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A B S T R A C T

Photoimmunotherapy (PIT) is a new cancer treatment that combines the specificity of an-

tibodies for targeting tumors with the toxicity induced by photosensitizers after exposure

to near infrared (NIR) light. Herein we compare two commonly available anti-EGFR mono-

clonal antibodies, cetuximab and panitumumab, for their effectiveness as PIT agents in

EGFR positive tumor models. A photosensitizer, IR-700, conjugated to either cetuximab

(cet-IR700) or panitumumab (pan-IR700), was evaluated using EGFR-expressing A431 and

MDAMB468-luc cells in 2D- and 3D-culture. PIT was conducted with irradiation of NIR light

after exposure of the sample or animal to each conjugate. In vivo PIT was performed with

fractionated exposure of NIR light after injection of each agent into A431 xenografts or a

MDAMB468-luc orthotopic tumor bearing model.

Cet-IR700 and pan-IR700 bound with equal affinity to the cells in 2D-culture and penetrated

equally into the 3D-spheroid, resulting in identical PIT cytotoxic effects in vitro. In contrast,

in vivo anti-tumor effects of PIT with cet-IR700 were inferior to that of pan-IR700. Assess-

ment of the biodistribution showed lower accumulation into the tumors and more rapid

hepatic catabolism of cet-IR700 compared to pan-IR700. Although cet-IR700 and pan-

IR700 showed identical in vitro characteristics, pan-IR700 showed better therapeutic tumor

responses than cet-IR700 in in vivo mice models due to the prolonged retention of the con-

jugate in the circulation, suggesting that retention in the circulation is advantageous for tu-

mor responses to PIT. These results suggest that the choice of monoclonal antibody in

photosensitizer conjugates may influence the effectiveness of PIT.
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1. Introduction in 0.1 mol/L Na2HPO4 (pH 8.5) at room temperature for 1 h,
Epidermal growth factor receptors (EGFR) are commonly

expressed on the cell membrane of various cancers and activity

of these receptors results inacceleratedcell growthandcarcino-

genesis (Gialeli andKletsas, 2009;Yamaguchi et al., 2013;Yarden

and Pines, 2012). EGFRs are also overexpressed on the cell sur-

face of several cancers including lung, colon, head and neck,

and esophageal cancers (Eng, 2010; Markovic and Chung, 2012;

Norguet et al., 2012; Stinchcombe and Socinski, 2010;

Vecchione et al., 2011); therefore, a variety of targetedmolecules

have been developed to either block ligand binding, inhibit EGF

receptor tyrosine kinases or elicit antibody dependent cellular

cytotoxicity (ADCC). Two monoclonal antibodies, cetuximab, a

chimeric monoclonal antibody and panitumumab, a total hu-

man monoclonal antibody, have been approved by the US FDA

and have been widely used for EGFR-expressing cancers

(Reichert et al., 2005; Tebbutt et al., 2013; Waldmann, 2003).

Photoimmunotherapy (PIT) is a new cancer treatment

based on an antibody-photosensitizer conjugation. PIT conju-

gates combine the specific antibodieswith the toxicity induced

by photosensitizers after exposure to near infrared light

(Mitsunaga et al., 2012a, 2011). For instance, the photosensi-

tizer, IR700, (a silica based phthalocyanine dye) is conjugated

to an antibody and is then activated after cell binding by near

infrared (NIR) light at 690 nm. In vitro studies have shown PIT

to be highly cell-specific, with non-expressing cells immedi-

ately adjacent to targeted cells demonstrating no toxic effects.

Recent data suggests that once themAb-IR700 conjugate binds

to the target cell and is exposed toNIR light, it canquickly result

in rapid and irreversible damage to the cell membrane.Within

minutes of exposure to NIR light, the cell membrane ruptures

leading to necrotic cell death (Mitsunaga et al., 2012a,b, 2011;

Nakajima et al., 2013, 2012; Sano et al., 2013a). While this is a

promising treatment, it is still unclear which of the two avail-

able anti-EGFR antibodies produces a superior PIT effect.

In this study, we compare the in vitro and in vivo cell killing

efficacy of PIT using either cetuximab-IR700 (cet-IR700) or

panitumumab-IR700 (pan-IR700).
2. Material and methods

2.1. Reagents

Awater soluble, silicon-phthalocyaninederivative, IRDye700DX

NHS ester (C74H96N12Na4O27S6Si3, molecular weight of 1954.22)

was obtained fromLI-CORBioscience (Lincoln, NE, USA). Cetux-

imab, a chimeric (mouse/human) mAb directed against EGFR,

was purchased from Bristol-Meyers Squibb Co (Princeton, NJ,

USA). Panitumumab, a fully humanized IgG2 mAb directed

against EGFR, was purchased from Amgen (Thousand Oaks,

CA, USA). All other chemicals were of reagent grade.

2.2. Synthesis of IR700-conjugated cetuximab and
panitumumab

Cetuximab or panitumumab (1 mg, 6.8 nmol) was incubated

with IR700 NHS ester (66.8 mg, 34.2 nmol, 5 mmol/L in DMSO)
as panitumumab was previously described (Mitsunaga et al.,

2011). The mixture was purified with a Sephadex G50 column

(PD-10; GE Healthcare, Piscataway, NJ, USA). The protein con-

centrationwas determinedwith Coomassie Plus protein assay

kit (Thermo Fisher Scientific Inc, Rockford, IL, USA) by

measuring the absorption at 595 nm with spectroscopy (8453

Value System; Agilent Technologies, Santa Clara, CA, USA).

The concentration of IR700 was measured by absorption at

689 nm with spectroscopy to confirm the number of fluoro-

phore molecules conjugated to each mAb. The synthesis was

controlled so that an average of three IR700 molecules were

bound to a single antibody. We performed SDS-PAGE as a

quality control for each conjugate as previously reported

(Sano et al., 2013d).We used diluted cetuximab and panitumu-

mab as non-conjugated controls for SDS-PAGE and the fluo-

rescent bands were measured with a Pearl Imager (LI-COR

Biosciences) with a 700 nm fluorescence channel.

2.3. Cell culture

EGFR-expressing A431 cells and MDAMB468-luc cells (stable

luciferase-transfected) were used in these experiments

(Mitsunaga et al., 2012b, 2011). Cells were grown in RPMI

1640 (Life Technologies, Gaithersburg, MD, USA) supple-

mented with 10% fetal bovine serum and 1% penicillin/strep-

tomycin (Life Technologies) in tissue culture flasks in a

humidified incubator at 37 �C at an atmosphere of 95% air

and 5% carbon dioxide.

2.4. Spheroid culture

Spheroids were generated by the hanging drop method (Tung

et al., 2011). Five thousand cells were suspended in 50 mL me-

dium and were then dispensed into 96 well plates (3D Bio-

matrix Inc, Ann Arbor, MI, USA) following manufacture’s

instructions.

2.5. Fluorescence microscopy

To detect the antigen specific localization of IR700 conjugates,

fluorescence microscopy was performed (IX61 or IX81;

Olympus America, Melville, NY, USA). Ten thousand cells

were seeded on cover-glass-bottomed dishes and incubated

for 24 h. Cet-IR700 or pan-IR700 was then added to the culture

medium at 10 mg/mL and incubated at 37 �C. The cells were

thenwashedwith PBS; Propidium Iodide (PI)(1:2000)(Life Tech-

nologies) and Lyso Tracker Red DND-99 (lysotracker, final

75 nM; Life Technologies), were used to detect dead cells,

and acidic organelles, respectively (Raben et al., 2009; Smith

et al., 2012). PI was added into the media 30 min before PIT.

The cells were then exposed to NIR light (2 J/cm2) and serial

images were obtained. The filter was set to detect IR700 fluo-

rescence with a 590e650 nm excitation filter, and a

665e740 nm band pass emission filter.

Immunostaining was performed as previously described

(Sato et al., 2011); briefly, the cells were fixed with 3.7% form-

aldehyde in PBS for 10 min at room temperature followed by

permeabilization for 10minwith 0.2% Triton X-100 containing

http://dx.doi.org/10.1016/j.molonc.2014.01.006
http://dx.doi.org/10.1016/j.molonc.2014.01.006
http://dx.doi.org/10.1016/j.molonc.2014.01.006
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2 mg/mL BSA. Alexa-fluor488 Phalloidin (Life Technologies)

was used to detect actin. The fixed samples were observed

with a confocal laser microscope (LSM5 meta, Carl Zeiss,

Jena, Germany). Analysis of the images was performed with

ImageJ software (http://rsb.info.nih.gov/ij/).

2.6. Flow cytometry

Fluorescence from cells after incubation with cet-IR700 or

pan-IR700 was measured using a flow cytometer (FACS Cali-

bur, BD BioSciences, San Jose, CA, USA) and CellQuest soft-

ware (BD BioSciences). A431 and MDAMB468-luc cells

(1 � 105) were incubated with each of the conjugates for 1 h

at 37 �C. To validate the specific binding of the conjugated

antibody, excess antibody (50 mg) was used to block 0.5 mg of

dye-antibody conjugates. Furthermore, to elucidate cross

reactivity to EGFR, panitumumab-TexRed was used

(Nakajima et al., 2013).

2.7. In vitro photoimmunotherapy

Two hundred thousand cells were seeded into 12 well plates

and incubated for 24 h. Medium was replaced with fresh cul-

ture medium containing 10 mg/mL of cet-IR700 or pan-IR700

and incubated for 6 h at 37 �C. After washing with PBS, phenol

red-free culture medium was added. Then, cells were irradi-

ated with a red light-emitting diode (LED), which emits light

at 670e710 nm wavelength (L690-66-60; Marubeni America

Co., Santa Clara, CA, USA), with a power density of 25 mW/

cm2 as measured with an optical power meter (PM 100, Thor-

labs, Newton, NJ, USA).

2.8. Cytotoxicity/phototoxicity assay

The cytotoxic effects of PIT with cet-IR700 or pan-IR700 were

determined by the residual luciferase activity assay and flow

cytometric PI staining, which can detect compromised cell

membranes. For the luciferase activity assay, 150 mg/mL D-

luciferin-containing media (Gold Biotechnology, St Louis,

MO, USA) was administered to PBS-washed cells 1 h after

PIT, and analyzed on a bioluminescence imaging (BLI) system

(Photon Imager; Biospace Lab, Paris, France). For the flow cyto-

metric assay, cells were trypsinized 1 h after treatment and

washed with PBS. PI was added in the cell suspension (final

2 mg/mL) and incubated at room temperature for 30 min, fol-

lowed by flow cytometry.

2.9. LDH cytotoxicity assay

The cytotoxic effects of PIT with cet-IR700 or pan-IR700 on

A431 spheroids were determined with the Cytotoxicity Detec-

tion Kit Plus (Roche Applied Science, Basel, Switzerland),
Figure 1 e Quality control of cet-IR700 and pan-IR700 synthesis. (A) Val

blue staining, lower: fluorescence). Diluted commercial cetuximab and pan

intensity between cet-IR700 and pan-IR700 (*ns). (C) Specific binding fun

and MDAMB468-luc cells were incubated with cet-IR700 or pan-IR700 for

Tracker (red: lysosome detection) and phalloidin (green: actin detection, esp

into cells in a time dependent manner. Bar [ 25 mm.
which can detect cell membrane damage. Day7 spheroids,

pre-incubated with cet-IR700 or pan-IR700 for 6 h, were

washedwith PBS, and transferred to 96 well plates (containing

PBS), then irradiated with NIR light. 1 h later, the assay was

performed. The analysis was done with a VICTOR-X3 plate

reader (Perkin Elmer, Woodlands, TX, USA), and calculation

of cytotoxicitywasmade according tomanufacturer’s instruc-

tions. All other procedures were performed following manu-

facturer’s instructions.

2.10. Animal and tumor models

All in 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 athymic nude mice were purchased

from Charles River (NCI-Frederick). During procedures, mice

were anesthetized with isoflurane. Two million A431 cells

were injected subcutaneously in the right dorsum of the

mice. In order to determine tumor volume, the greatest longi-

tudinal diameter (length) and the greatest transverse diam-

eter (width) were measured with an external caliper. Tumor

volumes based on caliper measurements were calculated by

the following formula; tumor

volume ¼ length � width2 � 0.5 (Mitsunaga et al., 2011). Tu-

mors reaching approximately 50 mm3 in volume were

selected for the study. Six million MDAMB468-luc cells were

implanted into the right mammary fat pads. D-luciferin

(15 mg/mL, 200 mL) was injected intraperitoneally into mice

14 days after cell implantation, and analyzed with a Photon

Imager for luciferase activity, and then mice were selected

for further study based on tumor size and bioluminescence

signals.

2.11. In vivo photoimmunotherapy with cet-IR700 or
pan-IR700

A431 tumor-bearingmice were randomized into 5 groups of at

least 10 animals per group for the following treatments: (1) no

treatment (control); (2) 100 mg of cet-IR700 i.v. every week, no

NIR light exposure (3) 100 mg of pan-IR700 i.v. every week, no

NIR light exposure; (4) 100 mg of cet-IR700 i.v. every week,

NIR light was administered at 50 J/cm2 on day 1 after injection

and 100 J/cm2 on day 2 after injection. (5) 100 mg of pan-IR700

i.v. every week, NIR light was administered at 50 J/cm2 on

day 1 after injection and 100 J/cm2 on day 2 after injection.

These therapieswere performed every week for up to 2 weeks.

Mice were monitored daily, and tumor volumes were

measured three times a week until the tumor diameter

reached 2 cm, whereupon themice were euthanized with car-

bon dioxide. Fluorescence images, as well as white light
idation of cet-IR700 and pan-IR700 by SDS-PAGE (upper: colloidal

itumumab were used as controls. (B) Quantification of fluorescence

ction to EGFR by flow cytometry showing similar binding. (D) A431

indicated times and fixed. Immunostaining was performed with Lyso

ecially membrane). Both cet-IR700 and pan-IR700 were internalized

http://rsb.info.nih.gov/ij/
http://dx.doi.org/10.1016/j.molonc.2014.01.006
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images, were obtained using a Pearl Imager with a 700 nm

fluorescence channel. For analyzing fluorescence intensities,

tumors of the same size were compared and regions of inter-

est (ROI) were placed over the entire tumor. Average fluores-

cence intensity of each ROI was calculated. When comparing

fluorescence target-to-background ratio (TBR), ROIs were

placed in the adjacent non-tumor region. For the BLI study,

mice were randomized into 2 groups of 7 animals per group
Figure 2 e Microscopy of necrotic cell death and evaluation of cell damag

MDAMB468-luc cells were treated with cet-IR700 or pan-IR700 and obser

cell death was observed upon excitation with NIR light (After). Bar [ 50

A431 (B) and MDAMB468-luc (C) cells increased in a light dose-depende

pan-IR700 at any point. (D) Luciferase activity in MDAMB468-luc cells d

dependent manner. No significant differences were observed between cet-I
for the following treatments: (1) 100 mg of cet-IR700 i.v., with

NIR light administered at 50 J/cm2 on day 1 after injection

and 100 J/cm2 on day 2 after injection; (2) 100 mg of pan-IR700

i.v., NIR light was administered at 50 J/cm2 on day 1 after injec-

tion and 100 J/cm2 on day 2 after injection. NIR light exposure

was performed 15 days after cell implantation. Mice images

were acquired over time with a fluorescence imager (Pearl

Imager) for detecting IR700 fluorescence, and Photon Imager
e by PIT in vitro with cet-IR700 or pan-IR700. (A) A431 and

ved by microscopy (before and after irradiation of NIR light). Necrotic

mm. PIT-induced cytotoxicity with either cet-IR700 or pan-IR700 in

nt manner. There is no significant difference between cet-IR700 and

ecreased by cet-IR700 or pan-IR700 mediated PIT in a light dose-

R700 and pan-IR700 at any point.

http://dx.doi.org/10.1016/j.molonc.2014.01.006
http://dx.doi.org/10.1016/j.molonc.2014.01.006
http://dx.doi.org/10.1016/j.molonc.2014.01.006
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for BLI. For analyzing BLI, ROI of similar size were placed over

the entire tumor. When comparing fluorescence TBR, the

average fluorescence intensity of each ROI was measured,

and ROIs were placed in the adjacent non-tumor region (e.g.

a symmetrical region to the left of the tumor). The calculation

of TBR has been previously described (Mitsunaga et al., 2011).

For measuring the total fluorescence of the tumor region, the

ROI of equal size was placed on the tumor and adjacent non-

tumor tissue.
2.12. Biodistribution study

A431 tumor bearing mice were divided into two groups (n ¼ 5)

for biodistribution studies as described previously (Ogawa

et al., 2009; Sano et al., 2013b). In brief, 125I-cetuximab and
125I-panitumumab were prepared using the Iodo-Gen
Figure 3 e Permeation of cet-IR700 and pan-IR700 into A431 3D spheroi

into A431 3D spheroids increased over time. Bar[ 100 mm. (B) Quantificat

cet-IR700 and pan-IR700 (n[ 10) at any point. (C) A431 3D spheroids wer

6 h and observed by microscopy (before and after irradiation of NIR light). N

cytotoxicity assay (for the spheroids exposed with cet-IR700 and pan-IR700 f

was no significant difference between cet-IR700 and pan-IR700 in efficacy
procedure and purified with a PD-10 size exclusion column.

The specific activities were 410 kBq/mg for cetuximab and

370 kBq/mg for panitumumab. 125I-cetuximab or 125I-panitu-

mumab (37 kBq/5 mg/100 mL in PBS/mouse) was injected via

tail vein, and the distribution was determined at 6 h, 1 day, 2

day and 4 day postinjection. Organs were excised, weighed,

and the radioactivity counts were measured by a 2480 Auto-

matic Gamma Counter: Wizard2 (Perkin Elmer), using the

injected dose as a standard. The data were shown as the per-

centage injected dose per gram of tissue (%ID/g).
2.13. Statistical analysis

Data are expressed asmeans� s.e.m. from aminimumof four

experiments, unless otherwise indicated. Statistical analyses

were carried out using a statistics program (GraphPad Prism;
ds and the effect on PIT. (A) Permeation of cet-IR700 or pan-IR700

ion of the intensity of IR700 showed no significant difference between

e treated with PIT after exposure to either cet-IR700 or pan-IR700 for

ecrotic cell damage was observed after PIT. Bar[ 100 mm. (D) LDH

or 6 h) showed increasing cell death with increases in light dose. There

at any point.

http://dx.doi.org/10.1016/j.molonc.2014.01.006
http://dx.doi.org/10.1016/j.molonc.2014.01.006
http://dx.doi.org/10.1016/j.molonc.2014.01.006
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GraphPad Software, La Jolla, CA, USA). For multiple compari-

sons, a one-way analysis of variance (ANOVA) with post-test

(KruskaleWallis test with post-test) was used. The cumulative

probability of survival was estimated in each group with a

KaplaneMeier survival curve analysis, and the results were

compared with the log-rank test and Wilcoxon test. Student’s

t test was also used to compare the two conjugates; p < 0.05

was considered to indicate a statistically significant difference.
3. Results

3.1. In vitro characterization of cet-IR700 and pan-
IR700 conjugates

To evaluate the properties of cet-IR700 and pan-IR700, SDS-

PAGE was performed and read by protein staining and IR700

fluorescence. The bands of IR700-conjugated mAbs were

shown at slightly higher molecular weight than non-

conjugated controls (diluted mAbs from commercial sources),

and fluorescence intensities of both cet-IR700 and pan-IR700

were identical (Figure 1A and B). Next, we examined the fluo-

rescence signals of cet-IR700 and pan-IR700 bound to EGFR-

positive cells by FACS. After incubation with either cet-IR700

or pan-IR700, A431 and MDAMB468-luc cells showed similar

brightness (Figure 1C). These signals were completely blocked

by the addition of excess cetuximab or panitumumab, sug-

gesting that the conjugated mAbs specifically bind to the

same epitope on EGFR, confirming previous results (Koefoed

et al., 2011; Salfeld, 2007) (Supplementary Figure 1). Therefore,

both cet-IR700 and pan-IR700 display similar fluorescence in-

tensity, and bind to the same epitope of EGFR.

Serial imaging with fluorescence microscopy showed that

the two antibody conjugates behaved similarly after binding

to EGFR antigens on the cell surface. After 1 h incubation,

both cet-IR700 and pan-IR700 localized on the cell membrane

and early internalizationwas observedwhereby IR700 fluores-

cence co-localized with the fluorescence of lysotracker in

EGFR-positive A431 or MDAMB468-luc cells (Figure 1D). After

6 h incubation, both the fluorescence of cet-IR700 and pan-

IR700 increasingly internalized into the lysosome, which co-

localized with lysotracker. Thus, both agents behaved simi-

larly after binding to EGFR.
Figure 4 e Cet-IR700 and pan-IR700 demonstrate differences in in vivo e

effective A431 tumor volume reduction than pan-IR700 (cet-IR700 PIT gro

each treatment group; *P < 0.0001, by KruskaleWallis test with post-test)

IR700 mediated PIT leads to less prolonged survival in A431 tumor bearing

group: p < 0.01) (n [ 10 mice in each treatment group; **P < 0.0001, by L

leads to less bioluminescence at 6 h, 3 day, and 4 day after the treatment t

group vs. pan-IR700 PIT group: ***P < 0.01, ****P < 0.05). The treatme

indicated on the left of the graph. (D) Bioluminescence images of MDAMB

or pan-IR700. Selected mice that had almost the same tumor relative light

pan-IR700; 5977 counts/tumor). (E) Fluorescence images obtained at each

imaging of a A431 xenograft and (G) MDAMB468-luc orthotopic breast t

fluorescence signals in the tumors between treatments with cet-IR700 and

view). (H) Tumor-to-background ratio (TBR) of the IR700 fluorescence in

showed a difference in quantitative uptake and retention (A431; n [ 10 mic

in each treatment group).
3.2. Identical in vitro photoimmunotherapy effects were
observed with cet-IR700 and pan-IR700

Serial fluorescence microscopy was performed after PIT with

cet-IR700 and pan-IR700 to compare their in vitro efficacy.

Immediately after exposure to NIR light (25 mW/cm2 for 80 s

resulting in a light dose of 2 J/cm2) cellular swelling, bleb for-

mation and rupture of the lysosome were observed in both

A431 and MDAMB468-luc cells incubated with either cet-

IR700 or pan-IR700 (Figure 2A and Supplementary Video

1e4). Most of these cellular changes were observed within

30 min of light exposure (Supplementary Video 1e4), indi-

cating rapid induction of necrotic cell death after PIT. No sig-

nificant differences in the initiation time for cellular changes

or the severity of the cellular damage was observed between

treatments with the two conjugates, suggesting that both

agents induce profound cell necrosis after PIT.

Supplementary video related to this article can be found at

http://dx.doi.org/10.1016/j.molonc.2014.01.006.

In order to examine the effects of in vitro PIT quantitatively,

we performed a cytotoxicity assay with PI staining and a lucif-

erase activity assay. Based on incorporation of PI, percentage

of cell death increased in a light dose dependent manner.

Therewas no significant cytotoxicity associated with NIR light

alone in the absence of either agent. Mild cytotoxicity was

observed when the cells were exposed to the conjugates alone

without light (Figure 2B and C). No significant difference was

detected between treatments with cet-IR700 and pan-IR700

with regard to quantitative measures of necrosis. The lucif-

erase activity assay inMDAMB468-luc cells showed significant

decreases of relative light units (RLU) related to PIT-induced

reductions in ATP production in living cells, indicating a

decrease in cellular activity which was dose dependent

(Figure 2D). These studies suggest that both conjugates have

identical efficacy in inducing rapid necrotic cell death after

in vitro PIT.

The efficacy of in vitro PIT was also examined with A431 3D

spheroids (Dubessy et al., 2000; Graff and Wittrup, 2003;

Laderoute et al., 1992; Waleh et al., 1994). Compared to con-

ventional monolayer cell cultures, 3D spheroids resemble

real tissues better in terms of structural and functional prop-

erties. Since we use mAb-IR700 conjugates to target cancer
ffects of PIT. (A) Repeated cet-IR700 mediated PIT leads to less

up vs. pan-IR700 PIT group after day 12: p< 0.0001) (n[ 10 mice in

. The treatment regimen is shown below the graph. (B) Repeated cet-

mice than with pan-IR700 (cet-IR700 PIT group vs. pan-IR700 PIT

ong-rank test and Wilcoxon test). (C) Repeated PIT with pan-IR700

han cet-IR700 (n [ 7 mice in each treatment group; cet-IR700 PIT

nt regimen and time points of measurement of bioluminescence are

468-luc orthotopic tumors in response to repeated PIT with cet-IR700

unit (RLU) before therapy are shown (cet-IR700; 5479 counts/tumor,

time point before and after repeated PIT. (F) In vivo fluorescence

umor bearing mice treated with repeated PIT showed differences in

pan-IR700. Tumors of almost equal size were selected (see magnified

tensity in A431 tumors or MDAMB468-luc orthotopic breast tumors

e in each treatment group; *P < 0.05) (MDAMB468-luc; n [ 7 mice
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cells, the penetration of conjugates to the cancer tissue is crit-

ical for successful PIT. Permeation of cet-IR700 and pan-IR700

into the spheroids was examined by microscopy. The outer

layer of the spheroids was stained by the conjugates after

1 h co-incubation and the stained area spread centripetally

in a time dependent manner (Figure 3A). Quantification of

IR700 fluorescence intensity of either agent within spheroids

showed no significant difference (Figure 3B), suggesting that

both agents permeated within 3D culture cells at the same

rate.

To visualize and quantify the effects of PIT in the 3D

spheroid model, concurrent microscopic observation and

LDH cytotoxicity assay was performed (Lee et al., 2011).

At 1 h post-PIT, there was a physical swelling of the spher-

oids (Figure 3C). The outer layer of the spheroid was

stained with PI, indicating cell death where NIR light pene-

trated. The LDH cytotoxicity assay again showed signifi-

cant cell death that was light dose dependent but an

absence of cell death without agents or with light alone

and mild cytotoxicity using either conjugate alone

(Figure 3D), which conforms to the results in 2D cell cul-

tures (Figure 2B and C). No significant difference between

treatments with cet-IR700 or pan-IR700 was detected in se-

rial microscopic observations (data not shown) or the LDH

cytotoxicity assay in the 3D spheroid model (Figure 3D).

These results revealed that cet-IR700 and pan-IR700 could

induce similar effects of PIT in vitro, not only in 2D but

also in 3D cell cultures, and show similar penetration

within 3D spheroids.

3.3. Pan-IR700 is superior to cet-IR700 for in vivo
photoimmunotherapy

We compared the two conjugates for their in vivo PIT effects

using A431 xenografts and orthotopically grafted

MDAMB468-luc tumors. Contrary to the in vitro PIT results, sig-

nificant differences in the efficacy of cet-IR700 and pan-IR700

were observed in A431 xenograft mice undergoing PIT

(Figure 4A and B). Tumor volume was reduced and survival

was prolonged significantly in the pan-IR700 PIT group

compared with the cet-IR700 PIT group (tumor volume; pan-

IR700 PIT group vs. cet-IR700 PIT group after day 12:

p < 0.0001 (KruskaleWallis test with post-test), overall sur-

vival; pan-IR700 PIT group vs. cet-IR700 PIT group: p < 0.01

(long-rank test and Wilcoxon test)). Mice injected with either

cet-IR700 or pan-IR700 alone showed minimal tumor growth

inhibition and no therapeutic effect in the survival study.
Figure 5 e In vivo fluorescence imaging of tumor bearing mice and biodis

MDAMB468-luc orthotopic tumor bearing mice (B) treated with cet-IR700

To demonstrate the difference of fluorescence signals between treatments of

analysis of IR700 fluorescence signals in A431/MDAMB468-luc tumors (C

IR700 from 3 h to 3 day after injection (n[ 5 mice in each group; P< 0.05

and organs (E) at 4 day after injection also showed higher intensity with pan-

at 6 h, 1 day, 2 day and 4 day after injection of 125I-cetuximab (a) and 125I-p

day 4 after injection was compared between these two agents (c). Radioacti

than with 125I-cetuximab from 6 h to 4 day after injection (n [ 5 mice in

fluorescence images show higher hepatic and splenic accumulation (red arrow

pan-IR700 at 3 and 6 h.
Wealso examined the therapeutic effect of in vivo PIT by biolu-

minescence quantification (Figure 4C and D). The RLU ratio,

(post-PIT RLU to pre-PIT RLU), in MDAMB468-luc orthotopic

breast tumors demonstrated that the pan-IR700 group had sig-

nificant decreases at 6 h after PIT (***p < 0.01), while the RLU

ratio in the cet-IR700 group was unchanged (Figure 4C).

Although the RLU ratio in the cet-IR700 PIT group also

decreasedwithin 2 days after PIT probably due to the accumu-

lated damage to the tumors but returned to the baseline level

at 3 days after PIT (ns, 1day; P ¼ 0.078, 2day; p ¼ 0.183). Thus,

the pan-IR700 was more effective as an in vivo PIT agent than

cet-IR700. Importantly, after only a single irradiation at 100 J/

cm2 to MDAMB468-luc tumors, both cet-IR700 and pan-IR700

had similar decreases in the RLU ratio (Supplementary

Figure 2); differences between the two agentsweremore effec-

tively demonstrated after repeated exposures to light indi-

cating that pharmacokinetics of the two conjugates may be

critical in determining their efficacy as PIT agents.

To further elucidate the difference in in vivo therapeutic ef-

fects of PIT between cet-IR700 and pan-IR700, serial fluores-

cence images of the tumor-bearing mice were assessed

before and after each light exposure (day 1 and day 2) and 1

day after the last irradiation (Figure 4E). One day after injec-

tion of the agents, pan-IR700 showed higher fluorescence in-

tensity than cet-IR700 in both A431 and MDAMB468-luc

tumors (Figure 4F (a) and G (a)). IR700 fluorescence signal

was compromised due to washing out from dead cells and

partial photo-bleaching after exposure to 50 J/cm2 of NIR light

(Figure 4F (b, d) and G (b, d)). Pan-IR700 showed consistently

higher intensity in tumors than cet-IR700 after each irradia-

tion (Figure 4F (c, e) and G (c, e)), suggesting that pan-IR700

accumulated and was retained in tumors to a higher degree

than cet-IR700 over the first 3 days after injection. TBR also

indicated higher accumulation of pan-IR700 in tumors

compared to cet-IR700 one day after NIR light exposure

(Figure 4H). These results may help explain the differences

in therapeutic effects between the two conjugates as they

may relate to their respective pharmacokinetics.

3.4. Differences in biodistribution between cet-IR700
and pan-IR700

To examine the differences in pharmacokinetics, serial IR700

fluorescence imaging was performed after injection of cet-

IR700 or pan-IR700 and a biodistribution study utilizing 125I-

labeled versions of each conjugate was performed in EGFR-

positive tumor-bearing mice. Both A431 and MDAMB468-luc
tribution. In vivo fluorescence imaging of A431 xenografts (A) or

or pan-IR700 (only intravenous injection, without NIR irradiation).

the two agents, the signal window was set at each period. Quantitative

) showed significantly higher intensity with pan-IR700 than with cet-

). Ex vivo fluorescence images of A431 or MDAMB468-luc tumor (D)

IR700 than with cet-IR700. (F) In vivo biodistribution of radioactivity

anitumumab (b) into A431 tumor bearing mice, and biodistribution at

vity in the tumor (d) was significantly higher with 125I-panitumumab

each group; P < 0.05 at each sampling point). (G) In vivo IR700

) followed by biliary excretion (yellow circle) of cet-IR700 than that of

http://dx.doi.org/10.1016/j.molonc.2014.01.006
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tumors showed higher fluorescence intensity with pan-IR700

than cet-IR700 at all time points. Furthermore, pan-IR700

showed higher fluorescence intensity in the background

than cet-IR700 in both animalmodels (Figure 5A and B). Quan-

tification of fluorescence in both tumors also showed higher

intensity in the pan-IR700 group than in the cet-IR700 group,

and a trend toward an earlier decrease of signals in the cet-

IR700 than in the pan-IR700 group (Figure 5C). High fluores-

cence signals in the intestine were observed only in mice

injected with cet-IR700 6 h after injection (Figure 5B), suggest-

ing earlier hepatic catabolism and biliary excretion of cet-

IR700 than pan-IR700. In non-tumor bearing mice, fluores-

cence signals in the intestine were observed as early as 1 h

after injection (Supplementary Figure 3). With ex vivo imaging

at 4 day after injection, higher fluorescence signals were

observed within tumors and organs in mice injected with

pan-IR700 than with cet-IR700 (Figure 5D and E).

Biodistribution studies showed higher accumulation of

radioactivity in A431 tumors in the 125I-panitumumab group

than the 125I-cetuximab group at all time points (Figure 5F

(aed)). Higher radioactivity was shown in the liver, spleen,

and intestine at 6 h after injection in the 125I-cetuximab group,

suggesting earlier catabolism of cetuximab in the liver. Higher

hepatic and splenic accumulation followed by biliary excre-

tion was found with cet-IR700 compared to pan-IR700 at 3

and 6 h using IR700 fluorescence images (Figure 5G). At 4 day

after injection, radioactivity in the organs, tumors and blood

was higher in the 125I-panitumumab group than in the 125I-

cetuximab group (Figure 5F (c)), consistent with the ex vivo

fluorescence images (Figure 5D and E). These results suggest

that panitumumab has slower clearance and higher accumu-

lation in tumor bearingmice than cetuximab over a period of 4

days, which may explain the superior effects of pan-IR700

with in vivo PIT. On the other hand, cetuximab was more

rapidly catabolized in the liver, resulting in less accumulation

of cet-IR700 in tumors, thus compromising the PIT effects

in vivo.
4. Discussion

The term, “PIT”, was first used in studies employing antibody-

photosensitizer conjugates three decades ago (Mew et al.,

1983). Although we have adopted the same name, the design

of the immunoconjugate is different in a key respect. In the

original “PIT”, antibodies were conjugated to very hydropho-

bic photosensitizers used for photodynamic therapy (PDT).

The pharmacokinetic properties of the conjugate were domi-

nated by the hydrophobicity of the photosensitizer, thus,

limiting delivery to the tumor compared to background,

resulting in poorly targeted uptake, leading to minor gains in

efficacy compared with “untargeted” hydrophobic photosen-

sitizers. The PIT we describe, while similar in concept to the

original PIT, has completely different pharmacokinetic prop-

erties since the photosensitizer is highly hydrophilic and

therefore, requires the antibody for targeting. This enables

highly targeted accumulation at the tumor with minimal up-

take in non-target tissue. Therefore, the current PIT described

in this study is a new class of therapy based on targeted hydro-

philic photosensitizers.
Cetuximab and panitumumab are both widely used mAbs

in tumors expressing EGFR and both are considered suitable

candidates as PIT conjugates. We show that cet-IR700 and

pan-IR700 bind to EGFR-expressing cancer cells in in vitro cul-

ture with nearly identical affinity and both agents are capable

of penetrating into 3D spheroids. Predictably, these properties

result in nearly identical in vitro PIT-induced cytotoxicity. In

contrast, pan-IR700 was superior to cet-IR700 as an in vivo

PIT agent owing to its more favorable pharmacokinetics in

mouse models. Optimizing the fractionation schedule did

not alter these results, although to some extent the defi-

ciencies of cet-IR700 can be overcome by increasing the light

dose.

An important aspect of PIT is that after the first exposure

to NIR light, there are rapid and dramatic increases in

vascular permeability to nano-sized molecules such as anti-

bodies. PIT only targets tumor cells and thus leaves the ves-

sels intact and thus, blood flow is at least maintained.

Moreover, the first cells to be killed by PIT are perivascular

tumor cells, thus creating a potential space just outside

blood vessels that is permissive to leakage into the extra-

vascular space (Sano et al., 2013c). After the first PIT ses-

sion, circulating antibody-IR700 conjugates can permeate

deeply into the treated tumor’s extravascular space where

they become even more effective as PIT agents after the

second exposure to light. Previous measurements have sug-

gested that this super enhanced permeability and retention

(SUPR) effect can result in a 20-fold increase in the delivery

of nano-sized molecules compared to baseline. This pro-

motes homogeneous redistribution of antibody-IR700 con-

jugates within the tumor after the initial PIT treatment

(Sano et al., 2013c). The prolonged retention of the pan-

IR700 conjugate in the circulation, therefore, increases the

efficacy of pan-IR700 relative to cet-IR700 which has a

shorter circulatory half life. Radiolabeled cetuximab

showed faster clearance from the circulation and higher he-

patic accumulation than panitumumab. Cet-IR700 and

radiolabeled cetuximab showed similarly high hepatic

accumulations. This difference might derive from the dif-

ference in species or protein class characteristics of cetux-

imab and panitumumab, which are respectively, chimeric

(13% mouse and 87% human) IgG1 and human (100% hu-

man) IgG2 monoclonal antibodies (Salfeld, 2007). To the

extent that the pharmacokinetics in humans might differ

from that shown in mice, this pharmacokinetic disadvan-

tage of cet-IR700 may be less of a problem in humans. How-

ever, this study clearly suggests that longer retention in the

circulation is an advantageous feature of a PIT agent as it

permits more tumor accumulation, especially after the first

PIT session. These findings should inform the decision

regarding which conjugate to use when considering early

phase human trials of PIT.
5. Conclusions

Although cet-IR700 and pan-IR700 showed identical binding

and therapeutic PIT effects in vitro, pan-IR700 showed superior

therapeutic tumor effects in in vivo mice models compared to

cet-IR700 due to differences in the pharmacokinetics of the

http://dx.doi.org/10.1016/j.molonc.2014.01.006
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two antibodies. These findings could inform the selection of

suitable antibody-IR700 conjugates for human clinical trials.
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