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Abstract

Objective—Photodynamic therapy (PDT) is a clinically approved minimally invasive treatment
for cancer. In this preclinical study, using an imaging-guided approach, we examined the potential
utility of PDT in the management of bulky squamous cell carcinomas (SCCs).

Methods—To mimic bulky oropharyngeal cancers seen in the clinical setting, intramuscular
SCCs were established in six-to-eight week old female C3H mice. Animals were injected with the
photosensitizer, 2-[hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH; 0.4 umol/kg, i.v.) and
tumors were illuminated 24 hours post injection with 665 nm light. PDT as a single treatment
modality was administered by surface illumination or by interstitial placement of fibers (iPDT).
Magnetic resonance imaging was used to guide treatment and assess tumor response to PDT along
with correlative histopathologic assessment.

Results—Interstitial HPPH-PDT resulted in a marked change on T2 maps 24 hours post
treatment compared to untreated controls or transcutaneous illumination. Corresponding apparent
diffusion coefficient maps also showed hyperintense areas in tumors following iPDT suggestive of
effective photodynamic cell kill. Histologic sections (H&E) confirmed presence of extensive
tumor necrosis following iPDT.
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Conclusions—These results highlight the potential utility of PDT in the treatment of bulky
oropharyngeal cancers. The findings of our study also demonstrate the utility of MRI as a non-
invasive tool for mapping of early tissue response to PDT.

Keywords

photodynamic therapy; image-guided interstitial PDT; head and neck squamous cell carcinoma;
magnetic resonance imaging

INTRODUCTION

Squamous cell carcinomas (SCCs) of the tonsils and tongue base (oropharynx) are locally
and regionally aggressive tumors that result in debilitating changes in appearance, speech,
deglutition and respiratory function in patients [1]. Standard treatment approaches such as
surgery and chemoradiation often result in prolonged and severe morbidities including
xerostomia, trismus, dysphagia, loss of dentition and mandibular osteoradionecrosis [2-4].
Clearly, there is a need to investigate novel strategies that can be effective in treating the
disease without associated long-term toxicities and treatment-related complications.

Photodynamic therapy (PDT) is a clinically approved treatment for cancer that involves
localized activation of a drug (photosensitizer) using light of a specific wavelength (Figure
1A) which in turn results in cell kill and vascular damage within the tumor [5]. Clinically,
PDT offers a minimally invasive alternative to traditional anticancer therapies
(chemotherapy, radiation) without risk of permanent, systemic sequelae in patients [6].
Additionally, PDT may be repeated when necessary without risk of additional toxicities and
is often associated with favorable cosmetic and functional outcomes [6-8]. The potential of
PDT against head and neck cancers has been active area of investigation [9-12].
Retrospective analysis of outcomes in 170 patients with early stage oral cavity and
oropharyngeal cancers have revealed overall response rates and complete response rates of
90% and 70% respectively [11]. We have recently demonstrated the safety of PDT against
premalignant and early malignant lesions of the oral cavity and larynx with encouraging
results on treatment efficacy [12].

The most common approach to PDT involves surface illumination of tumors (Figure 1B)
following intravenous administration or topical application of a photosensitizer. This
transcutaneous approach for tumor illumination is often effective in treating early stage
lesions of the head and neck that are limited in depth. However, this manner of light delivery
may only result in limited photoactivation within thicker (bulkier) solid tumors similar to
those seen in the tongue base and the oropharynx. To address this issue, preclinical and
clinical studies have investigated the potential of interstitial PDT (iPDT), in which light is
delivered through optical fibers inserted into the solid tumor mass (Figure 1B) with
encouraging results [13-15].

The overall objective of the present study was to characterize the response of SCCs to iPDT.
To mimic bulky oropharyngeal cancers observed in the clinical setting, intramuscular
tumors were established in mice. Magnetic resonance imaging (MRI) was utilized to guide
placement of the fiber for iPDT. Multiparametric MR mapping (T2-weighted and diffusion
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weighted imaging) along with correlative histopathology was performed to compare the
photodynamic tissue damage following surface illumination or interstitial delivery of light to
tumors. The utility of PDT as an intraoperative adjuvant treatment was also studied.

MATERIALS AND METHODS

Cell culture

SCCVII cells (kindly provided by Dr. Candace Johnson, Roswell Park Cancer Institute)
were grown in RPMI medium (purchased from the Tissue Culture Facility at Roswell Park
Cancer Institute) supplemented with 10% fetal bovine serum and 1% penicillin at 37°C. The
cell monolayer was washed with phosphate-buffered saline (pH 7.4), trypsinized using
EDTA (ethylenediaminetetraacetic acid). Cells were counted in a hemocytometer using
0.4% tryptan blue and prepared at the required concentration for in vivo inoculation.

Animals and tumor model

Female C3H/HeRos mice were obtained from the Laboratory Animal Resource at Roswell
Park Cancer Institute. Animals were housed in micro isolator cages within the resource and
provided food and water ad libitum. For experimental studies, a cell suspension was
prepared and 3.5x10° SCCVII cells (50pl injection volume) were injected intramuscularly
(into the thigh muscle) of eight-to-twelve week old animals. All procedures were carried out
in accordance with protocols approved by the Institutional Animal Care and Use Committee
at Roswell Park Cancer Institute.

Photosensitizer
Clinical-grade, pryogen-free 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH)
[16, 17] was obtained from the Roswell Park Pharmacy and reconstituted in pyrogen-free
5% dextrose (D5W; Baxter Corp.) containing 2% ethanol and 0.1% Tween. Tumor-bearing
mice were administered 0.4pmol/kg of HPPH by tail vein injection.

PDT Protocol

Localized illumination of tumors was carried out 24 hours after photosensitizer
administration. The light source consisted of a dye laser (375; Spectra-Physics) pumped by
an argon ion laser (Spectra-Physics). The dye laser, using 4-dicyanomethylene-2-methyl-6-
p-dimethylaminostyryl-4Hpyran (DCM) dye (Exciton), was tuned to 665nm. For interstitial
light treatment, a 23-gauge needle was used to pierce through the skin of the tumor and
create a path for placement of the fiber. A cylindrical diffuser fiber (1 cm) was then inserted
into a depth of 4-5 mm. To enable maximal tumor illumination, the fiber was placed in the
central region of the tumor. A total light dose of 135 J/cm was delivered at an irradiance of
75 mW/cm. An integrating sphere was used to measure the output from the fiber. Surface
illumination of tumors was also performed using flat-cut fibers positioned ~9 cm above the
tumor which provided a 1 cm treatment field. A power meter was used to measure the output
of the fiber prior to surface illumination of the tumors (light dose of 135 J/cm? at a fluence
rate of 75 mW/cm?; treatment time = 30 minutes). Control animals received the sensitizer
but were not illuminated. Fiber-only controls were also included to account for any changes
in MR contrast induced by interstitial placement of the fiber.
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Magnetic resonance imaging

MRI examinations were carried out in a 4.7 T/33-cm horizontal bore magnet (GE NMR
Instruments, Fremont, CA) incorporating AVANCE digital electronics (Bruker Biospec with
ParaVision 3.0.2; Bruker Medical Inc., Billerica, MA) and a removable gradient coil insert
(G060, Bruker Medical Inc., Billerica, MA) generating maximum field strength of 950
mT/m and a custom-designed 35-mm RF transmit-receive coil. Mice were placed on a form-
fitted MR-compatible sled (Dazai Research Instruments, Toronto, Canada) and supplied
with 2% isoflurane during image acquisition. Respiration rates and core-body temperature
were monitored continuously while mice were in the scanner. Sagittal and coronal scout
scans were run to localize tumors in mice and for slice prescription of subsequent scans.
Coronal T2W images were acquired at different times post implantation to assess tumor
growth (TEes = 41ms, TR = 2500ms, FOV = 4.8 x 3.2cm, RARE/echoes = 8/8, NEX = 4,
matrix size = 256 x 192, 21 slices, slice thickness 1mm). T2-relaxation rate measurements
were performed using a multi-echo CPMG spin echo sequence (TR = 2793ms, TE =
15-300ms, FOV = 3.2 x 3.2 cm, matrix size = 192x192, 5 slices, slice thickness 1mm,
number of echoes = 20). Diffusion-weighted imaging (DW!I) was performed using a muti-
slice diffusion-weighted spin echo sequence with the following parameters: TE/TR =
30/1200ms, matrix size = 128x 128, FOV 3.2 x 3.2 cm, NEX = 2, diffusion gradient
strength (four variable gradient strengths per acquisition) = 8, 128, 256, 420mT/M, diffusion
B value = 2.9, 512, 2036, 5470 s/mm?, diffusion gradient duration = 6ms, diffusion
gradients applied in the X, Y, and Z directions, slice thickness — 1mm, 5 slices [18]. Three-
dimensional spoiled gradient echo scans were acquired using the following parameters: FOV
4.8 x 3.2 x 3.2, matrix size 192 x 128 x 128, TR = 15 ms, TE¢ = 3.0 ms, NEX = 2, slice
thickness = 32 mm, flip angle = 40°, acquisition time = 8m11s.

Image processing and analysis

Commercially available medical imaging software (Analyze; Version 7.0; Overland Park,
KS) was used to process the raw image data sets. T2 maps and apparent diffusion coefficient
(ADC) maps were generated on a pixel-by-pixel bases in MATLAB (Version 7.0,
Mathworks Inc., Natick, MA) and pseudo-colorized for visualization using Analyze
(AnalyzeDirect, Overland Park, KS). Object maps were created by manually defining tumor,
muscle tissue, phantom and background noise on T2W images. These object maps were then
overlaid on T2 maps and ADC maps to determine T2 relaxation times and ADC values,
respectively.

Histologic and immunohistochemistry

Tumors were excised following completion of imaging for immunohistochemical and
histologic analysis. Immunostaining of tumor sections for the endothelial cell marker CD31
was performed as previously described [19]. Slides were counter stained with Harris
hematoxylin (Poly Scientific, Bay Shore, NY). Glass slides containing tissue sections were
scanned and digitized using the ScanScope XT system (Aperio Technologies, Vista, CA)
and captured using ImageScope software (Aperio Technologies, Version 9.1; Vista, CA).
The number of CD31+ vessels were counted in multiple fields (20X magnification, 5 fields
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per tumor) in control and PDT-treated tumors (n = 3-5 tumors per group) and reported as
average microvessel density (MVD).

Statistical considerations

Statistical analysis was performed using GraphPad Prism Versions 5.00 for Windows
(GraphPad Software, San Diego, CA). Data were tested for statistical significance using an
unpaired two-tailed student's t test analysis. Median survival was calculated from Kaplan-
Meier survival curves and differences were analyzed by the log-rank test. Values are
reported as mean  standard error of the mean.

RESULTS

The study design and timeline are shown schematically in Figure 1. Initial MRI
examinations were performed ~5-7 days post implantation to confirm tumor establishment
and to assess morphology of the intramuscular tumors. Multislice T2-weighted images
revealed successful growth of SCC tumors in the thigh muscle of mice. Figure 2A shows
coronal T2-weighted images of a mouse bearing bilateral intramuscular SCCVII tumors
(outlined in yellow) on day 5 and day 10 post-implantation. Tumors appeared relatively
homogenous with minimal areas of hemorrhaging (hypointense regions) or necrosis
(hyperintense regions). Coronal T2-weighted images and three-dimensional images were
acquired following interstitial placement of the fiber into the tumor (n = 3). Figure 2B shows
contiguous slices from a 3D scan with the fiber trace visible within the tumor (denoted by
the arrow).

Following confirmation of tumor growth in vivo, tumor-bearing animals were randomized
into either the drug only control arm, iPDT arm or transcutaneous PDT arm. Mean tumor
volumes of animals in the iPDT (564 + 98 mm3; n = 4) and transcutaneous PDT (546 + 73
mm?3; n = 3) were comparable to control tumors (538 + 31 mm?3; n= 6). T2 mapping was
performed at baseline and 24 hours post PDT. To account for any changes in T2 contrast
induced by the presence of the optical fiber in the tumor interstitium, true controls (fiber-
only) were also utilized. For these fiber-only controls, interstitial fibers were placed into the
tumors of animals that did not receive any photosensitizer for the duration of light treatment
(approximately 30 mins) and T2 mapping was performed 24 hours fiber insertion. The top
panel of images shown in Figure 3 represents pseudo-colorized T2-maps of SCCVII tumors
from fiber only control and iPDT groups. SCCVII tumors treated with iPDT showed a
marked change in T2 relaxation time compared to fiber only control tumors. Average T2
values of untreated control SCCVII tumors, tumors treated with surface illumination, and
tumors treated with ID-PDT were also calculated. Placement of fiber alone did not result in
any significant change (p>0.1) in T2 values (71 + 0.6 ms; n = 3) compared to untreated drug
only controls (74 + 1.3 ms; n = 6). Mean T2 values of tumors treated with iPDT (84 + 3.0
ms; n = 4) were significantly higher (p<0.01) than controls suggestive of increased
photodynamic damage (vascular occlusion/necrosis). Diffusion-weighted imaging [20] was
also carried out to assess changes in cellularity following treatment. A spatially
heterogeneous ADC response was observed 24 hours after iPDT. Regions with higher T2
values also exhibited higher ADC (Figure 3, lower panel, arrows) suggestive of PDT-
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induced tumor necrosis. ADC values (1 x 1073 mm?/sec) of tumors treated with iPDT (0.64
+ 0.04; n = 4) were significantly higher (p<0.05) than control tumors (0.50 £ 0.03, n = 6). In
comparison, T2 maps of tumors treated with transcutaneous illumination showed minimal
changes within the tumor 24 hours post illumination (Figure 4). Mean T2 values of tumors
treated with transcutaneous PDT (77 £ 2.0 ms) did not show a significant change (p>0.05)
compared to controls. Quantitative estimates of ADC did not reveal a significant (p>0.05)
difference between control and transcutaneous-PDT (0.57 £+ 0.01; n = 3) groups. No
significant difference in contrast was observed between ADC maps of drug only or fiber
only control tumors.

Consistent with the imaging results results, H&E sections of tumors excised 24 hours post
iPDT (Figure 5, bottom) showed marked necrosis with increased intercellular space and
pyknotic nuclei. Untreated control SCCVII tumor shows dense, viable appearing tumor cells
(Figure 5, top). Tumors treated with transcutaneous PDT showed regional changes on ADC
maps and minimal evidence of necrosis on histologic sections (Figure 5, middle). CD31-
immunostaining of tumor sections was also performed to assess vascular damage following
iPDT. As shown in Figure 6, control tumors appeared well vascularized with distinct
clusters of CD31+ vessels visible under high power (20 X magnification). In contrast,
tumors treated with iPDT showed evidence of vascular damage and a reduction in
microvessel density (MVD) count compared to controls (p<0.05) and tumors treated with
transcutaneous PDT (p<0.01). MVD analysis did not reveal any difference between control
tumors and tumors treated with transcutaneous PDT.

DISCUSSION

Photodynamic therapy (PDT) is a clinically approved treatment for cancer that involves
localized activation of a drug (photosensitizer) using light of a specific wavelength which in
turn results in cell kill and vascular damage within the tumor. Preclinical and clinical trials
have shown PDT to be promising for the treatment of head and neck cancers [9-12, 21].
However, photodynamic treatment of bulky invasive oropharyngeal cancers is likely to
require interstitial placement of multiple laser fibers into the tumor tissue to enable uniform
and adequate illumination of all the regions within the tumor. The overall objective of this
preclinical study was to characterize the response of bulky invasive SCCs to iPDT. Since
oropharyngeal cancers, particularly tongue base cancers are often locally aggressive and
tend to involve extrinsic (deep) muscles of the tongue, we utilized an intramuscular model of
SCC to examine the potential of iPDT. Our results demonstrate the potential role of PDT in
the management of head and neck cancer. Specifically, our results suggest that interstitial
PDT (rather than surface illumination) is likely to exhibit improved therapeutic efficacy
against bulky, deep-seated head and neck tumors. Our findings also highlight the potential
utility of MRI in the guidance of fiber placement and assessment of acute changes following
iPDT invivo.

The ability to obtain an early read-out of tumor response would be valuable in the clinical
development of PDT. In this regard, the use of non-invasive imaging methods including
MRI and ultrasound has been previously explored [22, 23]. We utilized MRI to guide
interstitial placement and assess tumor response to iPDT using the photosensitizer HPPH.
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MRI methods that have been employed to assess tumor response to PDT include T1-
weighted contrast-enhanced MRI [15], T2W-MRI [24, 25] and DWI [26]. However, a
majority of preclinical studies investigating MRI methods have typically utilized the
response of subcutaneous tumors to surface illumination. We have previously utilized T1-
weighted contrast-enhanced MRI and T2-weighted MRI to characterize the vascular
response to PDT in preclinical models [24, 27]. In the present study, we utilized combined
T2 mapping and DWI1 for non-invasive monitoring of tissue response to iPDT. The T2 -
relaxation time (transverse relaxation) of water protons is affected by changes in molecular,
physical and chemical environment within tissue [28]. PDT causes vascular damage, cell
necrosis, and an inflammatory response, all of which would influence the water content and
distribution within the tumor, accounting for the observed changes in T2 contrast. As early
as 24 hours after iPDT, T2 mapping revealed marked changes in contrast within tumors.
Mean T2 values of iPDT treated tumors were higher compared to control tumors and tumors
treated with transcutaneous PDT. These findings are consistent with another study that
showed an increase in T2 values after PDT in a prostate tumor model [25]. Changes in T2-
contrast were much more pronounced with iPDT compared to transcutaneous illumination of
tumors, suggestive of increased photodynamic efficacy. One possible explanation for this
observation is limited or insufficient delivery of light through the skin to deeper regions of
the tumor preventing adequate photoactivation of the sensitizer within the tumor. The depth
of light penetration is dependent on wavelength of light and tissue optical properties. In our
study, we utilized the photosensitizing agent HPPH which is activated at 665nm. Light at
this wavelength penetrates to a depth of 3mm from the dorsal surface of the human tongue
(Bellnier, unpublished observation). Although insertion of the optical fiber could lead to
inflammatory changes within the tumor and alterations in T2 contrast, T2 values of
untreated controls vs. fiber only control tumors were comparable (p>0.05), validating that
these observed changes in T2 contrast were treatment-related. Immunohistochemical and
histologic analysis of the SCCVII tumors confirmed vascular damage and tumor necrosis
following iPDT.

We utilized DWI to assess tumor cell kill following iPDT. ADC maps provide an estimate
of the mobility of water molecules in tissue [20]. ADC maps, calculated from DWI, showed
areas of hyperintensity in SCCVII tumors 24 hours after iPDT, which suggests tumor
necrosis. Tumor cell death following PDT would result in increased water diffusion through
the release of intracellular water, which would account for the hyperintensity seen on ADC
maps 24 hours after iPDT. Measured values of ADC were higher in iPDT treated tumors
compared to transcutaneous illumination or untreated controls. Diffusion-weighted imaging
has been previously utilized to assess response to PDT [15, 26]. Wang and Fei have
demonstrated an increase in ADC 24 hours after PDT in tumors following transcutaneous
illumination [27]. In the study by Huang et al [15], alterations in contrast were noted
following PDT on DWI but ADC mapping did not consistently delineate necrotic areas. It
could be speculated that the heterogeneity in the ADC response could be related to the
complex biological response to PDT that includes the onset of necrosis and edema along
with vascular occlusion and hemorrhaging. These competing changes occurring within the
tumor microenvironment could explain the lack of robust changes in contrast with DWI.
Given the temporal nature of tissue response to PDT, the authors suggest that acquisition of
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DWI datasets at later time points (few days post therapy) would perhaps eliminate some of
these confounding biological changes and provide a clear read-out of PDT-induced cell kill
on DWI.

We recognize the limitations of our study. Dosimetry in PDT is critical and complex
especially with interstitial light delivery [29]. We did not perform dosimetric analysis to
assess the extent of light distribution in these bulky tumors following our iPDT protocol.
While we used the same total light dose and treatment time for both the surface illumination
and iPDT groups, the actual tumor doses may not be comparable due to the physical
properties of light distribution. Ongoing studies by our group are aimed at mathematical
modeling of light dosimetry in vivo using real-time measurement of tissue optical properties.
Once developed, we intend to integrate optical dosimetry into treatment planning for
subsequent clinical trials of iPDT.

In conclusion, the results of our study demonstrate the potential of MRI-guided interstitial
PDT for the management of bulky head and neck cancers. In a recent study by Jerjes et al,
ultrasound-guided iPDT of stage IV tongue base carcinoma patients was performed using
the sensitizer, mMTHPC [23]. Taken together, these results demonstrate the feasibility of
imaging-guided PDT in the clinical setting for treatment of deep seated tumors. The
excellent soft tissue contrast of MRI along with its functional capabilities could make it an
effective clinical tool to guide fiber placement and assess early treatment response to iPDT.
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Figure 1.
(A) Basic methodology of PDT: PDT involves localized activation of a systemically

administered photosensitizer by light of a specific wavelength from a laser light source. (B)
Light delivery in PDT is typically performed by surface illumination of tumors using optical
fibers or by interstitial delivery that involves placement of optical fibers into the tumor
interstitium. (C) Schematic of experimental study design. Following inoculation of SCCVII
tumor cells, animals underwent MRI examinations 5-7 days post injection to visualize tumor
growth. Upon successful establishment of tumor growth (day 8-10), animals were
randomized into control or PDT treatment arms. MRI and histologic response assessment
was performed 24 hours post PDT.
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Figure 2. Image-guided interstitial PDT of SCC tumors
(A) Coronal T2-weighted MRI was performed at different times (days 5-10) post

implantation for serial monitoring of the growth of intramuscular SCCVII tumors (outlined
in yellow). (B) Contiguous slices from a 3D spoiled-gradient echo scan of a mouse bearing
intramuscular SCCVII tumor with the visible trace of the fiber placed in the tumor
interstitium (arrow).
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Figure 3. SCC response to interstitial-HPPH sensitized PDT
Panel of images represent calculated T2- maps (5 contiguous slices) of tumors in control and

treatment groups. SCCVII tumors treated with interstitial PDT showed a marked change on
T2 relaxation time compared to control tumors suggestive of increased photodynamic
damage (vascular occlusion/necrosis). Placement of the optical fiber alone did not result in
any visual change in T2 contrast. Tumors treated with transcutaneous PDT showed minimal
change. Corresponding ADC maps (lower panel) also showed hyperintense regions within
the tumors treated with interstitial PDT which is indicative of PDT-induced tumor cell kill.
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Figure 4. MR mapping of SCCVII response to PDT (transcutaneous illumination)
Panel of images represent T2 and ADC maps of a control SCCVII tumor and a tumor-treated

with transcutaneous PDT. T2 mapping revealed minimal changes within the tumor
following transcutaneous illumination at 24 hours post treatment. No visual evidence of
photodynamic damage was seen on ADC maps following transcutaneous PDT compared to
untreated control tumors.
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Figure 5. Histopathologic assessment of tumor response to iPDT
Panel of images represent hematoxylin and eosin (H&E; 10x magnification) sections of

whole tumors excised 24 hours Untreated control SCCVII tumor sections shows tumor cells
without necrosis. Tumors treated with iPDT showed increased areas of necrosis with
increased intercellular space and pyknotic nuclei. In comparison, tumors treated with
transcutaneous PDT showed minimal evidence of necrosis on histologic sections.
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Figure 6. Immunohistochemical assessment of vascular response to iPDT
(A) Panel of images represent photomicrographs of CD31-immunostained tumor sections

(20X magnification) from control and PDT-treated animals. (B) Microvessel density counts
of control and PDT-treated tumors. CD31+ positive vessels were counted in multiple high
power fields (5 fields per tumor, n=3-5 tumors per group) and reported as average
microvessel density *p<0.05; **p<0.01.
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