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Abstract

A new type of monoclonal antibody (mAb)-based, highly specific phototherapy
(photoimmunotherapy; PIT) that uses a near infrared (NIR) phthalocyanine dye, IRDye700DX
(IR700) conjugated with a mADb, has recently been described. NIR light exposure leads to
immediate, target-selective necrotic cell death. However, tumor shrinkage takes several days to
occur, making it difficult to detect earlier changes in the tumor. In this study, Panitumumab
targeting the epidermal growth factor receptor (EGFR1) conjugated to IR700 was used to treat
EGFR-expressing A431 tumor cells and in vivo xenografts. PIT was performed at varying doses
of NIR light (10, 30, 50 and 100J/cm?) in xenograft tumors in mice. Indocyanine green (ICG)
dynamic imaging was evaluated for monitoring cytotoxic effects for the first hour after PIT. Our
results demonstrated a statistical difference (p<0.05) in ICG intensity between control and PIT
treated tumors in the higher light exposure groups (50J/cm?: 2.94+0.35 vs. 5.22+0.92; p=0.02 and
100J/cm?: 3.56+0.96 vs. 5.71+1.43; p=0.008) as early as 20 minutes post ICG injection. However,
no significant difference (p>0.05) in ICG intensity between control and PIT treated tumors was
evident in the lower light exposure group at any time points up to 60mins (10J/cm2: 1.92+0.49 vs.
1.71%0.3; p=0.44 and 30J/cm?: 1.57+0.35 vs. 2.75+0.59; p=0.07). Similarly, the retention index
(background to corrected uptake ratio of ICG) varied with light exposure. In conclusion, ICG may
serve as a potential indicator of acute cytotoxic effects of mAb-IR700-induced PIT even before
morphological changes can be seen in targeted tumors.
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1. INTRODUCTION

Photoimmunotherapy (PIT) is a recently reported, highly selective cancer therapy (1). It
utilizes a monoclonal antibody (mAb)-conjugated with a photosensitizing phthalocyanine
dye, IRDye 700DX (700DX) to target and kill cancer cells after exposure to near infrared
(NIR) light exposure. The mAb-700DX conjugate is only active as a therapeutic agent, when
it is bound to the target cell membrane; otherwise it has no discernable effects on adjacent
non-target-expressing cells. Following NIR light exposure, nearly immediate, target-
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selective necrotic cell death was observed in vitro. However, the in vivo assessment of rapid
cell death is more challenging because morphological changes are slow to develop, requiring
several days to become apparent. Progressive tumor shrinkage in vivo was observed 3—4
days after PIT, even after only a single administration of mAb-IR700 and a single exposure
of NIR light, nonetheless there is uncertainty over how quickly cell death occurs in vivo (2).
Real-time monitoring of PIT effects could be important for ascertaining whether a PIT
session has been effective and whether additional cycles of therapy are needed (1). This
might include additional doses of light, higher intensity light or additional doses of the mAb-
IR700 conjugate or all of these. Immediate feedback is especially important during surgical
or interventional procedures under endoscopy. However, no clinically applicable imaging
technology exists for assessing real-time effects of PIT on site (3,4).

Indocyanine green (ICG) is an FDA approved NIR fluorescent dye that is known to
reversibly bind serum proteins (ex: albumin). Therefore, ICG shows relatively high retention
in the vascular pool after intravenous administration (5). PIT has been shown to induce
cytotoxic effects in perivascular cancer cells leading to sudden necrosis and loss of vessel
integrity resulting in a dramatic increase in vascular permeability, especially for
macromolecules (6). This effect has been termed SUPR (super-enhanced permeability and
retention), since a striking increase in permeability and retention of nanoparticles, is
observed in newly treated tumors (7,8). ICG leakage into tumor was evaluated as an imaging
biomarker for the evaluation of the acute therapeutic effects of PIT. We evaluate this method
in the setting of monitoring of therapeutic effects in vivo immediately after PIT.

2. EXPERIMENTAL
2.1. Cell Lines and Culture

The EGFR positive cell line, A431 was used for EGFR targeting studies with panitumumab
conjugates. The cell line was grown in RPMI 1640 (Life Technologies) containing 10% fetal
bovine serum (Life Technologies), 0.03% L-glutamine, 100 units/mL penicillin, and 100
mg/mL streptomycin in 5% CO2 at 37C.

2.2. Reagents

Panitumumab, a fully humanized 19G2 mAb directed against the human epidermal growth
factor receptor (EGFR), or HER1, was purchased from AMGEN Inc. A water soluble, silica-
phthalocyanine derivative, IRDye 700DX NHS ester (IR700; C74H96N12Na4027S6Si3,
molecular weight of 1954.22) was purchased from LI-COR Bioscience. All other chemicals
used were of reagent grade.

2.3. Synthesis of IR700-conjugated panitumumab

Panitumumab (1 mg, 6.8 nmol) was incubated with IR700 (66.8 mg, 34.2 nmol, 5 mmol/L in
DMSO) in 0.1 mol/L Na2 HPO4 (pH 8.6) at room temperature for 1 hour. Then the mixture
was purified with a Sephadex G50 column (PD-10; GE Healthcare). The protein
concentrations were determined with Coomassie Plus Protein Assay Kit (Pierce Bio-
technology) by measuring light absorption at 595 nm (8453 Value System; Agilent
Technologies). The concentration of IR700 was measured by absorption with spectroscopy
to confirm the average number of fluorophore molecules conjugated to each panitumumab
molecule. The number of IR700 per antibody was approximately 4 for the 1: 5 reaction
conditions. The addition of 0.4% SDS to the sample dissociated the fluorophores from each
other, effectively causing dequenching. Quenching efficiency for a particular conjugation is
defined as the fluorescence intensity with SDS divided by fluorescence intensity without
SDS. Panitumumab-IR700 conjugate (Pan-1R700) showed a quenching efficiency of about
4.0 at pH 7.2. Pan-IR700 was kept at 4C in the refrigerator as a stock solution.
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2.4. Mouse model and PIT for in vivo models

All in vivo procedures were conducted in compliance with the Guide for the Care and Use
of Laboratory Animal Resources (1996), U.S. National Research Council, and approved by
the National Cancer Institute/NIH Animal Care and Use Committee. Six-week-old to 8-
week-old female homozygote athymic nude mice were purchased from Charles River
(National Cancer Institute, Frederick). During treatment, mice were anesthetized with
isoflurane. Two million A431 cells were injected subcutaneously in the right and left flanks
of each mouse. Five days after cell injection, 100 pug of Pan-1R700 was administered
intravenously, and 1 day later, one side was irradiated with NIR light from a red-light-
emitting diode at wavelengths of 670-710 nm and a power density of 10, 30, 50 and100 J/
cm?, as measured with an optical power meter (PM 100, Thorlabs). The other side was
shielded from light using aluminum foil. Immediately after finish exposing NIR light for
PIT, 100 pL of ICG (0.1mM) was injected intravenously into all mice, and in vivo dynamic
imaging studies were carried out for a duration of 60 min.

2.5. Dynamic In vivo ICG imaging studies after PIT

Immediately after PIT treatment, NIR ICG dynamic images were obtained consecutively for
60mins. In vivo fluorescence images of both IR700 and ICG were obtained with a Pearl
Imager (LI-COR Biosciences) using the 700nm and 800nm fluorescence channels. Briefly,
immediately after finished exposing to light with LED for PIT, all anesthetized mice were
moved to an imaging bed with a nose corn, which was equipped with the Pearl Imager, for
inhaling isoflurane and placed at a fixed position. After intravenous injection of ICG on the
imaging bed, serial NIR fluorescence images were taken every one minute up to 60 min
after ICG injection. Mean intensities of ICG of each ROI were calculated for tumors on both
sides of the dorsum as well as the background.

2.6. Histologic analysis

To evaluate serial histologic changes correlating with dynamic ICG fluorescence imaging
after PIT with various NIR light doses, microscopic study was conducted (BX61, Olympus
America). A431 tumors treated with PIT by exposing 0, 10, 30, 50 and 100 J/cm? of NIR
light were harvested in 10% formalin immediately after finishing dynamic fluorescence
imaging study. Serial three 10-mm slice sections were fixed on a glass slide with H&E
staining.

2.7. Statistical analysis

Statistical analyses were carried out using a statistics program (GraphPad Prism, GraphPad
Software. Student t-test (unpaired) was used to compare the average values of each
treatment groups between those of PIT-treated tumors and untreated tumors at each 10 min
interval until 60mins. Student t-test (paired) was also used to compare the PIT TBR of ICG
between 1min to 60min p.i in each light exposure group. Mann-Whitney’s U test was used
to compare the retention index value between the different light exposure groups at 20min
intervals. p<0.05 was considered to indicate a statistically significant difference.

3. RESULTS
3.1 In vivo Dynamic Imaging of ICG after Pan-IR700 mediated PIT

A rapid accumulation of ICG was observed in the higher light dose PIT-treated tumors (50
and 100J/cm?) immediately after injection vs. the lower light dose PIT-treated tumors (10
and 30J/cm?). In addition, all groups demonstrated no or minimal uptake of ICG in the
control tumors (Figure 1). In the lower light exposure groups (10 and 30J/cm?, Figure 2B),
ICG light signal intensity (SI) gradually decreased post-injection (p.i) while at the higher
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light exposures (50 and 100J/cm?), ICG SI rapidly increased immediately p.i, peaking at ~30
min before plateauing (Figure 2A).

3.2. Greater exposure of NIR light led to a difference in ICG Signal Intensity

The higher light exposure group demonstrated a significant difference (p<0.05) in ICG SI
between PIT-treated tumors and control tumors reflected by a 2.1-fold and 2.3-fold higher
ICG Sl in 100J/cm? (5.30+1.39 vs. 2.50+0.62; p=0.012) and 50J/cm? (4.74+0.91 vs.
2.05+0.25; p=0.017) groups respectively at 60mins (Figure 2A). This effect is seen as early
as 20mins p.i at 50J/cm? (5.22+0.92 vs. 2.94+0.35; p=0.02) and even earlier at 10 min p.i.
for 100J/cm? (5.37+1.17 vs. 4.22+1.12; p=0.02). In both groups, the difference between the
PIT-treated tumors and control tumors was maintained up for 60mins (p<0.05). In addition,
it was observed that there was no significant difference (p>0.05) in ICG Sl in the lower
exposure group between PIT-treated tumors and controls at any time-point during the 60
min interval as there was less than a 2-fold difference in both treatment groups (Figure 2B).
Comparing only the ICG Sls of PIT-treated tumors to each other, both of the higher light
exposure groups were significantly different (p<0.05) from the lowest light exposure group
of 10J/cm? starting at 20 min and continuing to 60mins (Figure 3). When comparing the
higher light doses directly to the lower light doses, starting at 10mins p.i, 100J/cm?
(5.37+1.17) was at least more than 1.5-fold higher than both 30J/cm? (3.53+0.70) and 10J/
cm? (2.68+0.34) and subsequently increased by the end of 60mins to more than 1.9-fold
(30J/cm?) and 3-fold higher (10J/cm?), respectively. Similarly, 50J/cm? (4.94+0.9) was at
least 1.4-fold higher than both 30J/cm? (3.53+0.7) and 10J/cm? (2.68+0.34) starting at
10mins and by the end of 60mins was more than 1.7-fold (30J/cm?) and 2.8-fold higher
(10J/cm?), respectively.

In addition, when comparing 1 to 60 min p.i of ICG, the average PIT tumor-to-background
ratio (TBR) was significantly increased in the higher light exposure group (100 and 50J/
cm?; p=0.00007 and p=0.007, respectively) and ICG accumulation can be clearly seen in the
PIT-treated tumors reflecting the very high TBR (TBRggmin =3.42 £0.28 and TBRgomin
=3.24+0.55, respectively). In the lower light exposure groups there was no significant
difference observed when comparing 1 to 60 min p.i of ICG (10J/cm?: TBRqin=1.48+0.22
vs. TBRgomin=1.74%0.47; p=0.35 & 30J/cm?2: TBR1in=1.53%0.12 vs.
TBRggmin=2.35+0.47; p=0.07).

3.3. Retention index of ICG

To further quantitate our observation, we investigated the background-corrected uptake ratio
of ICG (or retention index) at 60 min using the following equation: [(SIPIT at 60 min -
SIBackground at 60 min) - (SIPIT at 1 min - SIBackground at 1 min)]/[(SIControl at 60 min
- SIBackground at 60 min) - (SIControl at 1 min - SIBackground at 1 min)]. This was also
done at 20 and 40 min. No significant difference (p>0.05)was seen at 20, 40 or 60 min in the
retention of ICG when comparing the two higher light exposure groups (100J and 50J/cm?)
to each other (11.02+5.6, 18.32+15.2, 11.2148.1 vs. 25.24+12.1, 13.46+5.0, 16.92+7.1
respectively). Additionally, the higher light exposure group was significantly different
(p<0.05) to the lower light exposure groups and this is best seen at 40 min [18.32 £15.2
(100J/cm?), 13.46 +5.0 (50J/cm?), 0.83 £0.45 (30J/cm?), 0.42+0.23 (10J/cm?)] (Figure 4).

3.4. Histologic analysis

Microscopic evaluation of PIT treated tumors revealed diffuse necrosis and micro-
hemorrhage with scattered clusters of damaged tumor cells after PIT with 50-100J/cmZ.
Necrotic damage was more intense and fewer tumor cells remained, when higher energy
(100J/cm?) NIR light was administered (Figure 5). In histological findings, cancer cell
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damages are well correlated with increased enhancement of tumor tissue with ICG shown in
dynamic fluorescence imaging.

4. DISCUSSION

Near-infrared (NIR) fluorescent imaging has emerged as a potential tool for in vivo tumor
imaging. It is non-invasive, does not involve ionizing radiation and is relatively portable and
inexpensive (5). ICG, a NIR fluorescent dye, is one of two fluorescent contrast agents
approved by the FDA for clinical applications and has a long history of use in humans with
an excellent safety profile. It has been used clinically in hepatic clearance studies,
cardiovascular function testing and retinal angiography (9,10). Recently, ICG has been
increasingly used in the operating room for various image-guided oncologic surgical
procedures. For example, ICG has been utilized for sentinel lymph node mapping in
multiple cancers showing excellent results in breast and skin cancer (11-21). Because it is
exclusively excreted into the bile, it has been used for the real time visualization of the
biliary tree during cholecystectomy and other hepatobiliary surgery (22-25). Furthermore,
pathology that disrupts biliary excretion and the hypervascularity of certain tumors has
allowed imaging of hepatobiliary cancer including colorectal metastasis, hepatocellular
carcinoma and cholangiocarcinoma (26-30). Other studies have also shown that it was
possible using ICG to identify extrahepatic metastasis of hepatocellular carcinoma (31),
hepatic micrometastases of pancreatic cancer (32), haemangioblastomas (33), head and neck
cancer (34) as well as for colonic tattooing of colorectal cancer (35-37) and the assessment
of anastomotic perfusion during colorectal surgery (38,39). In addition, ICG has been used
in angiography for reconstructive surgery after oncologic surgery (40-43). It is known that
ICG molecules bind reversibly to serum proteins in the blood such as alboumin which
reduces aggregation, while increasing brightness by over 3-fold and the effective
hydrodynamic diameter to approximately 7nm. The latter has important implications for the
biodistribution and pharmacokinetics of ICG in vivo (5,44,45).

Permeability and retention of ICG in PIT-treated tumors and control tumors were compared.
After PIT, a super enhanced permeability and retention is observed in the treated area, a
phenomenon termed SUPR. In A431 (EGFR positive)-bearing mice treated with Pan-IR700
PIT, accumulation of Pan-IR700 was detected in the perivascular tumor, and a gradient of
IR700 fluorescence signals was observed depending on the distance from blood vessels.
Having previously established that light exposure of 50J/cm? is sufficient to induce cell
death in xenografts, four groups (= 5mice in each group) exposed to varying NIR light
intensities (10, 30, 50 and 100J/cm?) and were subsequently imaged with ICG. Ten mice
were initially prepared for each light exposure group, however, mice were subsequently
removed from data analysis for any of the following reasons: tumors were asymmetrical or
the mice moved or died during dynamic imaging due to anesthesia effects. In each mouse
with bilateral tumors, only unilateral light exposure was performed, while the contralateral
tumor was shielded from light. All the treated tumors had a volume ranging from 125 to 250
mm3, with less than 25% volume difference between control and treated tumors. Our prior
experiments with Pan-IR800 suggested that the optimal time to achieve maximal
concentration of nanomaterials within the tumor is 1h after PIT (6). Hence ICG was
administered intravenously and in vivo dynamic imaging studies were subsequently carried
out for 1h.

Treatment with 50 and 100J/cm? of light led to the permeability and retention of ICG in the
treated cancer. PIT with lower doses of NIR light (10 and 30J/cm?) did not show significant
(p>0.05) accumulation of ICG compared to control tumors in vivo. Hence the accumulation
of ICG was dependent on the dose of NIR light exposure. This suggests that there is a

threshold of light intensity that results in perivascular cell death leading to the SUPR effect,
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which is reflected in increased enhancement on ICG studies. The retention index data also
suggests that light exposure at 50J/cm? is optimal for inducing permeability and retention.
This data also support previous work that demonstrates that 50J/cm? is a therapeutic dose
and sufficient for inducing the SUPR effect consistent with prior work (2,6) while avoiding
higher light doses that can induce unwanted side effects related to thermal effects.

Permeability and retention of ICG was observed within minutes after a single effective dose
of NIR light, which indicated a biologic effect several days prior to the appearance of
changes in tumor size. Lesion size is often a delayed indicator of tumor response, even
though it is still used clinically. Uptake and retention of ICG is especially important in the
setting of PIT, where light can be reapplied if necessary. Hence a more immediate readout of
cell death will be clinically desired especially for surgical or endoscopic procedures where it
is preferable to complete treatments during one procedure. ICG, which provides an
immediate readout of the tumor’s condition, can assess the therapeutic effects of PIT
immediately after treatment and aids in deciding whether additional doses of NIR light
exposure are necessary. Furthermore, our data illustrates the feasibility of using ICG
clinically, given that it is FDA approved and widely available.

5. CONCLUSIONS

Intravenous ICG is a potential method of assessing the acute cytotoxic effects or vascular
permeability effects of PIT using a mAb-IR700 conjugate, during surgical or endoscopic
procedures. Successful PIT treatment induces the super-enhanced permeability and retention
(SUPR effect) causing ICG bound to albumin to extravasate rapidly into the treated tumor
bed. ICG accumulation and retention is optimal after 30-40 min post-injection and hence
may be feasible for the real-time monitoring of PIT effects. Such monitoring could be
important to assess whether a PIT session has been effective and whether additional cycles
of therapy are needed. Moreover, it may indicate that adjuvant chemotherapies may be
advantageous as doses can be reduced after PIT due to preferential leakage within the tumor
bed. Thus, ICG imaging allows the assessment of the effect of PIT before morphological
changes become evident in targeted tumors.
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Figure 1.

Dynamic images obtained after ICG administration at 1 min, 10min, 30min and 60min post-
injection. ICG: green. A) 10J/cm? light treatment group, B) 30J/cm? light treatment group
C) 50J/cm? light treatment group D) 100J/cm? light treatment group. These images show the
rapid accumulation of ICG in the PIT-treated tumors (yellow circles) while minimal or no
accumulation in the control tumors (white circles). At 60mins the tumor-to-background
(TRB) ratio is dramatically increased for the higher light exposure groups.
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Figure2.

ICG Signal Intensity (SI) of higher light exposure groups A) 100J/cm? and B) 50J/cm?.
Mean ICG Sl was calculated using the values of all mice in each treatment group. ICG SI
was then compared between PIT-treated tumor and control tumors. A significant difference
of ICG Sl can be seen between PIT-treated tumors and control tumors as soon as 20mins p.i
and even earlier at 10mins p.i at the highest light exposure group. PIT-treated tumors were
2.1-fold and 2.3-fold higher than control tumors in 100J and 50J/cm? treatment group,
respectively. Higher light exposure of at least 50J/cm? is sufficient to induce the SUPR
effect resulting in the accumulation of ICG in PIT-treated tumors. This may indicate early
changes after successful PIT treatment. ICG Signal Intensity (SI) of lower light exposure
groups C) 30J/cm? and D) 10J/cm?2. No significant difference of ICG Sl can be seen between
PIT-treated tumors and control tumors at any timepoints. This suggests that at such a low
light exposure dose, PIT is ineffective to induce the SUPR effect hence there is minimal
difference in ICG SI between PIT-treated tumors and control tumors. Data are means + SEM
(n=6 for A and B, n=5 for C and D). (* p<0.05, ** p<0.01, ns= not significant)
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Figure 3.

ICG Signal Intensity (SI) of PIT-treated tumors for each treatment group. Significant
difference of ICG Sl was calculated between each group. When comparing the higher
exposure groups to the lower exposure groups, it is noticed that starting at 10mins, ICG Sl
was at least 1.4-fold higher and by the end of imaging (60mins) had increased to at least 2.8-
fold higher. Data are means = SEM (n=5) Key: * p<0.05, ** p<0.01, T - marginally
significant
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Figure4.

Retention index of ICG at 20-minute intervals: 20mins (3A), 40mins (3B) and 60mins (3C).
The background corrected uptake ratios of ICG in the various light exposure groups were
calculated. A) 100J/cm? was 5-fold and 19.3 fold higher than 30J and 10J/cm? respectively,
while 50J/cm? was 11.6-fold and 44.4-fold higher respectively. B) 100J/cm? was 22.2-fold
and 43.9-fold higher than 30J and 10J/cm? respectively, while 50J/cm? was 16.3-fold and
32.2-fold higher respectively. C) 100J/cm? was 10.8-fold and 26.1-fold higher than 30J and
10J/cm? respectively, while 50J/cm? was 16.4-fold and 39.4 fold higher respectively. At all
timepoints, no significant difference was observed between the 2 higher light exposure
groups of 100J and 50J/cm? suggesting that a light dose of 50J/cm? is optimal for the
permeability and retention effect leading to a higher leakage and uptake of ICG into the
tumor bed. Key: T - marginally significant, * p<0.05, ** p<0.01
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Figure5.

Histological pictures of A431 tumors, which were treated with PIT at 0, 10, 30, 50 and 100J/
cm2 sections are shown. All specimens were stained with hematoxylin and eosin.
Microscopic evaluation of PIT-treated tumors revealed diffuse necrosis and micro-
hemorrhage with scattered clusters of damaged tumors cells after higher exposure of NIR
light, 50 and 100J/cm2. At the highest light exposure group, 100J/cm2, necrotic damage was
more intense and fewer tumor cells remained. In contrast, when only 10J/cm2 of NIR light
exposed, necrotic cell damage was found in only limited areas within the tumor while
substantial amounts of healthy cancer foci remained. Cancer cell damages in tumor after
varying doses of NIR light exposure correlated well to the kinetic changes which were
detected by dynamic fluorescence imaging with ICG. Scale bars represent 100pm.
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