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Abstract

Targeted photosensitizer delivery to EGFR expressing cells was achieved in the present study
using a high purity, targeted photoimmunoconjugate (PIC). When the PDT agent, benzoporphyin
monoacid ring A (BPD) was coupled to an EGFR-targeting antibody (cetuximab), we observed
altered cellular localization and selective phototoxicity of EGFR-positive cells, but no
phototoxicity of EGFR-negative cells. Cetuximab in the PIC formulation blocked EGF-induced
activation of the EGFR and downstream signaling pathways. Our results suggest that
photoimmunotargeting is a useful dual strategy for the selective destruction of cancer cells and
also exerts the receptor-blocking biological function of the antibody.
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1. INTRODUCTION

Ovarian cancer is currently the fifth most lethal cancer among women in the United States
[1]. Unfortunately, there is not an established curative treatment option for patients with
ovarian cancer. Photodynamic therapy (PDT) is an emerging alternative or complementary
treatment option for cancers that are unresectable or refractory to conventional therapies [2;
3; 4]. This strategy has garnered interest because prior treatment with chemotherapy,
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ionizing radiation, or surgery does not preclude patients from receiving PDT [5], and PDT
treatment does not interfere with the pharmacokinetic and pharmacodynamic properties of
other anti-neoplastic agents [6]. Furthermore, PDT has been shown to sensitize cancer cells
to chemotherapeutic and biologic agents [7] and directly stimulates cell death by bypassing
apoptotic machinery [8; 9] making it an attractive approach to treat malignancies with poor
prognosis such as ovarian cancer.

The principle mode of action for photodynamic therapy is through the generation of active
molecular species created by excitation of a nontoxic chemical (known as a photosensitizer),
thus producing localized toxicity [10]. PDT has yet to advance beyond clinical trials for
ovarian cancer, where median patient survival for those treated with the first generation
photosensitizer, Photofrin®, exceeded expectations for patients with pleural and peritoneal
disease treatment compared to standard therapeutic regimens [11; 12]. While these trials and
others have demonstrated the utility of PDT for intraperitoneal cancers, dose limiting
toxicities such as bowel perforations [13] and tissue damage to the serosal surfaces in the
peritoneal cavity [11] have been observed. The use of sub-optimal treatment parameters
including a lack of photosensitizer tumor selectivity has limited therapeutic response, but
these trials illustrate the promise of the technology [11; 12; 13; 14].

One strategy to improve treatment response is to combine PDT with non-overlapping
therapeutic modalities. The epidermal growth factor receptor (EGFR) is an attractive target,
with over-expression being correlated to poor prognosis in many cancers including ovarian,
colorectal carcinoma, head and neck, lung, and pancreatic cancer among others [15].
Monoclonal antibodies (mAb) targeting the EGFR, including the chimeric immunoglobulin
G1 (IgG1l) anti-EGFR mAb cetuximab (C225) have proven modestly effective for managing
some of these diseases alone and somewhat more effective in combination with
mechanistically non-overlapping therapeutic modalities [16; 17]. We have demonstrated that
cetuximab in combination with PDT resulted in synergistic reduction in tumor burden and
increased overall survival in a preclinical model of disseminated ovarian carcinamatosis
[18]. This work has helped form the basis of large animal studies in preparation for clinical
trials [19], but the approach of using cetuximab and PDT in two steps still lacks the level of
selectivity desired for optimal treatment.

Motivated by these encouraging findings, we have developed a high-purity, functional
photosensitizer immunoconjugate (PIC) capable of simultaneous delivery of the long
wavelength absorbing photosensitizer benzoporphyrin derivative monoacid A (BPD) and the
EGFR-targeting antibody, cetuximab [20; 21]. The strategy of photoimmunotargeting (PI1T)
first reported by Mew et al in the 1980s [22], and further developed by many groups
including ours, showed promise as an approach for treating diseases with complex
dissemination such as ovarian cancer where mitigating damage to healthy tissues is essential
[21; 23]. This strategy allows for simultaneous delivery of two non-overlapping therapies
with the likelihood for greater therapeutic benefit than with either agent alone. It also
provides the potential for lower doses of each agent thus lowering associated toxicities.
Unfortunately, early PIC formulations were often confounded by aggregation and the
presence of free photosensitizer impurities making interpretation of previous work,
including our own, challenging. To overcome aggregation we conjugated cetuximab with a
10 kDa two-branched polyethylene glycol (PEG) and minimized the presence of free
photosensitizer by optimizing the photosensitizer:antibody ratio [21].

In the present study, we build on previous work describing the photophysical and biological
properties of the PIC [20; 21] and investigate the effect of photoimmunotargeting on the key
molecules along the EGFR signaling pathway. We demonstrate that cetuximab retains
EGFR targeting capacity and biological activity following conjugation with BPD.

Cancer Lett. Author manuscript; available in PMC 2013 August 28.
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Furthermore, we show that conjugation of BPD to cetuximab alters the /n vitro subcellular
localization of BPD from the mitochondria [24] to the lysosomes, which corresponds with
the subcellular localization observed for free cetuximab [25]. The presence of cetuximab as
a single agent or as part of the PIC similarly inhibited EGF-induced phosphorylation of
EGFR and two downstream molecules, Akt and MAPK/ERK that are part of the pathways
involved in growth arrest chemosensitivity and angiogenic effects. Collectively, these data
show that our PIC is functional at targeting and inhibiting the biological function of the
EGFR and that simultaneous administration of a PDT agent and EGFR inhibitor, as enabled
by this method, may offer some advantage over separate administration.

2. MATERIALS AND METHODS

Materials

Cetuximab was provided by ImClone, Inc. (New York, NY), in a 2 mg/ml stock solution.
BPD was a gift from QLT Inc. (Vancouver, BC, Canada) and kept at 4 °C in the dark. EGF
was obtained from R & D Systems Inc. (Minneapolis, MN). All other reagents were of
analytical grade.

Cell lines—NIH:OVCAR-5 cells (OVCAR-5) were obtained from Thomas Hamilton, Fox
Chase Cancer Institute (Philadelphia, PA) and maintained in RPMI-1640 (Mediatech Inc.,
Herndon, VA) supplemented with 10% heat-inactivated fetal bovine serum (FBS, GIBCO
Life Technologies, Grand Island, NY), 100 U/ml penicillin, and 100 pg/ml streptomycin.
CHO cells stably transfected with EGFR full-length receptor (CHO-EGFR) or HER2 (CHO-
HER2) were grown in Ham’s F12 selective media (containing 0.8 pg/ml G418/neomycin)
with 10% FBS. The parent cell line (CHO-WT) was maintained in non-selective Ham’s F12
complete media. These cells were kindly provided by Dr. T. Heitner [26], Department of
Anesthesiology, UCSF, San Francisco, CA.

Preparation of the BPD-cetuximab conjugate—Conjugates of BPD and cetuximab
were prepared by modifying a previous protocol [20; 21]. Briefly, the A-
hydroxysuccinimide ester of BPD was reacted with cetuximab, which had previously been
PEGylated. The resulting PIC was purified on a Sephadex G-50 column (Amersham
Pharmacia Biotech Inc., Piscataway, NJ) or a Zeba spin desalting column (ThermoScientific
Rockford, IL). The purity of PIC was confirmed using gel electrophoresis (Ready Gel 5%
Tris-HCI, Bio-Rad Laboratories). The molar ratio of photosensitizer (PS) to mAb was
measured using a BCA protein assay (Pierce, Rockford, IL) to determine protein content and
absorbance spectroscopy at 690 nm to determine PS content. Typically, the conjugates used
in this study had a PS:mAb molar ratio of 7:1.

Subcellular localization—The subcellular localization of BPD, PIC and cetuximab were
established by confocal microscopy as described in detail previously [27; 28]. In order to
visualize cetuximab, the antibody was labeled using an antibody labeling kit as directed by
the manufacturer (Invitrogen). Cells were grown on coverslips, incubated for 40 hours with
cetuximab-Alexa488, cetuximab-Alexa647, BPD or BPD-cetuximab, fixed in 4% formalin
for 15 minutes, washed in PBS, and then mounted on microscope slides using SlowFade
Gold Antifade reagent (Invitrogen, Carlsbad, CA). Confocal laser fluorescence microscopy
was carried out using an Olympus F\V1000 hyperspectral laser scanning confocal and
multiphoton microscope. For this study, a 0.8 NA 40X LUMPLFL objective was used. Co-
localization studies were performed by co-incubating the cells for the final 45 to 60 minutes
of the total 40 hour incubation period with either 100 nM LysoTracker® Red DND-99 for
staining of lysosomes or 100 nM MitoTracker® Orange CM-H2TMRos for staining of
mitochondria, respectively (Invitrogen). For presentation purposes, each organelle stain has
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been pseudocolored green while the agents of interest (BPD, PIC, and cetuximab) have been
pseudocolored red. Colocalization was determined using the Matlab programming toolKkit
(Mathworks) and the open-source LOCI tools. Briefly, raw image data was passed through
to create a mask for organelle fluorescence that was used to determine colocalization with
the fluorophore of interest (BPD or cetuximab).

Photosensitizer binding—Binding of BPD and BPD-cetuximab conjugate in
OVCAR-5, CHO-WT, CHO-EGFR, and CHO-HER?2 cells was measured as previously
described [27]. Briefly, cells were incubated for 15 hours with either BPD or the PIC and,
after washing, solubilized in 1% SDS/0.1 M NaOH or incubated with Solvable (Perkin
Elmer, Waltham, Ma) for 2 hours at 37°C. Fluorescence was measured, compared to
standards prepared from known concentrations of BPD or PIC, and calculated as pmol of PS
per mg cell protein. To assess the targeting ability of the PIC, ratios of PIC-associated BPD
binding to free BPD binding were calculated; this ratio represents the selectivity conferred
by the PIC.

Photodynamic Therapy—A solid-state diode laser (BWF 690-1, B&W TEK, Newark,
DE) delivered monochromatic light (690 +/— 5 nm), which overlaps closely with the
absorption maximum of BPD (690 nm). This light was focused to a spot of 3.5 cm diameter
with an irradiance of 40 mW/cm?2. PDT using BPD or BPD-cetuximab PIC was performed
as previously described [29]. OVCAR-5 or CHO cells were plated in 35 mm dishes,
incubated with BPD or PIC for 15 hours, and subsequently illuminated with either 0.5
(BPD-PDT) or 20 J/cm? (PIC-PDT) of light. MTT assay was performed or cell lysates were
prepared for Western blotting 24 hours after PDT. In one set of experiments, cells
underwent a single wash step with fresh culture medium before illumination in order to
remove any loosely bound BPD or BPD-cetuximab conjugate.

Cytotoxicity—The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, which measures mitochondrial dehydrogenase activity, was used. Cells were
incubated with 0.5 mg/ml MTT for 1 hour to measure its reduction by mitochondrial
dehydrogenases as recommended by the manufacturer (Sigma).

Western blotting—In order to examine the EGF-induced phosphorylation of the EGFR as
well as phosphorylation of two associated downstream signaling molecules following PDT,
OVCAR-5 cells were incubated with cetuximab or PS in the form of BPD or BPD-
cetuximab PIC. Samples were in duplicate for each treatment group. Samples incubated with
PS were exposed to no light or a light dose sufficient to induce ~50% cytotoxicity. The
concentration of BPD in the PIC was 250 nM BPD equivalent. The concentration of
cetuximab (approximately 37 nM), corresponded to the amount of cetuximab present in the
PIC (BPD: cetuximab « 7:1). 24 hours post treatment one of the plates was incubated with
10 ng/ml EGF for 15 minutes to stimulate EGFR activity prior to harvesting whole cell
lysates for Western Blotting. Thus, there were a total of 12 different treatment conditions.
After protein determination by a modified Lowry assay (Biorad, Hercules, CA), the lysates
were run on SDS-PAGE, transferred to a PVDF membrane (Immobilon-P, Millipore,
Bedford, MA), and probed with the first antibody. The following antibodies were purchased
from Cell Signaling (Danvers, MA): anti-EGFR tyr 1068 (Product ID: 2234), anti-phospho-
Akt ser 473 (Product ID: 4058), Anti-Akt (Product ID: 9272), anti- p-actin (Product ID:
4970), Phospho-p44/42 MAPK (Erk1/2) (Product ID: 4377), p44/42 MAPK (Erk1/2)
(Product ID: 4695), and Anti-rabbit IgG, HRP-linked Antibody (Product ID: 7074). Anti-
EGFR was obtained from Millipore (Product ID: 06-847, Billerica, MA). Protein bands were
detected using the SuperSignal West Femto Maximum Sensitivity Substrate enhanced
chemiluminescence (ECL) kit (Thermo Scientific, Rockford, IL) on a Kodak Image station
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4000R equipped with molecular imaging software to perform densitometric analysis. Signal
intensities were normalized to actin signals. Data were normalized relative to untreated
controls.

Statistical Analysis

A paired, two-tailed Student’s t-test was used to compare the mean viability of samples that
were left untreated (NT-no treatment control) or treated with different doses of
photodynamic therapy. Values were determined by evaluating response in three or more
independent experiments with samples collected in triplicate for each experiment.
Comparisons of viability were made in the same cell line; biological variation among
different cell lines hinders comparison between cell lines. Co-localization of BPD and BPD-
cetuximab with MitoTracker and LysoTracker was assessed using a custom MatLab
algorithm that assigns a numerical value for the percent of photosensitizer that is present in a
particular cellular compartment in confocal image stacks taken using an Olympus FV1000.
Statistical comparisons between the cellular compartmentalization in a given cell line was
made by taking at least four fields per dish in at least three independent experiments
resulting in over one hundred cells analyzed per condition. Colocalization percentages were
then compared using one-way ANOVA with a Tukey’s multiple comparison test.

3. RESULTS

BPD-cetuximab selectively binds to EGFR-positive cells

The EGFR-targeting capacity of cetuximab following conjugation with BPD was assessed in
EGFR-negative (CHO cells transfected with control vector or HER2 vector) and EGFR-
positive (CHO cells transfected with EGFR and the ovarian cancer cell line, OVCAR-5)
cells. Whole cell lysates were harvested for Western blot analysis of EGFR status (Figure
1A). EGFR expression in EGFR-negative cell lines was negligible compared to the EGFR-
positive cell lines used.

Quantitative binding of free BPD and the PIC (BPD equivalents) to EGFR-positive and
EGFR-negative cell lines was established by fluorescence spectroscopy of the lysed cells
and expressed as the ratio of cell-bound PIC content to cell-bound free BPD content (Figure
1B). The EGFR-negative cell lines evaluated (CHO cells and CHO cells transfected with an
EGFR family member, HER?2) exhibited very limited binding of BPD-cetuximab (ratios of
PIC binding to free BPD binding of 0.02 and 0.11, respectively). In CHO-EGFR cells, the
BPD-cetuximab binding was slightly higher than that of free BPD (a ratio of 1.26). In
OVCAR-5 cells, the ratio of PIC to BPD binding was significantly greater than in CHO cells
transfected with either the control vector or HER2 (Student’s T-test p < 0.005). While not
statistically significant, the PIC:free BPD binding ratio was lower in the OVCAR-5 cells
than in the CHO-EGFR cell line, which appears to reflect the fact that EGFR expression is
somewhat lower in OVCAR-5 cells compared to CHO-EGFR cells. By comparison to cells
that do not express the receptor, CHO-EGFR and OVCAR-5 cells selectively bind to and/or
take up the PIC relative to free BPD. Importantly, these results demonstrate the specificity
of PIC binding to EGFR-expressing cells and minimal binding to HER2 expressing cells
(HER2 is an EGFR-family member but distinct from the EGFR). This differential binding to
EGFR-expressing cells is one of the important determinants of selectivity of the PIC-based
approach.

Conjugation of BPD to cetuximab alters cellular localization

The preferential interaction of the PIC with target cells was established by cellular
localization of the PICs using confocal laser microscopy. One of the benefits to coupling a
PS to a targeting agent instead of a traditional cytotoxic therapeutic is that one can visualize
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the fluorescence to determine the accumulation of the PS in cells and tissues. Without
conjugation to a targeting moiety, BPD lacks selectivity and accumulates in both EGFR-
positive and EGFR-negative cell lines (Figure 2A and B). Conjugation of BPD to cetuximab
results in EGFR selective binding, as demonstrated by the BPD fluorescence observed in the
CHO-EGFR cells (Figure 2D) and lack of BPD fluorescence in EGFR-negative cells (CHO-
HERZ2; Figure 2E).

The change in staining pattern of BPD fluorescence led us to investigate the cellular
localization of BPD-cetuximab in the EGFR-expressing OVCAR-5 cell line. Previous
studies have reported that BPD fluorescence co-localized with MitoTracker [27; 28];
however, we observed a rather heterogenous pattern of BPD fluorescence. To address this
we incubated cells with equivalent BPD concentrations of BPD and PIC and co-stained with
fluorescent dyes that label the mitochondria (MitoTracker) and lysosomes (LysoTracker).
Using a custom image analysis routine to batch process confocal image data of 10, 1.0-um
step z-planes per field we were able to determine the percentage of total BPD fluorescence
that co-localized with MitoTracker or LysoTracker (pseudocolored green in Figure 3). In
each of the figures BPD (as a single agent or formulated as the PIC) has been pseudocolored
red. As shown in Figure 3B the PIC increased BPD accumulation in the lysosomal
compartment as a shift in co-localization with LysoTracker (Figure 3B and 3D) from 10% +/
- 1% to 51% +/- 4.5% was observed. We performed a one way ANOVA with Tukey’s
Multiple comparison test to compare the percentage of BPD with the percentage of PIC that
co-localized with mitochondrial and lysosomal dyes. [Lyso: P< 0.05, Mito: P >0.05]. In
addition, we found that the localization of cetuximab (pseudocolored red) in the lysosomes
is not significantly different from that of the PIC formulation (Figure 3B and 3D).
Collectively, these results suggest that the PIC construct was reliable in that its binding to
cells is dependent on the expression level of EGFR in target cells, and that EGFR positive
cells internalize the PIC formulation through vesicle-mediated transport into lysosomes,
which has been noted for cetuximab in the absence of conjugation [25]. Accumulation of
BPD associated with the PIC in the lysosomes could explain observed differences in
photosensitization efficacy between free BPD and the PIC.

PIC Phototoxicity is enhanced in EGFR expressing cells

The specific binding of the PIC (BPD concentration of 250 nM) translated into significantly
(p<0.05) higher phototoxicity in the CHO-EGFR cells compared to the CHO-HER2 (EGFR
negative) cells 24 hours after illumination (Figure 4). At a light dose of 20 J/cmZ, the cell
viability for CHO-EGFR cells treated with BPD-cetuximab PIC decreased to less than 20%
of NT control, while the viability of the CHO-HER?2 cells treated with BPD-cetuximab PIC
was about 60%. To demonstrate the selective binding of the PIC under /n vitro conditions
that represents a closer approximation to the /7 vivo situation where cells are washed many
times over by blood and lymphatic fluids we included an additional wash step to remove
excess BPD-cetuximab that was not bound to the EGFR prior to illumination. Under these
conditions, the phototoxic effects of BPD-PDT alone or in combination with cetuximab
were not altered by the additional wash step. However, the specificity of the PIC-induced
phototoxic effects was more pronounced. By washing the EGFR-negative CHO-HER2 cells
the effects of illumination was negligible, with a cell viability of 99%. Therefore,
phototoxicity observed in CHO-HER?2 cells in the absence of washing was likely due to
non-specific PDT. However, when the CHO-EGFR and EGFR-expressing OVCAR-5 cell
lines were washed prior to illumination the PIC-induced phototoxicity was comparable to
that observed in cells that were not washed prior to irradiation. The absence of the “wash”
on target cells may be attributed to the internalization of the PIC, suggesting that the
phototoxicity for these cells is predominantly due to selective PIC internalization rather than
non-specific sticking of the PIC on the cell surface. It is also possible that the level of
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stickiness of the two cell lines is different. One may speculate that the additional "wash-
step"” protocol could explain the higher /in vivo specificity previously noted for PIC-PDT
[30; 31]. In contrast, free BPD caused significant decrease in cell viability for both CHO-
EGFR and CHO-HER2 cells, as measured with the MTT assay 24 hours after exposure to
red light. All cell lines evaluated showed less than 15% viability at a light dose of 2 J/cm?
(data not shown). The above results established that the BPD-cetuximab PIC was specific
for the EGFR-transfected CHO cells and the EGFR-expressing ovarian cancer cell line
OVCAR-5.

Photoimmunotargeting affects EGFR phosphorylation and its downstream signaling

In the next step, we investigated whether the biologic activity of cetuximab was retained
following chemical conjugation with BPD. Specifically, we assessed the ability of EGF to
induce activation of the EGFR signaling cascade by evaluating phosphorylation of the
EGFR and two downstream signaling molecules (Akt and MAPK/ERK) in OVCAR-5 cells
treated with BPD-PDT, cetuximab alone, PIC alone, or PIC-PDT. Cells were exposed to the
LDsgq for BPD-PDT or PIC-PDT as described above, and then 10 ng/ml EGF was added to
the media at 37°C during the last fifteen minutes of the 24 hour incubation in order to
stimulate the EGFR signaling cascade. In the absence of cetuximab, activation of the EGFR
signaling pathway was observed, as can be seen by the increased phosphorylation of the
EGFR, Akt (Figure 5A) and MAPK/ERK (Figure 5B). However, in the presence of
cetuximab (either as mADb alone or in the BPD-cetuximab PIC), activation of the EGFR,
Akt, (Figure 5A) and MAPK/ERK (Figure 5B) was inhibited even in samples treated with
PDT. Densitometric analysis of the individual bands relative to f-actin and total EGFR
show that BPD-PDT treated samples were more responsive to EGF stimulation of EGFR
activity than control cells; for BPD-PDT treated samples, the addition of EGF stimulated
phosphorylation of EGFR to 180% of that observed in the no treatment control (Figure 5A).
Similarly, EGF-induced phosphorylation of the downstream signaling molecules Akt and
MAPK/ERK after BPD-PDT was increased by 190% and 235% compared to the no
treatment control (Figure 5A and B). These results suggest that PDT alone may sensitize the
cells to EGFR stimulation and subsequent Akt phosphorylation (Figure 5A). In contrast, the
cetuximab component of the PIC effectively inhibited the sensitization of EGFR signaling as
demonstrated by the reduced capacity of EGF to induce EGFR, Akt, and MAPK/ERK
phosphorylation (Figure 5A and B).

4. DISCUSSION

Development of therapeutics that target mediators of cell proliferation and survival, such as
EGFR and its family members, is a major quest in cancer research. For example, cetuximab
mitigates proliferative signals initiated by EGFR signaling and has been licensed for the
treatment of colorectal cancer [32], with subsequent approvals for use in non-small cell lung
cancer and squamous cell carcinoma of head and neck cancer [15]. It is also used
investigationally or on compassionate grounds for other cancers [33; 34]. Subsequent studies
have demonstrated that when cetuximab is used in combination with non-overlapping
therapies, overall survival increases for patients with colorectal cancer [35] and squamous-
cell head and neck cancer [36]. In keeping with this theme, many preclinical investigations
have demonstrated that growth factor signaling inhibition in combination with PDT offers
improved therapeutic outcome compared to either approach as a monotherapy [18; 37; 38].
While these strategies have shown promise, they fail to address the pressing issue of
photosensitizer tumor selectivity that has been described as a limiting factor in PDT-based
clinical trials for intraperitoneal cancers [11; 12].

To address the issue of selectivity, many groups, including ours, are investigating ways to
improve selective delivery of drugs and photosensitizers through chemical conjugation to
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monoclonal antibodies and other targeting moieties [20; 21; 29; 39]. The current study
demonstrated that when cetuximab is conjugated to BPD, its anti-EGFR activity and
phototoxic abilities are retained, thus providing a combination therapy with a single agent
administration. Simultaneous delivery of multiple agents overcomes limitations imposed by
sequential administration of biological therapies such as bevacizumab (Avastin) that causes
blood vessel remodeling [40]. The observations made in the present study demonstrate that
conjugation of BPD to cetuximab results in exquisite targeted delivery of the PIC to EGFR-
expressing cells. The BPD-cetuximab PIC selectively binds to and induces phototoxicity in
EGFR-positive cell lines while largely sparing EGFR-negative cells, including a HER2
expressing cell line (HER2 is a related EGFR family member but is distinctly different from
the EGFR). Moreover, when an additional wash step prior to irradiation was incorporated to
more closely mimic in vivo administration where blood and lymphatic fluids wash away
agents that are not tightly bound to their targets, PIC phototoxic selectivity was further
improved. The additional "wash-step" could explain the higher /in vivo specificity previously
noted for PIC-PDT [30; 31]. Conjugation of BPD to cetuximab also altered the localization
of BPD from the mitochondria to the lysosomes, suggesting that the PIC follows vesicle-
mediated transport, as has been noted for cetuximab [25]. Localization of the PIC to
lysosomes, which are less photosensitive with respect to apoptosis than the mitochondria
[41; 42], may account for the observed decrease in phototoxic efficacy of the PIC relative to
the free PS. Nonetheless, the decreased phototoxic efficacy of the PIC should be
surmountable by increasing the administered light dose.

Our observations regarding the inhibition of EGFR, Akt, and MAPK/ERK phosphorylation
by cetuximab alone and the PIC appear to corroborate the observations of enhanced
effectiveness of cytotoxic therapies in the presence of cetuximab, as observed in both
preclinical and clinical studies [15]. The biological activity of the cetuximab component of
the PIC was demonstrated by the inhibition of EGF-induced phosphorylation of EGFR and
downstream signaling molecules (Figure 5). Both the RAS-MEKK-MAPK/ERK and the
PI13K-PDK-Akt pathways are involved in proliferation of cells, either directly or via the
inhibition of apoptosis. After activation by the RAS-MEKK-MAPK/ERK pathway, MAPK/
ERK can translocate to the nucleus, where it can activate transcription factors that are
involved in mitogenesis [43]. Akt is involved in regulation of the cell cycle regulating
protein, cyclin D, and upon activation of Akt, cells can enter the cell cycle [44]. The
receptor tyrosine kinase inhibition activity of cetuximab blocks subsequent receptor
phosphorylation, thereby inducing cell cycle arrest through induction of the tumor
suppressor protein p27 [45; 46]. An important target of both MAPK/ERK and Akt is BAD,
which upon phosphorylation by both MAPK/ERK and Akt, can release the anti-apoptotic
molecule Bcl-2, thereby conveying a survival signal for the cells [47; 48]. BAD
phosphorylation has been implicated in the occurrence of platinum resistance in ovarian
cancer cells. Cisplatin induces the PI3K-Akt-BAD cascade and this pathway might be
involved in the induction of DNA repair. Consequently, inhibition of either the PI3K
pathway or the MEK-MAPK/ERK pathway, resulting in inhibition of BAD phosphorylation,
sensitized cells to cisplatin treatment [49]. Oxidative stress responses initiated following
PDT can lead to the degradation of the EGFR immediately following PDT [38; 50];
however, in the present study we demonstrate that PDT sensitizes EGFR expressing
OVCAR-5 cells to EGF-induced phosphorylation of EGFR and downstream signaling 24
hours following PDT (Figure 5). These phosphorylation events were inhibited by cetuximab
alone or as part of the PIC. Consistent with these observations, the cetuximab in the PIC is
still functional and maintains selectivity without any significant mistargeting even within the
same EGFR family (e.g., HER2), as shown in Figure 4.

This PIC-based strategy allows for simultaneous administration of multiple agents in a
single dose and offers targeted delivery of the cytotoxic compound to the tissue of interest.
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Previous coupling efforts targeted conventional tumor-associated antigens that are shed into
the circulation from tumor cells, e.g., the CA125 antigen [23; 51]. More recent efforts have
focused on targeting antigens that are highly expressed in cancer cells such as the EGFR or
HER2 [20; 52; 53; 54]. EGFR-targeted delivery of photosensitizers could have broad
clinical implications, given that many cancers overexpress EGFR [15]. The potential
advantages are twofold: 1) Improved selectivity should reduce off-target effects of PDT in
healthy tissues allowing application of PDT to complex sites in a broad range of cancers
and 2) improved contrast when using BPD fluorescence to guide treatment planning [55].
The results presented in this study are encouraging and have inspired us to investigate the
potential of BPD-cetuximab PDT as a dual purpose treatment and diagnostic imaging agent
in a murine model of disseminated ovarian cancer, which might also be applicable to other
diseases as well. Photosensitizers are currently used to detect bladder and to guide surgical
resection of cancer [56], and have become especially valuable in guiding surgical resection
and treatment of malignant gliomas [57; 58]. Intraperitoneal PDT using the first generation
photosensitizer Photofrin resulted in prolonged disease-free survival, and a median survival
of 21 months despite the advanced stage of disease found in the patients [12]. Bowel
perforation and fistula formation were some of the major dose-limiting toxicities noted in
previous clinical trials of intraperitoneal disease [13]. These complications along with
prolonged skin photosensitivity are primarily the result of non-specific accumulation of the
photosensitizer, Photofrin. Despite these limitations, encouraging results from previous trials
from the pioneering work at the National Cancer Institute [13] and groups at the University
of Pennsylvania [11; 12; 14] suggest that PDT could be an effective modality for treating
ovarian cancer if the challenge of non-specific photosensitizer accumulation can be
overcome. Another potential advantage of PDT is that reports suggest it is effective against
cancer cells that show resistance to standard chemo and radiation therapies [7]. Therefore, a
more selective PDT agent that has a dual targeting capacity, such as in the PIC described in
this study, enhances the potential of the PIC therapeutic approach significantly. The 40 hour
incubation noted in this study for effective cell killing is a reflection of a mixture of optimal
selectivity and cellular uptake. Prior work with PICs, both by us others [21; 39; 54; 59], has
shown that this delay between PIC and light administration does not result in skin
phototoxicity, although this issue requires further study. As with any targeted therapy, the
efficacy will be limited by the degree of expression and the functionality of the target. The
approach developed here could be used for other targets. With the availability of bispecific
antibodies and advances in nanotechnology, therapies could be directed to several targets
simultaneously. These approaches are under investigation in several laboratories including
ours. Overall, our data show that the approach is promising and merits further investigation
in vivo in appropriate animal models to establish its potential utility for the treatment of
advanced ovarian cancer.
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Figure 1. BPD-cetuximab PIC selectively bindsto cells expressing EGFR

A) Representative western blot of whole cell lysates obtained from CHO cells stably
transfected with control vector (WT), EGFR, or HER2 and OVCAR-5 ovarian cancer cells.
Blots were probed with anti-EGFR antibody and anti-beta-actin to demonstrate equal
loading of each sample. Densitometric analysis of EGFR expression level normalized to
beta-actin loading control is indicated below each lane. B) Relative BPD binding in cell
lines with different expression levels of EGFR: The ratio of BPD-cetuximab PIC extracted
from cells to BPD extracted from cells is shown (a: p < 0.01 as compared to CHO-WT cells,
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b: p <0.01 as compared to CHO-HER?2 cells; the BPD-cetuximab:BPD ratio was not
statistically significant different between CHO-EGFR cells and OVCAR-5 (p = 0.07))
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Figure 2. BPD-cetuximab PIC formulation improves selective delivery of BPD

In OVCAR-5, CHO-EGFR and CHO-HER?2 cells, fluorescence was imaged using confocal
microscopy to demonstrate the lack of selectivity for BPD (A, B, and C) compared to the
high selectivity for the BPD-cetuximab PIC (D, E, and F) and Alexa Fluor 488 labeled
parent antibody cetuximab (G, H, and I). Cells were incubated for 40 hours with 250 nM
BPD or 250 nM BPD-cetuximab, fixed in 4% formalin, washed in PBS and directly
visualized as described in Materials and Methods. All images were acquired using the same
laser intensities to excite BPD and AF488 fluorescence followed by uniform processing
using ImageJ software.
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Figure 3. Céellular localization of BPD is altered by conjugation to cetuximab

Confocal fluorescence images show the subcellular localization of BPD and PIC in EGFR
expressing OVCAR-5 cells. (A) Cells were incubated for 40 h with 250 nM BPD
equivalents using BPD or BPD-cetuximab PIC, or 37 nM cetuximab labeled with Alexa
Fluor 647 (shown in red). During the final hour of incubation (A) 100 nM MitoTracker
(pseudocolored Green) or (B) 100 nM LysoTracker (pseudocolored Green) was added to the
media to stain the respective organelles. The BPD fluorescence pattern is more
mitochondrial, whereas cells incubated with either PIC or cetuximab show a more distinct
granular distribution, which mostly colocalizes with LysoTracker suggesting lysosomal
accumulation of these agents. Images are representative of multiple z-stack images acquired
per condition on more than three independent experiments. Image acquisition parameters
and post-processing in ImageJ was similar for all images. Scale bar =25 pm. Colocalization
percentages were calculated using custom Matlab routines and are shown as the percent of
colocalization with either (C) MitoTracker or (D) LysoTracker + SEM.
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Figure 4. BPD-cetuximab selective binding resultsin selective phototoxicity

Viability of CHO-HER?2 (open bars), CHO-EGFR (grey bars) and OVCAR-5 cells (black
bars) as measured by the MTT assay. Cells were incubated with 250 nM BPD, and/or 37 nM
cetuximab equivalent or PIC as indicated. After incubation, cells were illuminated with
increasing doses of red light (690 nm, 40 mW/cm?). To remove loosely bound BPD or BPD-
cetuximab PIC, cells were washed with complete culture medium before illumination (PDT
+ wash). MTT assay was performed 24 h after illumination. The results shown represent the
average of three experiments performed in triplicate each time * standard deviation. *
p<0.05 in student’s t-test compared to agent in the absence of PDT. & p<0.05 in student’s t-
test compared to no treatment controls for that respective cell line. ® p<0.05 in student’s t-
test compared to PDT without washing. ¢ p >0.05 in student’s t-test as compared to PDT
without washing.
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Figure5. The presence of cetuximab alone or aspart of the PIC formulation inhibits EGFR
mediated signaling pathways

OVCAR-5 cells were incubated for 40 hrs with 250 nM BPD or 250 nM BPD-cetuximab
(37nM cetuximab equivalent). After incubation, cells were illuminated with a dose of red
light (690 nm, 40 mW/cm?), which in earlier experiments had been shown to induce a 50%
decrease in the MTT assay after 24 hrs. Cells marked cetuximab were incubated for 40 hrs
with 37 nM cetuximab. Prior to lysis and sample collection, cells were incubated for 15 min
with 10 ng/ml EGF. Incubation with EGF stimulated EGFR phosphorylation and Akt (A) as
well as MAPK/ERK phosphorylation (B) 24 hrs after PDT. Numbers below the various
lanes indicate the average increase in phosphorylation compared to no treatment (NT)
controls in 3 independent experiments.
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