPL stacked pulse irradiance was
1250-2500 kW /cm2. The data also displays the shutdown response for each experiment at
its corresponding irradiance, showing the relationship between increasing irradiance and
persistent vascular shutdown. Hemorrhage formation was observed in all experiments in
which persistent vascular shutdown occurred, but not all experiments in which
hemorrhage formation occurred resulted in shutdown. A binary scale of “0” (no persistent
vascular shutdown on Day 7) or “1” (persistent vascular shutdown achieved on Day 7) was
assigned to each image.

6.4 Discussion

Currently, the PDL is the gold standard technique in the treatment of PWS in the

United States. On average, most patients typically require more than 15 sessions to achieve
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either a lightening of the PWS or complete removal[75]. Many groups[101-103, 105, 112]
have studied the use of IPL as an alternate method to treat PWS birthmarks. Previous
results have demonstrated limited efficacy due to a large variation of parameters including
pulse width, output energy, and spectral output. Here, we studied the effects of these
parameters for photothermal therapy using narrowband IPL and compared it with data
from PDL experiments.

We previously characterized PDL irradiation in order to determine the radiant
exposures necessary to achieve persistent vascular shutdown[94]. Utilizing similar
methods described in previously published studies to photocoagulate the vasculature[69,
70, 85], we employed dose response analysis to determine the characteristic radiant
exposure (7.1 J]/cm?) required to induce persistent vascular shutdown using 595-nm PDL
irradiation.

Here, we characterized the narrowband IPL in single and double (stacked) pulse
configurations. To more directly compare the results of PDL and narrowband IPL
irradiation, we used irradiance values instead of radiant exposure. We found that the
irradiance values associated with persistent vascular shutdown for both PDL and
narrowband IPL irradiation were in the same general range (Table 6.2). For PDL
irradiation, irradiance values greater than 4667 kW/cm? were required to induce
persistent vascular shutdown. For single pulse narrowband IPL, persistent vascular
shutdown was induced with irradiances as low as 2800 kW /cm? and as high as 3333
kW /cm?2, but not in a consistent manner. Similarly, for double pulse narrowband IPL
irradiation, persistent vascular shutdown was observed at irradiances from 2000-3667

kW /cm?, but a clear trend between increasing irradiance and occurrence of persistent
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vascular shutdown was not evident. Furthermore, with narrowband IPL irradiation, we
were unable to identify a characteristic radiant exposure or irradiance required to achieve
persistent vascular shutdown. Collectively, the data suggest that narrowband IPL
irradiation with the parameters available in this specific IPL device, may cause persistent
vascular shutdown at lower irradiances than the PDL, but in an inconsistent fashion.

Using double-pulse narrowband IPL irradiation, our data do not demonstrate a clear
relationship between increasing irradiance and persistent vascular shutdown. This
observation is consistent with other studies[105, 113, 114] in which a similar effect was
observed of improved treatment outcome with an increasing number of pulses. One key
difference between these studies and our present study is that they involved use of
multiple treatment sessions of multiple pulses, compared to our single use of double pulse
narrowband IPL. Further study of this narrowband IPL device is warranted to test the
hypothesis that multiple treatments involving multiple light pulses correlate to improved
treatment outcome.

To understand better the observed difference between narrowband IPL and PDL
irradiation, we performed Monte Carlo computational simulations to estimate the optical
energy deposition in subdermal blood vessels. This required analysis of the output
spectrum of the narrowband IPL for two purposes: 1) to quantify the wavelength
dependent contributions towards the total absorbed energy in our Monte Carlo simulations
and 2) to calculate a weighted absorption coefficient at each wavelength along the
spectrum. The weighted absorption coefficient was calculated by multiplying the
oxyhemoglobin absorption spectrum by the relative intensity of the narrowband IPL

output spectrum. Over the range of 500 to 600 nm, we calculated a value of 149 cm-l,
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which is nearly four times higher than the absorption coefficient (35 cm-1) at 595 nm. A
higher oxyhemoglobin absorption coefficient suggests that for a given irradiance, the
narrowband IPL treatment should result in increased rate of energy deposition than PDL
treatment. While simultaneously analyzing the weighted absorption coefficient, we
compared experimentally observed treatment outcome results to those predicted by Monte
Carlo computational simulation. Figure 6.2A shows the absorbed energy deposition on an
average sized vessel (162 pm diameter) found in the dorsal window chamber model. While
the modeling was performed using a simplified simulated geometry (i.e., the vessel in the
window chamber is represented by a cylinder and each tissue layer has homogeneous
absorption and scattering coefficients throughout its depth), we estimated the localized
energy deposition within the vessel at different wavelengths. From 500 to 585 nm, the
model predicts an energy deposition 53.2% higher at the top half of the vessel compared to
the bottom half. At 595 and 600 nm, the total absorbed energy distribution is much more
uniform, which can lead to more efficient conversion of light to heat.

Figure 6.2B shows the comparison between the combined total absorbed energy
over all wavelengths, weighted by the intensity spectrum of the narrowband IPL. On the
left side of Figure 6.2B, we see the total absorbed energy plot at only 595 nm. Due to the
nature of the uniform and even energy distribution of the 595 nm, the PDL may be more
effective in causing blood flow shutdown in the vessel because the temperature of the
entire vessel is allowed to rise to a value associated with permanent damage[74]. This
effect was demonstrated by Heger et al[74], who observed that inhomogeneous photon
distribution and subsequent subcritical temperature increase could be a source of

incomplete photocoagulation within vessels, leading to a suboptimal treatment outcome.

88



Figure 6.2C shows a line profile of the normalized total energy absorption profile at
595 nm compared with combined total absorbed energy of the narrowband IPL. While the
combined total absorbed energy of the IPL is higher in the top half of the vessel energy, we
see an intersection point roughly half way into the vessel. Thus, as we move deeper into
the combined total absorbed energy distribution, the absorbed energy drops off much
more quickly compared to the 595 nm absorbed energy, which indicates that less energy is
absorbed deeper into the vessel in narrowband IPL treatments compared to the PDL.

Collectively, based on our preclinical data (Table 6.2) and modeling data (Figure
6.2), we believe that further study is warranted to refine the narrowband IPL technology to
treat PWS birthmarks. Future investigations of this device would include both longer and
shorter pulse durations, increasing radiant exposures, and additional pulses beyond the
single/double pulse protocol. The prevailing thought behind IPL usage to treat PWS
birthmarks is that by using a broad range of wavelengths, absorption of the light during
photothermolysis can be enhanced by absorption over the entire hemoglobin spectra. By
calculating the weighted absorption coefficient at each wavelength, we can model the
effects of broadband irradiation to study the full interactions between light dosimetry and
treatment outcome. Additionally, the narrowband IPL can be further tuned to optimize a
specific wavelength range that can be used to treat PWS, whereas the PDL only operates at

discrete wavelengths.
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Chapter 7 - SUMMARY AND CONCLUDING REMARKS

The current gold standard treatment for PWS birthmarks in the US is the use of the
pulsed dye laser, which has significant limitations. Many patients undergo 15 or more laser
treatments without clearance of the port wine stain[13, 14]. Alternatives to PDL treatment
include photodynamic therapy, combined PDT/PDL protocols, and other light based
treatments, all of which have the potential to overcome the shortcomings of current
treatments and achieve complete and consistent port wine stain clearance.

Photodynamic therapy has demonstrated promise towards achieving a better
treatment outcome for PWS birthmarks, however, careful selection of treatment
parameters is needed in order to avoid deep vascular damage leading to skin necrosis. To
this end, we focused on characterizing two photosensitizers, NPe6 and Hemoporfin, to
better develop safe treatment parameters. We performed PDT studies using the rodent
dorsal window chamber model, an in vivo model of the skin microvasculature. During the
course of these studies, we monitored skin blood flow dynamics using laser speckle
imaging, studied the photosensitizer pharmacokinetics with intravital microscopy, and
performed dose response analysis to determine the characteristic radiant exposures for
each drug/light combination.

We then investigated a combined PDT/PDL protocol, where the light dosage of PDT
and PDL were selected within the safe radiant exposure regime of each therapy. We
determined that a synergistic effect exists between the PDT and PDL protocols, illustrating
that this combined approach leads to a desired treatment outcome while minimizing risk of
epidermal damage (PDL) and deep vascular damage (PDT). This further reduces the

probability that poor treatment outcomes like scarring and skin necrosis will occur.
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Our research efforts then turned to characterizing and quantifying the depth of
injury caused by NPe6-mediated PDT. This study was performed on rat skin, a much
different model compared to the mouse model with respect to morphology, size, and
density of blood vessels. Our research has demonstrated that NPe6-mediated PDT causes
specific, targeted vascular damage initially, which then leads to ischemic necrosis as the
shutdown blood vessels are no longer able to deliver oxygen and nutrients to the
surrounding tissue. Caspase 3 staining at 9 hours clearly demonstrated the vascular
specific nature of the treatment, as apoptosis was clearly seen in the endothelial cells lining
the blood vessels affected by treatment. We also confirmed the direct, but non-linear
relationship between depth of ischemic changes and light dose administered.

In our investigation of alternative light based approaches, we focused on the Alma
Dye-VL Intense Pulsed Light (IPL), and performed a direct comparison study to the PDL.
We used Monte Carlo computational simulations to determine that the absorbed light
distribution is not uniform when using multiple wavelengths (500-600 nm) for irradiation,
compared to a more even distribution in the 595 nm PDL. Absorption of light energy at the
top of the vessel may cause a higher temperature increase, resulting an uneven
temperature distribution that may lead to be a better treatment outcome. It was also
observed that the IPL could deliver lower radiant exposures over longer pulse durations in
order to achieve vascular shutdown in the mouse model, compared to the PDL.

Future work includes translating the treatment parameters investigated in these
preclinical studies into the clinic and an initial pilot study to determine the clinical efficacy
of these treatment parameters has already been initiated. We have successfully

demonstrated NPe6-mediated PDT and a combined treatment protocol of NPe6-mediated
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PDT and the PDL as a proof of concept. Further investigation of NPe6-mediated PDT
mechanisms is crucial to determining effective treatment parameters. Proposed
experiments include performing the combined PDT/PDL protocol on the rat model and
using immunohistochemistry stains like Caspase 3, and Smooth Muscle Actin (SMA) to
identify blood vessels that have undergone apoptosis as a result of photothermal and
photochemical treatment. Characterizing PDL treatment on the rat model may also be of
interest to better understand the mechanism of injury and to optimize treatment
parameters when combined with PDT. Finally, exploration into other currently used
photosensitizers, such as Foscan, Tookad, or other new generation photosensitizers may be

of interest to combination therapy with the PDL, which may improve treatment outcomes.
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