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Abstract

Photodynamic Therapy (PDT) holds great promise for the treatment of head and neck (H&N)
carcinomas where repeated loco-regional therapy often becomes necessary due to the highly
aggressive and recurrent nature of the cancers. While interstitial light delivery technologies are
being refined for PDT of H&N and other cancers, a parallel clinically relevant research area is the
formulation of photosensitizers in nanovehicles that allow systemic administration yet preferential
enhanced uptake in the tumor. This approach can render dual-selectivity of PDT, by harnessing
both the drug and the light delivery within the tumor. To this end, we report on a cell-targeted
nanomedicine approach for the photosensitizer silicon phthalocyanine-4 (Pc 4), by packaging it
within polymeric micelles that are surface-decorated with GE11-peptides to promote enhanced
cell-selective binding and receptor-mediated internalization in EGFR-overexpressing H&N cancer
cells. Using fluorescence spectroscopy and confocal microscopy, we demonstrate /77 vitro that the
EGFR-targeted Pc 4-nanoformulation undergoes faster and higher uptake in EGFR-overexpressing
H&N SCC-15 cells. We further demonstrate that this enhanced Pc 4 uptake results in significant
cell-killing and drastically reduced post-PDT clonogenicity. Building on this /n vitro data, we
demonstrate that the EGFR-targeted Pc 4-nanoformulation results in significant intra-tumoral drug
uptake and subsequent enhanced PDT response, /n vivo, in SCC-15 xenografts in mice. Altogether
our results show significant promise towards a cell-targeted photodynamic nanomedicine for
effective treatment of H&N carcinomas.
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Introduction

Head and neck (H&N) cancers are the sixth most common type of cancer and account for
approximately 350,000 cancer deaths every year!. These malignancies are highly aggressive,
with a mean doubling time of 57 days and loco-regional recurrence in >50% of patients 2.
Repetitive treatment of these patients by chemotherapy, radiotherapy and surgery presents
very high risk of functional and cosmetic debilitation to H&N tissue 3. Hence there is a
significant clinical interest to explore adjunctive and alternative treatment modalities that
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can minimally invasively yet selectively treat H&N cancers without side-effects and can be
repeated as needed. To this end, a treatment modality that holds great promise is
Photodynamic Therapy (PDT). In PDT, light-activation of a photosensitizer (PS) leads to
formation of highly reactive oxygen species through energy transfer processes, which in turn
cause oxidative damage resulting in cell death 4-6. A major advantage of PDT over chemo-
or radiotherapy is that both the PS and the irradiating light are mostly inert by themselves
and hence confer minimal systemic toxicity or collateral damage 8. The clinical promise of
PDT is exhibited by health agency approvals of the PS formulations such as Visudyne® in
the US, various other formulations (e.g. Foscan®) in other countries, and several ongoing
clinical trials 6910, PDT has shown promise in H&N cancers, but the treatment efficacy is
currently fraught with issues involving PS dose and distribution, the drug-light
administration interval, tissue oxygenation levels, light dose and light intensity 11-13,

In the context of drug dose and distribution, a significant issue involves phototoxicity arising
from the unpredictable systemic distribution of the PS. One blatant example is Foscan®, an
ethanol/propylene glycol formulation of the PS temgporfin, which failed to achieve FDA
approval for treatment of H&N cancers due to poor tumor selectivity and serious burns
arising from lingering skin photosensitivity 1415, In such formulations involving surfactants
and organic excipients, PS accumulation in tumors is not by any controllable mechanism.
Hence, after intravenous administration of such PS formulations, there is a “waiting period’
(the drug-light interval) when the PS accumulating non-specifically in healthy tissues is
expected to clear off, while that accumulated within tumor tissues is expected to be retained
due to poor lymphatic drainage 7. Only then the tumor can be photoirradiated for PDT. This
mechanism cannot ensure sufficient tumor uptake of the PS and the lack of tumor-selective
uptake mechanisms becomes a critical limitation in efficient PDT of H&N cancers where
healthy tissues in the light path need to be preserved for functional and cosmetic reasons.

To this end, the ‘targeted nanomedicine’ approach can provide an excellent way to resolve
the above-described issues regarding tumor-selective PS delivery and distribution. In this
approach, the drug is packaged inside a nanovehicle that protects the drug from rapid plasma
destabilization, minimizes uptake into non-specific healthy organs and prevents plasma
clearance through the kidney, while allowing preferential accumulation within the tumor
stroma via extravasation through the tumor-associated leaky vasculature. This is known as
the “‘enhanced permeation and retention” (EPR) mechanism for passive targeting of tumors,
which is responsible for the improved tumor-selectivity of chemotherapy formulations like
Doxil® (Doxorubicin in liposomes) and Abraxane® (Paclitaxel in albumin

nanoparticles) 1819, Beyond the passive EPR mechanism, the nanomedicine approach
further provides the opportunity to decorate the surface of the nanovehicles with specific
molecular motifs that facilitate active binding and internalization of the vehicles (hence their
payload) selectively in the cancer cells for improved intracellular drug delivery and
therapeutic effect. Research on such cell-targeted active delivery of PS to tumors using
surface-functionalized nanovehicles has gained significant momentum in recent years 20-23,
Building upon this, here we report on an actively cell-targeted photodynamic nanomedicine
formulation focused towards H&N cancers.

Over 90% of the aggressive H&N cancers are Squamous Cell Carcinomas (SCCs) and they
express a high level of Epidermal Growth Factor Receptors (EGFRs) 24. EGFR, a
glycoprotein member of the ErbB family, consists of an extracellular ligand-binding domain,
a hydrophobic transmembrane region, and an intracellular tyrosine kinase (TK) domain. The
extracellular domain can bind endogenous EGF family ligands which in turn leads to
receptor-internalization and cytoplasmic TK activity, which activates cellular signaling
pathways that inhibit apoptosis, promote cell proliferation, trigger angiogenesis and enhance
tumor survival and metastatic potential. EGFR upregulation and subsequent signaling
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activities have been implicated in the aggressiveness and recurrence frequency of this
cancer 2627, Hence, EGFR immunotherapy by monoclonal antibodies (e.g., Cetuximab) and
small molecule Tyrosine Kinase inhibitors (e.g., Erlotinib) have become clinically important
in these cancers 2729, We rationalize that conjugating EGFR-targeting ligands on the
surface of a PS-loaded nanovehicle can facilitate intracellular PS delivery selectively to
H&N SCCs for enhanced PDT. Based on this rationale, we have designed a polymeric
micelle based nanomedicine formulation of the second generation photosensitizer silicon
phthalocyanine 4 (Pc 4), have decorated the surface of the micellar vehicles with optimum
density of an EGFR-targeting peptide ligand GE11 and have investigated the ability of this
formulation to enhance the delivery of Pc 4 to EGFR-overexpressing H&N SCC cells in
vitroand in vivo for improved PDT (Figure 1). Our results show significant promise of this
approach towards a PDT strategy for H&N cancers. Furthermore, because of reported
EGFR-upregulation in several other cancer types, we envision that our PDT strategy can be
adapted towards treatment of these other cancers.

Experimental Section

Materials

Cell Culture

The EGFR-targeting GE11 peptide, YHWYGYTPQNVI, was custom synthesized by
Abgent Inc. (San Diego, California), with the addition of a cysteine residue on the N
terminus to facilitate thioether-mediated conjugated to the PEG block of the PEG-PCL co-
polymer that forms the final micellar nanoformulation. The polymer synthesis and
characterization, GE11 conjugation and subsequent micelle fabrication have been described
previously 30-32 The structures and molecular weights of mPEG-PCL, Mal-PEG-PCL and
GE11-functionalized PEG-PCL have been confirmed by 1H NMR and MALDI-TOF mass
spectroscopy and have been reported previously 30-32, Finally, confirmation of nanoparticle
morphology using Scanning Electron Microscopy (SEM) has been reported previously30-32,
For photodynamic treatment, a light-emitting diode array (EFOS, Mississauga, Ontario,
Canada) was utilized at a fluence rate of 6 mW/cm? (Amax=675 nm; width of output peak at
half-maximum 24 nm). Post-PDT cell viability was analyzed using a standard (4,5-
dimethylthiazol-2-yl)-2,5-diphennyltetrazolium bromide (MTT) assay purchased from
Sigma Aldrich (St. Louis, MO). Crystal violet stain for clonogenic assays was also
purchased from Sigma Aldrich. Fluorescence probes Hoechst 33342 and Lysotracker Green
were purchased from Invitrogen (Carlsbad, CA) and were used as per the manufacturer’s
instructions. Pc 4 was donated by the laboratory of Dr. Malcolm Kenney in the CWRU
Department of Chemistry.

The human squamous cell carcinoma of the tongue cell line, SCC-15, was obtained from the
American Type Culture Collection (Manassas, VA) and cultured in 1:1 (v/v) Dulbecco’s
Modified Eagle’s Medium/Ham’s F12 medium (DME/F12 medium; Fisher Scientific)
containing 10% fetal bovine serum, penicillin (50 units/mL), streptomycin (50 pg/mL) and
hydrocortisone (400 ng/mL). In our studies, MCF-7 cells were used as a control because
they express only minimal levels of EGFR 33, Cultures were maintained in a humidified
atmosphere of 5% CO, and 95% air in a 37°C incubator.

Cellular Uptake of Nanoparticles

SCC-15 cells were plated onto 96-well black-wall/clear-bottom plates at a density of 2 x 104
cells/well in DME/F12 and allowed to grow for 24h. Dilutions of Pc 4 loaded EGFR-
targeted micelles were made in medium such that the final concentration given to cells was
125 and 250 nM Pc 4. Controls included Pc 4 in 3% DMF and Pc 4 loaded nontargeted
micelles. Cells were then allowed to incubate at 37°C shielded from ambient light.
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Following various incubation times varying from 2 hours to 24 hours, the supernatant was
removed from all the cells followed by a several thorough washings with PBS to remove any
extracellular, loosely bound micelles. In order to allow for accurate fluorescence
measurements of intracellular Pc 4, 150 yL of DMSO is then added to the cells to release
and solubilize Pc 4 from cells. The plates were shaken for 10 min and fluorescence emission
was monitored on a microplate reader (Tecan, San Jose, CA).

Uptake and Intracellular Fate of Pc 4-loaded Nanoparticles

In order to monitor the spatio-temporal pattern of cellular uptake of the Pc 4-loaded
nanoparticles, confocal microscopy was utilized along with organelle-specific fluorescence
probes and the inherent fluorescence of Pc 4. EGFR-targeted and nontargeted Pc 4-loaed
micelles were incubated with high EGFR SCC-15 cells and low EGFR MCF-7 cells. All
cells were seeded at 50,000 cells/plate (approximately 50% confluence) in 2 mL media and
allowed to attach for 24h. Cells were then incubated with Hoechst 33342 (stains nucleus
blue) and Lysotracker® Green (stains lysosomes green), as per the manufacturer’s
instructions, followed by thorough washing with PBS. Pc 4-loaded nanoparticles were added
at a final concentration of 400 nM Pc 4 per well and fluorescence images were taken over
time using an Olympus FVV1000 Confocal Microscope.

Evaluation of In vitro PDT efficacy

In vitroPDT efficacy of the EGFR-targeted Pc 4-nanoformulation was evaluated using a
standard MTT assay. SCC-15 cells were plated in 96-well flat-bottomed plates at a density
of 2x10% cells per well. Cells were incubated for 24 hours with targeted Pc 4-loaded
micelles with final effective Pc 4 concentrations of 200 nM, 400 nM and 800 nM. Separate
plates were prepared and shielded from ambient light for testing “dark toxicity” while PDT
plates were photoirradiated for 400 seconds, as this has been demonstrated previously as the
optimal irradiation time 32. Both sets of plates were then incubated at 37°C for 24h followed
by incubation with MTT for four hours at 37°C to allow for conversion of yellow MTT to
purple formazan by live cells. Formazan was then quantified by absorption at 40 nm on a
microplate reader (BioTek, Winooski, Vermont). Measurements for treated cells were
normalized to that of controls in order to report cell viability. We have previously reported
using model EGFR-overexpressing versus low EGFR cells that, without targeting there is
very low uptake of the Pc 4 formulation in the cells at shorter incubation periods and
correspondingly there is low cell-killing upon PDT 3132, Hence in the current manuscript,
we have only reported the PDT effect on EGFR-overexpressing H&N SCC-15 cells with our
EGFR-targeted Pc 4 nanoformulation, incubated for 24 hours.

Clonogenic Cell Survival Assay

Clonogenic assays measure the ability of a cell to re-grow into a colony following cell-
damaging treatment. The assay determines the surviving fraction (SF) which is defined as:

SF (%)= (Number o f colonies counted) .
(Number of cells plated)

PE

The plating efficiency is determined by dividing the number of colonies counted by the
number of cells plated for the control cells. For this assay, cells were seeded in triplicate into
T25 cm? flasks and allowed to grow overnight to approximately 80% confluence. The next
day, ‘control’ group cells were replaced with fresh media while ‘treated’ group cells were
incubated with Pc 4 loaded targeted micelles at a final concentration of 400 nM Pc 4.
Following a 24 hour incubation period, the treated cells were photoirradiated as described
previously for 400 seconds. After a 24 hour post-PDT incubation time, cells were harvested
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by trypisinization, counted using a hemocytometer and diluted such that 1000 cells were
seeded in triplicate into 60 mm petri dishes. The plates were incubated for 2 weeks after
which the cells were fixed with 10% formalin and stained with crystal violet. The number of
colonies consisting of more than 50 cells was counted.

Evaluation of In vivo PDT Efficacy

The in vivo pilot PDT studies (three mice per group) were carried out according to animal
care and use protocols approved by the University of Pittsburgh Institutional Animal Care
and Use Committee. For this, a human tongue carcinoma xenograft tumor model was used
to determine /n vivo effect of targeted versus nontargeted Pc 4-loaded nanoparticles. Tumor
growth was initiated in SCID mice (female, 4—6 weeks of age) by subcutaneous injection of
SCC-15 cells on the right flank. Intraperitoneal injection of Nembutal (50 mg/kg) was used
to anesthetize mice and fur was removed from the skin over the tumor by application of Nair
(Church & Dwight, Co., Princeton, NJ) 24 hours before Pc 4 dosing. Targeted and
nontargeted Pc 4-loaded nanoformulations (at total dose of 2 mg Pc 4/kg mouse body
weight) were administered to the mice at 0.01 mL/g by bolus tail vein injection on day 0.
Following dosing, the mice were housed under a Lee Dark Green filter #124 (Baltimore
Stage Lighting, Balmore, MD) to shield them from ambient light except that between 450—
600 nm. Intra-tumoral uptake of Pc 4 was determined using an Optical Pharmacokinetics
System (OPS) built by Optimum Technologies, Inc. (Southbridge, MA) which includes a
pulsed xenon lamp (Perkin-Elmer, Waltham, MA), a linear array CCD detector and a
spectrometer (Ocean Optics, Dunedin, FL). The optical probe contains a source fiber and a
light collecting fiber. To take measurements, the probe is placed on the surface of the tumor
tissue and triplicate measurements are collected. Measurements consist of a reflectance
intensity recorded between 450 nm and 850 nm. For comparison, standards of each
formulation were prepared at final Pc 4 concentrations between 0.1 and 30 pyM in 96-well
black plates and OPS measurements were taken on each well. A detailed description of the
OPS-based method for determination of tumor drug concentration, has been reported
previously 34. Photoirradiation at 672 nm was carried out using a two-beam split diode laser
(Intense Ltd., North Brunswick, NJ) with equal power in each beam and a bifurcated optical
fiber assembly (Ocean Optics, Dunedin, FL). Uniformly distributed irradiation was obtained
by connecting a microlens fiber (Pioneer Optics, Bloomfield, CT) to the end of the fiber
assembly. A Thorslabs PM100 power meter (Newton, NJ) with an integrating sphere
detector was used to measure photoirradiation power. The total fluence was 150 J/cm? and
the total fluence rate on the tumor surface was kept constant at 132 mW/cm2. Two days after
tail vein injection, mice were anesthetized with Nembutal and placed in a special restraint
system which allowed for unobstructed photoirradiation of the tumor while protecting
healthy tissue. Bilateral beam placement allowed for the laser to encompass the full tumor
throughout the photoirradiation duration. This method also confers minimal light exposure
to nearby internal organs which may have residual Pc 4. Tumor volumes were measured
twice weekly using calipers. Tumor growth was normalized to the original tumor volume 3
days prior to formulation injection.

Data analysis

Statistical analyses were performed using Minitab (Minitab, State College, Pennsylvania).
Analyses of variance (ANOVA), post-hoc Tukey’s tests and Student’s t-tests were used to
analyze the data from MTT, clonogenic and in vivo assays, where applicable. Significance
was reported for p< 0.05.
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Results

Uptake of EGFR-targeted Pc 4 nanoformulation in H&N SCC cells in vitro

EGFR-targeted versus non-targeted Pc 4 nanoformulations were used to monitor cellular
uptake of Pc 4 as a function of time in H&N SCC-15 cells. As described in the Methods
section, cells were incubated with the various Pc 4 formulations, followed by subsequent
measurement of intracellular Pc 4 which was then expressed as percent uptake. A solution of
Pc 4 in 3% DMF was used as a control as this DMF-based Pc 4 solution is known to
permeate into cells rapidly 3°. The intracellular uptake of Pc 4 was monitored for incubation
times of 2, 4, 6 and 24 hours. The SCC-15 cell line is well-known for its high EGFR
expression, particularly among H&N SCC lines 36. As evident from the results shown in
Figure 2, the EGFR-targeted nanoformulation is much faster rate compared to the
nontargeted formulation within the first 8 hrs. This, in translation /7 vivo, may lead to higher
PS accumulation in the tumor within short periods of time and allow for enhanced PDT
effect. The higher intracellular uptake of the EGFR-targeted Pc 4 nanoformulation is likely
because the binding of the GE11-decorated Pc 4 nanoformulation to the EGFRs triggers
rapid receptor-mediated internalization. The /n vitroresults suggest that the targeted
nanoformulation reaches a state of maximum uptake around the 6 hr incubation period, with
about 15% higher Pc 4 internalization compared to the nontargeted formulation. With longer
incubation periods > 6 hrs, the statistical differences between the targeted and non-targeted
formulation conditions seem to get reduced, possibly because at such long incubation
periods, nonspecific processes of internalization such as membrane fusion and pinocytosis
overlap with the active receptor-mediated processes 31.

Monitoring intracellular uptake and distribution of Pc 4 nanoformulations using confocal
microscopy

Confocal microscopy provided a way to monitor the intracellular uptake and distribution of
Pc 4 within the short incubation period, and confirm that the EGFR-targeted Pc 4
nanoformulation indeed undergoes much faster uptake compared to the non-targeted analog.
For these studies, the fluorescence probes used were Lysotracker Green (green emission,
Aem=b511 nm) which localizes to lysosomes and late endosomes, Hoechst (blue emission,
Aem=460 nm) which stains cell nuclei, and inherent fluorescence of Pc 4 for the
nanoformulations (red emission, Ae;,=675 nm). Representative images from our studies are
shown in Figure 3. As shown in the Figure, three conditions were tested, namely, incubating
EGFR-targeted Pc 4 nanoformulation on EGFR-overexpressing SCC-15 cells, incubating
this targeted nanoformulation on a low-EGFR cell line (MCF-7 in this case) and incubating
the non-targeted formulation with the SCC-15 cells. As evident from the Figure the EGFR-
targeted formulation bound to the SCC-15 cell membrane very rapidly (within 5 minutes of
incubation), most likely due to active interactions between the GE11 peptides on the
nanovehicle surface with the high EGFR expression on the SCC-15 cell surface. The yellow
co-localization of the red Pc 4 fluorescence and green Lysotracker fluorescence at 10
minutes of incubation and beyond, in these cells, suggests that the EGFR-targeted
nanoformulation gets taken up into late stage endosomes and lysosomes via receptor-
mediated endocytosis. The intensity of Pc 4 (red) fluorescence in this ‘targeted’ test group
increased with incubation time, suggesting increased lysosomal uptake of the
nanoformulation followed by possible release of Pc 4 into the cytoplasmic compartment.
This release is possibly a combined effect of low pH-catalyzed lysosomal degradation of the
acid-labile micellar polymer of the nanovehicle and photo-triggered rupture of the lysosomal
vesicles due to the action of the confocal laser light with the lysosome-trapped Pc 4 30:37.38,
These results indicate that the EGFR-targeted nanoformulation can undergo receptor-
mediated rapid internalization in EGFR-overexpressing SCC-15 cells and subsequently
result in rapid cytoplasmic release of Pc 4 from the internalized vehicles. This is important
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in the context of Pc 4 partitioning into mitochondria, endoplasmic reticulum and the Golgi
which are the intracellular targets for Pc 4-PDT 8:39.40,

In contrast, it takes much longer incubation time for the EGFR-targeted nanoparticles to get
effectively taken up in low-EGFR cells (e.g. MCF-7), as shown in the second row of images
in Figure 3. The low levels of EGFR expression in these cells allow for much reduced extent
of receptor-mediated active internalization and the uptake processes are more likely
attributed to slower processes like membrane fusion and pinocytosis 4L. In our in vitro
confocal experiments, the Pc 4 (red) fluorescence was detectable in these cells only around
the 60 min incubation point and beyond. Also, the co-localization of this red fluorescence
with lysosomal (green) fluorescence was minimal, suggesting that the Pc 4 nanoformulation
uptake was possibly not solely mediated by receptor-mediated processes. Our second control
group shown in the third row of Figure 3, is for non-targeted Pc 4 nanoformulation
incubated with the EGFR-overexpressing SCC-15 cells. Due to the absence of the EGFR-
targeting moiety (GE11 peptide) on the surface of these nanovehicles, the formulation
cannot undergo as much specific receptor-mediated internalization, and the cellular uptake is
once again largely via slower processes like membrane fusion and pinocytosis. Hence for
this group, the Pc 4 (red) fluorescence is seen within the cells only around 60 min and
beyond.

In vitro PDT efficacy on SCC-15 cells with EGFR-targeted Pc 4 nanoformulation

We have previously demonstrated on model EGFR-overexpressing cell lines (A431) that
PDT-induced cell killing is significantly enhanced when an EGFR-targeted nanoformulation
is used to deliver the photosensitizer 31. Building on these findings, here we have studied the
PDT-induced cell-killing effect of the EGFR-targeted Pc 4 nanoformulation on the SCC-15
cells at increasing Pc 4 concentrations. For all these studies a photoirradiation power of 6
mW/cm? was used. Figure 4 shows results of the post-PDT cell viability assays (MTT)
where cells were incubated with the EGFR-targeted Pc 4 nanoformulations at total Pc 4
doses of 200, 400 and 800 nM, followed by photoirradiation. As evident from the data, dark
conditions (no photoirradiation) confer minimal cytotoxicity, while even at low (200 nM) Pc
4 dose in nanoformulation, significant cell death (p<0.001) is induced upon photoirradiation.
It was found that the highest cell death occurred with the 400 nM Pc 4 dose and subsequent
increase to 800 nM Pc 4 did not significantly enhance this effect. Hence for subsequent
clonogenic studies the 400 nM Pc 4 dose in EGFR-targeted nanoformulation was used on
the SCC-15 cells.

Clonogenic Cell Survival Assay

The MTT assay can provide only partial information about the efficacy of anti-cancer
treatment. For confirmation of treatment efficacy, it is necessary to establish that even if
some cells may remain viable after PDT, their ability to further divide and proliferate
become compromised. In translation /in vivo, this would imply that post-PDT the tumor re-
growth will be severely impaired 42. Therefore, we have also carried out clonogenic studies
to assess the ability of the remaining viable SCC-15 cells to re-grow and form colonies post-
PDT. Our quantitative data from these studies, along with representative pictures of
corresponding colony formations in cell-culture dishes, are shown in Figure 5. As evident
from the data, incubation of the SCC-15 cells with the EGFR-targeted Pc 4 nanoformulation
at 400 nM Pc 4 dose, followed by photoirradiation to render PDT, resulted in a drastic loss
of cell clonogenicity. The “control’ cells, which were not photoirradiated, were able to grow
colonies effectively. These results establish the high PDT efficacy of our approach.
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In vivo PDT Efficacy

Driven by the successful PDT effect of the EGFR-targeted Pc 4 nanoformulation delivery /n
vitro, the targeted versus the non-targeted Pc 4 nanoformulations were tested for PDT
response in subcutaneous SCC-15 xenografts in mice. Figure 6A shows a schematic of the
experimental setup for the study. Figure 6B shows the Pc 4 uptake and retention in the skin
while Figure 6C shows uptake and retention in the tumor, following intravenous
administration of EGFR-targeted versus non-targeted Pc 4 formulation, compared to
administration of Pc 4 formulated in 10% Intralipid, all at the same drug dose. The skin and
tumoral uptake during the first 6 hours are shown in the magnified insets in the top right
corners of 6B and 6C. As evident from the data, all the formulations show some uptake in
the skin from systemic distribution immediately following intravenous administration, but
the Pc 4 concentration in the skin drops off significantly over time through 1-5 hrs. In
contrast, in the tumor all formulations lead to similar levels of Pc 4 uptake initially, but over
time the EGFR-targeted nanoformulation is taken up at a higher level compared to the
nontargeted formulation. The magnified inset for the first 6 hrs in the tumor shows
significantly increasing uptake of Pc 4 for the EGFR-targeted nanoformulation group, which
promisingly corresponds to the trend seen in our /n vitro studies. Also, this higher level of
Pc 4 uptake is maintained over the longer time periods (shown up to 5 days). Such enhanced
intra-tumoral uptake and retention of Pc 4 for the EGFR-targeted nanoformulation is
possibly due to receptor-mediated rapid internalization of the drug by the cancer cells, as
was indicated in our /7 vitro studies.

Figure 7 shows normalized tumor volume as a function of time following systemic
administration of Pc 4 formulation at Day 0 and tumor photoirradiation at Day 2 for the four
study groups. Tumor volume ratio was calculated by normalizing with respect to the original
tumor volume three days (Day -3) before drug dosing (Day 0). Pc 4 formulation in 10%
Intralipid (a clinically used excipient made of soybean oil, egg yolk phospholipids, glycerin
and water) was used as a comparison control. As evident from the results, following
photoirradiation tumors treated with targeted and nontargeted Pc 4 nanoformulations, as
well as, those treated with the 10% Intralipid-based formulation all showed initial regression
(red, blue, and violet squares in Figure 7) whereas, the control tumors without
photoirradiation continued to grow (green triangles in Figure 7). The mice in the ‘no PDT’
(green triangles) group had to be euthanized by day 45 due to advanced tumor burden. For
both the targeted and the nontargeted formulation injection groups, the tumor regression
seemed to be similar until Day 30. However beyond this time point, the nontargeted
formulation injection group began to re-grow considerably. In contrast, the EGFR-targeted
nanoformulation injection group maintained significantly regressed tumors and this trend
was similar to the animals treated with the Intralipid-based Pc 4 formulation. It is important
to note here that the Intralipid formulation is effective in small animal model studies but
have limitations in clinical translation because of the similar uncontrolled biodistribution,
hypersensitivity and toxicity issues as Cremophor3-48. Our EGFR-targeted Pc 4
nanoformulation shows an 77 vivo PDT response in SCC-15 xenografts as effective as the
Intralipid formulation, indicating that the nanoformulation holds significant promise towards
clinical translation in the future.

Discussion

In the light of the aggressive and recurrent nature of H&N cancers, a treatment strategy that
can be safely repeated without significant functional and cosmetic damage to critical
neighboring healthy tissue while effectively eradicating malignant tissue, is of great clinical
significance. To this end, PDT holds excellent promise, as evident from several clinical
perspectives 11:13:49-51 |n the context of the drug-light-oxygen triad management for PDT
of H&N tumors, the tumor-selective delivery of photoactivating light can be conveniently
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achieved via specialized fiber-optic devices 125254 However, challenges still remain
regarding the choice of ideal photosensitizer drugs that have chemical purity of composition
and high molar absorptivity at tissue-penetrating light wavelengths, as well as, regarding
effective formulation of the photosensitizer that allows systemic administration yet tumor-
selective preferential uptake.

Compared to the clinically approved (FDA and EU-approved) PDT formulations like
Photofrin®, Foscan® and Laserphyrin® which consist of porphyrin and chlorin based
photosensitizers, Pc 4 has higher chemical purity and is activcated at deeper red wavelengths
(almost near infra-red) which allows for use of light with deeper tissue penetration. Pc 4 has
high molar absorptivity at this deep red wavelength (¢ = 2.4 x 10° M~ cm™1 at an
absorption maximum of 670 nm), compared to Photofrin (¢ = 1.2 x 103 M1 cm™1 at 630
nm), Foscan (¢ = 2.2 x 104 M1 cm™1 at 652 nm) and Laserphyrin (¢ = 4.0 x 10* M1 cm™1
at 654 nm) 25, This makes Pc 4 potentially a superior photosensitizer compared to the
current clinical porphyrin and chlorin molecules. Pc 4-PDT efficacy has been recently
demonstrated in several human cancers /7 vitro and model xenograftsin vivo*%6, Also, Pc 4
allows the red fluorescence during photoirradiation to be used as a surrogate measure of
delivered dose in tissues and cells °7. Pc 4-PDT acts by strong induction of apoptosis, with
the reactive oxygen species causing significant damage to mitochondria and endoplasmic
reticulum 8. A clinical trial of topically applied Pc 4 for PDT of dermal cancers has yielded
promising results at CWRU 8. In the Department of Head and Neck Surgery at Case
Western, preclinical studies on Pc 4-PDT of selected H&N tumor lines have shown

promise 9960 Therefore, there is significant clinical interest in enhancing Pc 4-PDT efficacy
in H&N cancers by improving tumor-selective delivery and intracellular uptake.

Regarding formulation of photosensitizers that allow for safe systemic administration yet
preferential or enhanced tumor uptake, all current clinical formulations are in lipidic or
organic surfactant systems which do not have any active mechanism for tumor-specific
uptake. As mentioned earlier, tumoral uptake of the photosensitizer for these formulations
are attributed to hydrophobic partitioning of the drug into plasma proteins and subsequent
uptake of the protein-drug complexes by lipoprotein receptors and tumor stromal matrix. For
systemic delivery, these mechanisms increase the risk of unpredictable pharmacokinetics
and biodistribution. In contrast, the targeted nanomedicine strategies that have shown
considerable benefit in tumor-selective delivery of chemotherapy agents might allow for
similar delivery pathways for photosensitizers and significantly improve pharmacokinetics
and resultant PDT efficacy. Utilization of such nanomedicine approaches for PDT is gaining
momentum, as evident from recent research efforts in formulation of various PS in a variety
of nanovehicle platforms and investigation of cell-specific targeted delivery of the various
PS-loaded nanovehicle formulations by using vehicle surface-decoration with receptor-
targeted antibodies, peptides and other small molecule ligands 22:23.61-63 Research on
nanomedicine strategies specifically for PDT of H&N cancers is a developing field, as
evident from some recent reports using iron oxide particles, PEG-PLA based polymeric
micelles and mesoporous silica nanoparticles 64-66, These nanovehicle platforms were not
reported to incorporate targeting moieties that facilitate receptor-mediated active uptake in
the H&N tumor cells and possibly relied on EPR-mediated passive uptake. We report a
polymeric micelle-based nanoformulation of the photosensitizer Pc 4 that is surface-
decorated with GE11 peptides that actively target and bind to EGFRs upregulated on H&N
tumor cells and can thereby undergo receptor-mediated internalization to render high uptake
of Pc 4. Our /n vitro data suggests that the rapid intracellular uptake of Pc 4 is due to
receptor-mediated active internalization of the Pc 4-loaded micelle nanovehicles triggered
by the binding of the vehicle surface decoration of GE11 peptides to the high EGFR
expression on the surface of SCC-15 cells. It has been recently reported elsewhere that
GE11 based EGFR-binding results in clathrin mediated endocytosis without induction of
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EGFR-signaling 7. This is a significant advantage compared to EGFR-targeting using
endogenous molecules like EGF, which may trigger EGFR-based signaling cascades that are
known to promote tumor cell survival and growth. We have demonstrated that our targeted
nanomedicine approach results in enhanced intra-tumoral Pc 4 delivery and resultant
improved PDT efficacy by both in vitroand in vivo. Therefore our nanomedicine strategy
can lead to a significant advancement in PDT technologies targeted to H&N cancers.

It is to be noted that our /n7 vivo pilot studies were carried out in a subcutaneous xenograft
model of SCC-15 in mice and hence the photoirradiation of the tumor could be achieved
relatively conveniently using an external laser. The mice that underwent PDT using the
targeted nanoformulation showed significantly regressed tumor for over two months. These
studies have demonstrated the /n vivo feasibility and efficacy of our photodynamic
nanomedicine strategy, and have provided the basis for continued studies focused on PDT
efficacy in not only regressing tumors, but also on long term cure and survival. An
interesting observation is that the tumor regression results for the EGFR-targeted
nanoformulation injected group were quite similar to the Intralipid formulation injected
group, although the uptake data suggests that the Intralipid formulation results in lower
amounts of intra-tumoral Pc 4 delivery compared to the EGFR-targeted formulation. We
speculate that the pathway of cellular internalization and subsequent pattern of intracellular
distribution of Pc 4 formulated in Intralipid is very different from that formulated in the
EGFR-targeted (as well as non-targeted) polymeric micelles, and this may have an effect on
the subsequent PDT response upon photoirradiation. The actual mechanisms of intracellular
uptake and distribution of drugs formulated in Intralipid (and other lipid emulsion systems)
is not at all well-documented in literature and most studies in this context focus on in vivo
overall biodistribution and pharmacokinetics at the tissue level. The general consensus
regarding such lipid emulsion formulated drugs is that in vivo the drugs can partition from
the emulsions into lipoproteins that are then subsequently bound and internalized by
lipoprotein receptors (e.g. LDL receptors) upregulated on target cells. Such uptake and
distribution patterns of Pc 4 in Intralipid formulations may result in increased localization of
Pc 4 in cellular organelles that allow for increased PDT effect with lower amount of Pc 4,
leading to comparable cell-killing with higher amount of Pc 4 nanoformulation that is taken
up via EGFR-mediated lysosomalendocytotic pathway. Our ongoing studies are focused on
elucidating such mechanistic possibilities and the results from these studies will be part of
future publications. Furthermore, future studies will be focused on orthotopic models of
H&N SCCs where targeted nanomedicine strategies for photosensitizer delivery can be
integrated with specialized fiber-optic technologies for light delivery, to evaluate the
translational capabilities. In addition, our EGFR-targeted photodynamic nanomedicine
formulation can become potentially applicable toward developing PDT strategies for several
other EGFR-overexpressing tumors 6.

Conclusion

PDT can become a safe and effective treatment modality for H&N cancers, especially where
repeated treatment is required due to the aggressive and recurrent nature of the cancers. To
achieve this, in parallel with the ongoing development of tumor-selective light delivery
technologies, it is necessary to develop photosensitizer formulations that can be
administered systemically but can render enhanced preferential uptake of the drug in the
tumor. To this end, we have developed a polymeric micelle-based nanoformulation of the
photosensitizer Pc 4 that is targeted via GE-11 peptide decorations to EGFRs upregulated on
H&N cancer cells. Our /n vitro studies show that this EGFR-targeted Pc 4 nanoformulation
results in faster and higher uptake in EGFR-overexpressing H&N SCC15 cells and renders
significant cell-killing with drastic reduction of clonogenictity. Our pilot /n7 vivo studies in
H&N SCC15 xenografts in mice demonstrate the ability of this EGFR-targeted Pc 4
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rmulation to render high intra-tumoral uptake and post-PDT significant tumor response.

Altogether, these results show the feasibility and promise of a cell-targeted photodynamic
nanomedicine strategy that can be effective for treatment of H&N cancers.
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EPR-mediated passive targeting and subsequent receptor-mediated cell-specific active
targeting of the drug (e.g. photosensitizer Pc 4) nanoformulation in tumor; the cancer cells
can subsequently undergo PDT-induced death upon photoirradiation.
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Figure2.

Intracellular uptake of Pc 4 formulations expressed as a percentage of total Pc 4 amount
incubated with the EGFR-expressing SCC 15 cells; the EGFR-targeted Pc 4 formulation
renders faster and higher uptake of Pc 4 in the cells.
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Pretreatment 5 min 10 min 15 min 60 min 2 hours 4 hours

SCC-15

Representative confocal microscopy images showing uptake and intracellular fate of
targeted and nontargeted Pc 4 nanoformulations in EGFR-overexpressing cells (SCC-15)
and low-EGFR cells (MCF-7); all cells are stained with Lysotracker ® lysosomal stain
(green) and Hoechst nuclear stain (blue), while Pc 4 is detected by its inherent red
fluorescence; EGFR-targeted Pc 4-nanoformulation shows significantly enhanced rapid
uptake and intracellular distribution in EGFR-overexpressing SCC15 cells.
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Figure 4.

SCC 15 cell response to PDT (post-PDT viability) with various doses of Pc 4 delivered via
the EGFR-targeted nanoformulation; without photoirradiation there is minimal cell death
(no dark toxicity), while with photoirradiation significant cell killing was observed.
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Figureb5.
Results from clonogenic assays to evaluate PDT response with 400 nM Pc 4 delivered via

EGFR-targeted nanoformulation; without photoirradiation, the cells efficiently grew and
formed colonies, while upon photoirradiation, the re-growth and colony-forming capability
were significantly reduced.
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Figure®6.

(A) shows PDT schematic for the /n vivo studies, (B) shows OPS-measured skin
concentrations of Pc 4 over 5 days (with the first 6 hrs in magnified inset) while (C) shows
OPS-measured tumor concentrations of Pc 4 over 5 days (with the first 6 hrs in magnified
inset) when delivered intravenously by the different formulations; the EGFR-targeted Pc 4
formulation shows higher intra-tumoral uptake and retention of Pc 4 over time compared to
the non-targeted and the Intralipid-based Pc 4 formulations.
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Figure7.

PDT efficacy as measured by post-PDT normalized tumor volume ratio; following PDT, the
animals injected with the EGFR-targeted formulation exhibited regressed tumor volume
over longer periods of time (greater PDT response), compared to the non-targeted
formulation.
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