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Abstract

Armed antibody-based targeted molecular therapies offer the possibility of effective tumor control
with a minimum of side effects. Photoimmunotherapy (PIT) employs a monoclonal antibody-
phototoxic phthalocyanine dye, IR700 conjugate that is activated by focal near infrared (NIR)
light irradiation after antibody binding to the targeted tumor cell surface leading to rapid necrotic
cell death. Therapy by single NIR light irradiation was effective without significant side-effects,
however, recurrences were seen in most of treated mice probably because of inhomogeneous
distribution of panitumumab-IR700 immuno-conjugate in the tumor, leading to ineffective PIT.
We describe here an optimized regimen of effective PIT method for the same HER1-
overexpressing tumor model (A431) with fractionated administration of panitumumab-1R700
conjugate followed by systematic repeated NIR light irradiation to the tumor based on timing of
antibody redistribution into the remnant tumor under the guidance of IR700 fluorescence signal.
Eighty percents of the A431 tumors were eradicated with repeated PIT without apparent side
effects and survived with tumor free more than 120 days even after stoping therapy at the day 30.
Therapeutic effects were monitored using IR700 fluorescent signal. PIT is a promising highly
selective and clinically feasible theranostics for the treatment of MAb-binding tumors with
minimal off target effects.
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INTRODUCTION

Targeted cancer therapies offer the promise of more effective tumor control with fewer side
effects than conventional cancer therapies. The class of molecular therapies based on
monoclonal antibodies (MAD) is highly selective for tumors expressing particular antigens,
however, with few exceptions, patient outcomes have been only modestly improved when
the naked MAD is used as monotherapy or in combination with other therapies.1=3 The
primary mechanisms of action of MAb therapy are thought to be antibody-dependent
cellular cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC) and/or receptor
signaling blockade.* > Another way in which MAbs can be used in therapy is as vectors for
the delivery of other therapies, such as toxins or radioisotopes,® 7 however, the toxicity of
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such immunotoxins or radioimmunotherapeutics are often dose limiting due to off target
effects to normal organs.

We recently reported a new form of MAb based immunotherapy termed
“photoimmunotherapy” (PIT) that utilizes an MAb conjugated with a near infrared (NIR)
phthalocyanine dye, IRDye700DX (IR700). IR700 was originally designed as a fluorescent
agent and its therapeutic properties were only recently discovered. As a consequence, IR700
is not only phototoxic but also fluorescent and thus can be used as an imaging agent.
Additionally, when exposed to more intense levels of NIR light, the conjugate becomes
lethal but only to those cells to which the conjugate is bound.8 NIR light exposure leads to
rapid, target-selective necrotic cell death 7 vitro. In addition, effective tumor shrinkage was
obtained even with a single administration of MAb-IR700 followed by a single exposure to
NIR light /n vivo. Although single administration of the therapy (agent + NIR light) was
highly effective, recurrences were seen in treated mice, because inhomogeneous MAb-
IR700 distribution in the targeted tumor could lead not to kill a small fraction of cancer
cells, to which MAb-IR700 did not bind, with NIR light. Unlike non-targeting small
molecule photosensitizers, MAb-IR700 conjugate stays longer in the blood circulation that
allows unbound MAb-IR700 to redistribute into the remnant target tumor after the first NIR
light irradiation. This suggested that repeated administrations of the therapy (agent + NIR
light) could theoretically lead to even better tumor control. In this study, we investigated the
optimization of treatment regimens by fractionated dosing of MAb-IR700 conjugate and
NIR light irradiation in order to enhance the effectiveness and safety of PIT employing an
anti-HER1 MADb, panitumumab-IR700 (Pan-IR700) conjugate in a xenograft tumor model.

EXPERIMENTAL PROCEDURES

Reagents

A water soluble, silicon-phthalocyanine derivative, IRDye 700DX NHS ester (IR700;
C74HggN12Nas027S6Si3, molecular weight of 1954.22) was obtained from LI-COR
Bioscience (Lincoln, NE). Panitumumab, a fully humanized IgG, MADb directed against the
human epidermal growth factor receptor 1 (HER1), was purchased from Amgen (Thousand
Oaks, CA). All other chemicals used were of reagent grade.

Synthesis of IR700-conjugated panitumumab

Cells

Panitumumab (1 mg, 6.8 nmol) was incubated with IR700 (66.8 g, 34.2 nmol, 5 mmol I-1
in DMSO) in 0.1 mol I"1 NayHPO, (pH 8.5) at room temperature for 2 h. The mixture was
purified with a Sephadex G50 column (PD-10; GE Healthcare). The protein concentration
was determined with Coomassie Plus protein assay kit (Thermo Fisher Scientific Inc,
Rockford, IL) by measuring the absorption at 595 nm with spectroscopy (8453 Value
System; Agilent Technologies, Santa Clara, CA). The concentration of IR700 was measured
by absorption with spectroscopy to confirm the number of fluorophore molecules conjugated
to each MAb molecule.

HER1-expressing A431 cells were grown in RPMI 1640 supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin in tissue culture flasks in a humidified
incubator at 37 °C in an atmosphere of 95% air and 5% carbon dioxide.

In vivo photoimmunotherapy for A431 tumors with Pan-IR700

All jn vivo procedures were conducted in compliance with the Guide for the Care and Use
of Laboratory Animal Resources (1996), US National Research Council, and approved by
the local Animal Care and Use Committee. Six- to eight-week-old female homozygote
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athymic nude mice were purchased from Charles River (NCI-Frederick). During the
procedure, mice were anesthetized with isoflurane. One million A431 cells were injected
subcutaneously in the right dorsum of the mice. In order to determine tumor volume, the
greatest longitudinal diameter (length) and the greatest transverse diameter (width) were
determined with external caliper. Tumor volume based on caliper measurements were
calculated by the following formula; tumor volume = length x width? x 0.5.% Tumors
reaching approximately 40 mm3 in volume were selected for the study. Selected mice were
randomized into 7 groups of at least 10 animals per group for the following treatments: (1)
no treatment; (2) 100 g of panitumumab i.p.every week, no NIR light exposure; (3) 100 g
of Pan-IR700 i.p. every week, no NIR light exposure; (4) PBS i.p. every week, NIR light
was administered at 50 J cm™2 on day 1 after injection and 100 J cm~2 on day 2 after
injection; (5) 100 pg of Pan-IR700 i.p. every week, NIR light was administered at 50 J cm™2
on day 1 after injection (6) 100g of Pan-IR700 i.p. every week, NIR light was administered
at 100 J cm=2 on day 2 after injection ; (6) 100 pg of Pan-1R700 i.p. every week, NIR light
was administered at 50 J cm™2 on day 1 after injection and 100 J cm~2 on day 2 after
injection. These therapies were performed every week for up to 4 weeks until mice had to be
euthanized due to tumor growth > 500 mm?3. Mice were monitored daily, and tumor volume
was measured three times a week until the tumor volume reached 500 mm3, at which time
mice were euthanized with carbon dioxide. An LED light source (L690-66-60, Marubeni
America Co., Santa Clara, CA) was used for NIR irradiation of PIT at 670 to 710 nm (peak
at 690 nm). Fluorescence images, as well as white light images, were obtained using a Pearl
Imager (LI-COR Biosciences) with a 700 nm fluorescence channel with a 685 nm laser
excitation. For analyzing fluorescence intensities, tumors of the same size were compared
and regions of interest (ROI) were placed over the entire tumor. Average fluorescence
intensity of each ROI was calculated.

Histrogical analysis

To evaluate serial histological changes after PIT and micro-distribution of Pan-IR700, light
and fluorescence microscopy study was performed (BX51, Olympus America). A431
tumors were harvested in 10% formalin 1h and 1d after 50J/cm2 of PIT. Serial 10-um slice
sections were fixed on 2 slide grasses without staining or with H-E staining. The filter set to
detect IR700 fluorescence consisted of a 590-650 nm excitation filter, a 665-740 nm band
pass emission filter.

Statistical Analysis

RESULTS

Data are expressed as mean + s.e.m. Statistical analyses were carried out using a statistics
program (GraphPad Prism; GraphPad Software Inc, La Jolla, CA). The Student’s #test was
used to compare the treatment effects with controls. The cumulative probability of survival
(based on the failure of the tumor to reach 500 mm3), were estimated in each group with the
use of the Kaplan—Meier survival curve analysis, and the results were compared with use of
the log-rank test with Bonferroni's correction for multiple comparisons. < 0.05 was used to
determine statistical significance.

Repeated irradiation of NIR light can minimize dose of Pan-IR700 conjugate without
compromising therapeutic effect of PIT

In prior studies we have used 300 g as the dose of Pan-IR700. We examined the effect of
the lower dose (100 g) of Pan-1R700 used in this study. As expected, highest IR700 signals
were obtained at 1 day after injection in each group and the tumor based fluorescence was
lower with the decreased dose of Pan-IR700 (Figure 1a). Interestingly, the target-to-
background ratio (TBR) of IR700 fluorescence intensity in A431 tumor decreased to
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background level just after NIR light irradiation that ensured sufficient therapeutic effects to
all cancer cells to which Pan-IR700 bound (Figure 1b, ¢). Circulating Pan-IR700 re-
accumulated in the remnant tumor mass within a day, leading to an increase in TBR on
fluorescence imaging (Figure 1b, c). This indicated that Pan-IR700 was still accumulating in
the survived cancer cells even after initial treatment with NIR light and therefore the second
dose of NIR light irradiation at 100 J cm~2 was effective in treating the tumors (2 days after
Pan-IR700 administration). Therefore, the reduced dose of Pan-IR700 (100 p.g) did not
compromise PIT efficacy and still enabled visualization with IR700 fluorescence (Figure.
1d).

HER1-specific tumor shrinkage in response to Pan-IR700 mediated repeated
photoimmunotherapy

The efficacy of repeated NIR irradiation regimen was studied in 7 groups of A431 tumor
bearing mice (7= 10 mice in each group). All treated tumors were less than 500 mm3 in
accordance with our institution’s animal care and use guidelines. After 100 g of Pan-IR700
injection, which was administered every week for up to 4 weeks, A431 tumors were treated
with or without NIR light on day 1 (50 J cm™2), day 2 (100 J cm~2) or both days. Tumor
volume was significantly reduced in A431 tumors treated with Pan-IR700 and NIR light
compared with untreated control mice. Mice injected with panitumumab but not exposed to
NIR light showed no significant treatment effect (each PIT group; A< 0.001 vs. untreated
control mice analyzed at 9 days after first Pan-IR700 injection). Similarly, mice exposed to
NIR light alone had no treatment effect. However, multiple NIR light irradiations following
Pan-IR700 led to more effective tumor reduction (Figure 2a). In survival analysis, multiple
Pan-IR700 injection followed by multiple NIR light irradiation contributed to prolonged
survival in the PIT treatment groups. Notably 80% of A431 tumors were eradicated and the
mice survived for 120 days in the mice treated with Pan-IR700 injection followed by NIR
light irradiation on day 1 (50 J cm™2) and day 2 (100 J cm~2) (Figure 2b) vs. control mice
that required euthanasia by 24 days.

Detection and monitoring in response to photoimmunotherapy with NIR fluorescence

We have shown previously that IR700 fluorescence can be used to monitor Pan-IR700 in
tumors. One day after Pan-IR700 injection, intratumoral fluorescence was detectable. Mice
receiving 100 pg of Pan-IR700 but no NIR light served as controls in this case. In the group
not receiving NIR light, increased IR700 fluorescence was observed, however, reductions in
fluorescence were observed in tumors receiving Pan-IR700 and NIR light. When injected
Pan-IR700 for the next PIT and IR700 fluorescence was down to the background level at the
tumor site, no tumor recurrence was observed, however when IR700 fluorescence was
higher than the background level, regrowth was observed within 8 days (Figure 3).

Histological changes and micro-distribution of Pan-IR700

Few fluorescent cells in diffuse necrotic cells with micro-hemorrhage are shown 1 h after
PIT (Fig. 4, Right upper images). Scattered fluorescent micro-clusters of survived tumor
cells are shown 1 d after PIT (Fig. 4, Left lower images). All cancer cells in clusters are
fluoresced that indicate Pan-1IR700 homogeneously distributed in survived and proliferated
cancer cells. This result supports the effective PIT at the 2" exposure of NIR light.

DISCUSSION

We have recently reported that HER1 target-specific cell killing was achieved in response to
asingle dose of Pan-IR700 and NIR ligth both in vitro and in vivo.8 Pan-IR700 localized
specifically in HER1 positive A431 tumors in vivo, and tumor shrinkage was confirmed
after only one dose of Pan-IR700 (300 p.g) followed by one exposure to NIR light
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irradiation (30 J cm~2). However in that study, tumor regrowth was eventually seen. In the
current study, we demonstrate that repeated doses of smaller amounts of Pan-IR700 and
repeated exposures of NIR light resulted in complete responses in A431 tumors. This was in
marked contrast to controls that received Pan-IR700 but no light or light exposure without
Pan-IR700. Thus, this study suggests that complete pathologic responses in solid tumors are
possible with PIT by using fractionated doses of the MAb-IR700 conjugate and repeated
light exposures of NIR.

Preferable distribution of therapeutic MAb in the tumor is required for the effective target-
specific tumor cell killing, however, generally MAb distribution is inhomogeneous in most
tumors, especially in peripheral localization where xenografted tumors receive good blood
supply, leading to require multiple high-dose MAb administration.8: 10-12 Similar to
unlabeled MADb, efficacy of MAb-IR700 mediated PIT is partly determined with MAb-
IR700 micro-distribution in the targeted tumor.

We used a similar cumulative dose of Pan-IR700 but fractionated into four doses to cover
four weeks to safely perform PIT with more effective results (Figure 2a, b).8 Since the
maximum concentration of IR700 in A431 tumors became lower using repeated 100 p.g
doses vs. a single dose of 300 p.g,(Figure. 1a), prudent increasing NIR light exposure from
30 J cm~2to 50 J cm~2 should be considered. Additionally, lowering the dose leads to
distribute the MAb-IR700 conjugate peripherally within the xenografted tumor. Therefore,
PIT with 100 pg of Pan-IR700 showed reduced cell killing in the center of the tumor as
shown in this study.8' 13 To overcome this problem, the Pan-IR700 conjugate was allowed to
re-accumulate in the treated tumor 1 day after immediate killing of most peripheral cancer
cells near tumor vasculatures with the first NIR light irradiation because massive crashing of
cells near by the tumor vessels facilitated to deliver MAb-IR700 conjugate deep away from
the tumor vessel into the center part of tumor. Since NIR light irradiation does not have a
dose limitation, a repeated NIR light exposure at a day after the first therapy successfully
operated killing in the central part of the tumor (Figure 1b). Therefore, additional NIR
irradiation 1 day after the first therapy (2 days after Pan-IR700 administration) greatly
enhanced the therapeutic effect of PIT (Figure 4). With this therapeutic regimen,
fractionating the Pan-1R700 injections followed with multiple NIR irradiation, complete
tumor eradication was observed in more than half the treated mice, while most of the mice
treated with one shot irradiation regimen of PIT died due to tumor re-growth (Figure 1d).

The Pan-IR700 conjugate can also be used to monitor the effects of PIT due to the
fluorescence emitted by the IR700 (Figure 3). However, the fluorescence of IR700 is
relatively weak and is best for shallow targets, whereas, the PIT effects can extend several
centimeters beneath the skin surface. Nevertheless, for endoscopic or surgical uses of PIT
the fluorescent features of MADb-IR700 can be considered an advantage. Next step of this
study is to compare this method with recently developed approaches of the photodynamic
therapy 14 15 by using orthotopic tumor models, which will be superior models for human
cancer1®  employing fluorescence protein as an internal tumor marker.1’

In conclusion, by fractionating the administration of Pan-IR700 and applying repeated NIR
light irradiation, highly effective tumor treatments based on the effective tumor
redistribution of Pan-1R700, including complete pathologic responses were achieved, with
no apparent side effects in a majority of A431 bearing mice. Thus, PIT using MAb-IR700
conjugates is a promising theranostic method for highly selective cancer treatment and
monitoring.
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Figure 1. Effectiveness of fractionated Pan-1R700 with multiple NIR light exposur es as detected
by IR700 fluoresence

Pan-IR700 was administered to A431 tumor-bearing mice which were then exposed to NIR
light and imaged with a fluorescent camera. (a) IR700 fluorescence of A431 tumors over
time (n7= 3 mice in each group). (b) Images of A431 tumor bearing mice before (left),
immediately after (center) and 24 h after (right) PIT with 50 J cm NIR light irradiation.
IR700 fluorescence signal in the tumor decreased to background level immediately after PIT
(center). Signal within the tumor increased 24 h after PIT indicating reaccumulation of Pan-
IR700 due to circulating Pan-IR700 (right). (c) IR700 fluorescence of A431 tumor before
and after NIR light irradiation. Data are mean + s.e.m. (n7=4 mice). (d) Tumor volume
reduction in response to Pan-IR700 PIT in A431 xenograft tumor (/23 10 mice in each
treatment group).
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Figure 2. An optimized regimen of PIT resulted in complete pathologic responsein mice with

A431 xenogr aft tumors

() Repeated Pan-1R700 mediated PIT lead to more effective tumor volume reduction (/7=
10 mice in each treatment group; *** £< 0.001 vs. non treatment control mice). Note that
data were analyzed and shown only when each group of tumors were not exceeded 500
mm3. (b) Repeated Pan-IR700 mediated PIT led to prolonged survival. (7= 10 mice in each
treatment group; *** P< 0.001, ** < 0.01 vs. non treatment control mice).
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Figure 3. Monitoring accumulation of Pan-IR700 into tumorsusing NIR fluor escenceimaging
Monitoring PIT with Pan-IR700 fluorescence. Images were obtained 1 day after Pan-IR700
injection just before NIR light irradiation. Tumor growth or regression in response to Pan-
IR700 mediated PIT was observable with IR700 fluorescence.
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Figure 4. Serial histology picturesand micro-distribution of IR700 fluorescencein thetumor 1 h
and 1d after first PIT are shown together with a schema for explaining effectiveness of repeated
PIT. Few fluorescent cellsin diffuse necrotic cells with micro-hemorrhage are shown 1 h after
PIT (Right upper images). Scattered fluorescent micro-clusters of survived tumor cellsare
shown 1d after PIT (Left lower images). All cancer cellsin clusters (black arrows) are
fluoresced (white arrows) that indicate Pan-1R700 homogeneously distributed in survived and
proliferated cancer cells

Bioconjug Chem. Author manuscript; available in PMC 2013 March 21.



