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Figure 6 Virus-mediated biological elimination of established lymph node metastasis prevented relapse. (a) Gross and fluorescence images of
the abdominal cavity were serially obtained at laparotomy on days 7, 14, and 35 after tumor inoculation in orthotopic HCT-116-GFP tumor xeno-
grafts treated with PBS, dI312, or OBP-301. Representative images of each group are shown. Scale bar, 5mm. (b) The GFP intensity of metastatic
lymph nodes in each mouse was serially measured on days 7, 14, and 35. Data from each mouse are plotted individually. Arrows indicate the time of

virus injection and primary tumor removal.

Overexpression of telomerase, which is a ribonucleoprotein
enzyme complex that is responsible for the complete replication
of chromosomal ends, is thought to play a key role in the infinite
reproduction of cancer cells.”?® We constructed a telomerase-
specific replicating adenovirus, OBP-301, in which the hTERT
promoter element drives expression of the EI genes that are essen-
tial for adenoviral replication.”” As hTERT is the catalytic subunit
of telomerase, OBP-301 shows tumor-specific intracellular viral
replication that is regulated by hTERT transcriptional activity
in human tumors.”?! Viral yields correlated well with hTERT
mRNA expression in human cancer cell lines,’*** although there
was no significant correlation between h"TERT mRNA expression
and the cytopathic activity of OBP-301.%! It has been reported that
the hTERT promoter could be applied to induction of transgene
expression in syngeneic tumors in mice.”” We also previously con-
firmed that a hTERT promoter-driven tumor-killing adenovirus
could replicate in murine colorectal cancer cells such as Colon-
26 in vitro and in vivo.” These findings suggest that OBP-301 can
replicate in murine as well as in human tissues, when telomerase is
activated. Thus, the submucosally invaded orthotopic early rectal
cancer mouse model, which develops spontaneous lymph node
metastasis, is a suitable translational animal model for simulation
of the in vivo behavior patterns of this virus.

The lymphatic system plays a crucial role in initial lymphatic
dissemination of human cancer cells and subsequent development
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of lymph node metastases. In addition to the pre-existing lym-
phatic network, it is well known that new lymphatic vessels can be
generated from pre-existing ones by tumor-secreting mediators
such as vascular endothelial growth factors (VEGF) and angiopoi-
etins.® This tumor-induced lymphangiogenesis is often associated
with structural and functional abnormalities of the lymphatic vas-
culature, which are analogous to the aberrations of tumor blood
vessels.”? Although lymphatic vessels began to show abnormali-
ties even in the early stages of carcinogenesis, advanced tumors
have more compressed and nonfunctional lymphatics presumably
due to tumor infiltration.* The lymphatic system also provides a
route for the delivery of therapeutic molecules including biologi-
cal agents. We have shown that OBP-301 virus injected into the
space under the orthotopically implanted early rectal cancer could
easily reach regional lymph nodes with normal lymphatic flow.
However, a complex and impaired lymphatic network in more
advanced tumors might disturb an optimal distribution of ther-
apeutics into the regional lymphatic area. Therefore, early-stage
cancer patients who potentially have microlymph node metastasis
might be an appropriate target for locoregional therapy through
the lymphatic system.

The standard procedures for ESD, which include marking
outside the lesion, injection of various submucosal solutions,
circumferential incision into the mucosa and direct dissection
of the submucosal layer, have been established.®> As submucosal
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dissection with simultaneous hemostasis causes destruction of
the normal lymphatic network, administration of therapeutic
molecules prior to complete removal of neoplastic lesions is the
ideal time to deliver these molecules over the locoregional lym-
phatic area including the sentinel lymph nodes. The use of sub-
mucosal injection to isolate the target lesion is considered to be
essential for a successful ESD. In addition to normal saline, many
types of solutions such as glycerol, dextrose water, and hyaluronic
acid have been applied clinically.* The key aspect of our study is
that a solution containing tumor-killing virus was used as a sub-
mucosal cushion and, therefore, the virus delivery could be easily
adapted to the standard ESD procedures. Moreover, we found that
submucosally injected dye could rapidly enter the lymphatic flow
and spread to the draining lymph nodes, indicating a potential for
extension of the purging effects of the viruses beyond the sentinel
lymph nodes.

Submucosal injection of OBP-301 prior to ESD-mimicking
resection of submucosally invaded primary tumors resulted in
complete inhibition of metastatic outgrowth on the draining
lymph nodes in a dose-dependent manner. Replicating viruses
in metastatic foci of the sentinel lymph nodes could be visual-
ized using dual-color in vivo imaging. Preclinical studies have
demonstrated that the antitumor efficiency of OBP-301 strongly
depends on its infectivity towards tumor cells, which varies
among tumor types.’”® However, a dose-titration study indi-
cated that OBP-301 at 107 PFU, which is 2 logs lower than the
optimal concentration for mice (1 x 10° PEU/mouse), could still
effectively suppress lymph node metastasis, suggesting that the
use of higher doses of OBP-301 could potentially overcome the
varied sensitivity of tumor cells to OBP-301. The safety profile of
OBP-301 itself after intratumoral delivery has already been con-
firmed up to 1x 10" virus particles (vp) (1x 10" PFU) in a phase
1 clinical trial for various types of solid tumors.* Furthermore,
an investigator-driven clinical study of OBP-301 in combination
with radiotherapy for esophageal cancer is currently ongoing in
our hospital without any severe dose-limiting toxicity. Therefore,
a 2-log-higher dose of OBP-301 could be available in humans
for monotherapy as well as for combination therapy. In addition,
analysis of autopsied patients in our previous trial showed that
a replication-defective adenoviral vector can persist in proximal
lymph nodes for ~5 months after intratumoral injection.”” Indeed,
although metastatic lymph nodes grew in mice that received cis-
platin, which is a broadly used anticancer drug, no recurrence
was observed in OBP-301-treated mice in which lymph node
metastasis had been eradicated, suggesting a long-term surveil-
lance activity of OBP-301.

In conclusion, we have demonstrated that the telomerase-spe-
cific replication-selective adenovirus OBP-301 can be delivered
into neoplastic foci in regional lymph nodes after submucosal
injection at the time of primary tumor dissection and effectively
ablate lymph node metastasis in an early gastrointestinal cancer
model. We previously reported that metastatic tumor cells in the
Iymph nodes unexpectedly increased after surgical removal of
invasive rectal tumors, presumably due to excessive damage to the
host*; however, less-invasive submucosal dissection of tumors did
not affect the incidence of lymph node metastasis. The adminis-
tration of OBP-301 by inclusion in the standard ESD procedures is
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a revolutionary treatment option for early gastrointestinal cancer
patients, which avoids impairing the quality of life that occurs due
to surgery for prophylactic lymphadenectomy. Moreover, clinical
morbidity of lymphedema particularly in breast cancer axillary
node dissection is of significant consequence. Our strategy may
have a potential for clinical advantages in other oncologic fields.

MATERIALS AND METHODS

Cell lines and recombinant adenoviruses. The human colorectal can-
cer cell lines HCT-116-GFP and Colo 205-GFP, which express the GFP
gene, and HCT-116-red fluorescent protein (RFP) cells, which express
the RFP gene, were established previously,*** and were routinely cul-
tured in RPMI 1640 medium supplemented with 10% FBS. The recom-
binant replication-selective, tumor-specific adenovirus vector OBP-301
(Telomelysin), in which the hTERT promoter element drives the expres-
sion of E1A and E1B genes linked with an internal ribosome entry site,
was previously constructed and characterized®?!' (Supplementary
Figure Sla). OBP-401 (TelomeScan) is a telomerase-specific, replica-
tion-competent adenovirus variant in which the replication cassette
and GFP gene under the control of the cytomegalovirus promoter
were inserted into the E3 region for monitoring of viral replication'*?
(Supplementary Figure S1b). The E1A-deleted adenovirus vector lack-
ing a ¢cDNA insert (dI1312) was also used as a control vector. Viruses
were purified by ultracentrifugation using CsCl step gradients. Viral
titers were determined by a plaque-forming assay using 293 cells. The
virus was stored at —80 °C.

Cell viability assay. HCT-116-GFP and Colo 205-GFP cells were seeded
on 96-well plates at a density of 1 x 10° cells/well 18-20 hours before viral
infection. The cells were then infected with OBP-301 or control dI312 at
an MOI of 0, 1, 5, 10, 50, or 100 PFU/cell. Cell viability was determined
on days 1, 2, 3, and 5 after virus infection using the Cell Proliferation Kit
II (Roche Molecular Biochemicals, Indianapolis, IN), which is based on a
sodium 3'-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-
nitro)benzene sulfonic acid hydrate (XTT) assay, according to the manu-
facturer’s protocol.

Animal experiments. The experimental protocol was approved by the
Ethics Review Committee for Animal Experimentation of our institution.
Six- to 8-week-old, female BALB/c nude mice (Clea Japan, Tokyo, Japan)
were used in this study. All animal procedures were performed under
anesthesia using s.c. administration of a ketamine mixture (100 mg/kg ket-
amine HCL, 7mg/kg xylazine HCL).

Mice were anesthetized and placed in a supine position. Both the
dorsal vaginal wall and the ventral ano-rectal wall were cut at a length
of 7mm to expose the rectal mucosa for an easy operation. To develop
a submucosally invaded orthotopic rectal cancer model, HCT-116-GFP,
Co010205-GFP, or HCT-116-RFP human colon cancer cells (1.5 x 106 cells/
mouse), suspended in a mixture of 15 l of PBS and 15 pl of Matrigel
(BD Biosciences, San Jose, CA), were slowly injected into the submucosal
layer of the rectum using a 30-gauge needle (Supplementary Figure S3).
Seven days later, after fluorescent signals were confirmed in the sentinel
lymph nodes at laparotomy, a 30 pl-solution containing OBP-301, OBP-
401, or dI312 at the indicated doses was peritumorally injected into the
submucosal space as a fluid cushion. The minute GFP- or FRP-positive
rectal tumors were then surgically removed.

For pathological evaluation of lymph node metastasis, mice were
sacrificed and all para-aortic or iliac lymph nodes were isolated and were
stained with hematoxylin and eosin or were immunohistochemically
analyzed.

In vivo fluorescence imaging. To monitor the outgrowth of the primary
tumors and the metastatic lymph nodes, in vivo fluorescence images were
obtained at laparotomy using an Olympus SZX16 microscope and a DP71
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camera (Olympus, Tokyo, Japan). Images were processed for contrast and
brightness with the use of Adobe Photoshop software (Adobe). Green
fluorescence intensity was analyzed using Image J software for the quan-
tification of lymph node metastasis. For long-term evaluation, abdominal
images were serially obtained and quantified.

Quantitative real-time PCR analysis. We previously established a highly
sensitive quantitative assay that targets a human-specific Alu sequence in
order to quantify lymph node metastasis in mice. We used this previously
described assay in this study to measure the number of metastatic human
tumor cells in mouse lymph nodes™. Briefly, genomic DNA was extracted
from harvested lymph node tissues and analyzed by the quantitative real-
time PCR assay using a set of human Alu primers (sense: 5'-CTG AGG
TCA GGA GTT CGA G-3'; and antisense: 5'-TCA AGC GAT TCT CCT
GCC-3'). We also amplified the mouse GAPDH genomic DNA sequence
using mouse GAPDH primers (sense: 5-CCA CTC TTC CAC CTT CGA
T-3; and antisense: 5-CAC CAC CCT GTT GCT GTA-3"). The number of
metastatic tumor cells in mouse lymph nodes is defined as the Alu/GAPDH
ratio relative to that of the PBS-treated sample (PBS = 1).

Immunohistochemistry. For histological studies, rectal tumors and lymph
nodes were removed and placed into buffered formalin for 24 hours at
room temperature. All of the tissues were subsequently processed through
alcohol dehydration and paraffinization. Tissues were embedded in paraf-
fin and sectioned for hematoxylin-eosin staining and also for immunohis-
tochemical examination. After deparaffinization and rehydration, antigen
retrieval was performed by microwave irradiation in 10 mmol/l citrate
buffer (pH 6.0). Following quenching of endogenous tissue peroxidase, tis-
sue sections were incubated with mouse anti-adenovirus type 5 ELAmAb
(BD Biosciences). The sections were then incubated using the Histofine
Mouse Stain Kit (Nichirei Biosciences, Tokyo, Japan) for 10 minutes at 25
°C to block nonspecific reactivity with mouse serum. Immunoreactive sig-
nals were visualized by using a 3,39-diaminobenzidine tetrahydrochloride
solution, and the nuclei were counterstained with hematoxylin. Signals
were viewed under a microscope (BX50; Olympus).

Statistical analysis. We used Student’s t-test to identify statistically signifi-
cant differences between groups. All data are expressed as means * SD. P
values less than 0.05 were considered statistically significant.

SUPPLEMENTARY MATERIAL

Figure S1. Schematic DNA structures of the telomerase-specific
viruses.

Figure $2. In vitro cytopathic effect of OBP-301 on Col0205-GFP
human colorectal cancer cells..

Figure $3. Procedure for inoculation of human colorectal cancer
cells for establishment of a submucosally invaded orthotopic xenograft
model.

Figure $4. /n vivo lymphatic spread of a blue dye in the regional
lymph nodes.

Figure $5. Removal of the primary rectal tumor mimicking endo-
scopic submucosal dissection (ESD).

Figure $6. Comparative study of OBP-301 and cisplatin effects in an
orthotopic colorectal cancer xenograft model.
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Abstract The prognosis of HER2-positive breast cancer
has been improved by trastuzumab therapy, which fea-
tures high specificity and limited side effects. However,
trastuzumab-based therapy has shortcomings. Firstly,
HER2-targeted therapy is only applicable to HER2-
expressing tumors, which comprise only 20-25 % of
primary breast cancers. Secondly, many patients who
initially respond to trastuzumab ultimately develop dis-
ease progression. To overcome these problems, we
employed virus-mediated HER?2 transduction and photo-
immunotherapy (PIT) which involves trastuzumab
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conjugated with a photosensitizer, trastuzumab-IR700,
and irradiation of near-infrared light. We hypothesized
that the gene transduction technique together with PIT
would expand the range of tumor entities suitable for
trastuzumab-based therapy and improve its antitumor
activity. The HER2-extracellular domain (ECD) was
transduced by the adenoviral vector, Ad-HER2-ECD, and
PIT with trastuzumab-IR700 was applied in the HER2-
negative cancer cells. Ad-HER2-ECD can efficiently
transduce HER2-ECD into HER2-negative human cancer
cells. PIT with trastuzumab-IR700 induced direct cell
membrane destruction of Ad-HER2-ECD-transduced
HER2-negative cancer cells. Novel combination of viral
transduction of a target antigen and an antibody-based
PIT would expand and potentiate molecular-targeted
therapy even for target-negative or attenuated cancer
cells.

Keywords Photoimmunotherapy - HER2 - Breast
cancer - Adenovirus

Abbreviations

DMEM Dulbecco’s modified Eagle’s medium

ECD Extracellular domain

HER2 Human epidermal growth factor receptor
type 2

MOI A multiplicity of infection

NIR Near infrared

PBS Phosphate-buffered saline

PI Propidium iodide

PIT Photoimmunotherapy

SDS Sodium dodecyl sulfate

SQ Self-quenched

Tra-IR700 Trastuzumab-IR700
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XTT The sodium 3'-[1-(phenylaminocarbonyl)-
3,4-tetrazolium]-bis(4-methoxy-6-nitro)
benzene sulfonic acid hydrate

Introduction

HER?2 is a well-known oncogene, the overexpression of
which is strongly associated with more aggressive tumors
and poorer overall survival [1]. Strategies such as trast-
uzumab that target HER2 have greatly improved the
prognosis of HER2-positive breast cancer through their
high specific targeting ability [2]. However, the clinical
efficacy of HER2-targeted therapy is limited to breast
cancers that overexpress HER2, which only account for
20-30 % of all breast cancer [3, 4] and which are also
inclined to develop resistance [5]. In addition, although
trastuzumab is known to have few side effects apart from
cardiac toxicity, trastuzumab is usually used together with
an anti-tumor drug [6, 7], because its effect is not strong
enough when used as a sole agent.

Photoimmunotherapy (PIT) was developed as a new
type of molecular-targeted cancer therapy. PIT uses spe-
cific monoclonal antibodies that are targeted toward cell
surface receptors and that are conjugated to the photo-
sensitizer phthalocyanine dye, IR700, which is cytotoxic
upon irradiation with near-infrared (NIR) light [8].
Trastuzumab-IR700 (Tra-IR700) was designed to specif-
ically target HER2-expressing cells. Cell death is only
induced when the cells are bound by Tra-IR700 and
irradiated with NIR light. Death is presumably induced by
cell membrane damage due to local expansion of heated
water [8].

Modified adenovirus type 5 vectors have been widely
used as a platform for the delivery of genes of interest
into various types of human cells. In a previous study, we
constructed a replication-deficient adenoviral vector con-
taining a gene that encodes the HER2 extracellular
domain (Ad-HER2-ECD) [9]. We demonstrated that
infection with Ad-HER2-ECD resulted in expression of
the HER2-ECD on the surface of HER2-negative or
trastuzumab-resistant HER2-attenuated cancer cells. The
expressed HER2-ECD did not trigger HER2 signaling
pathways because of the lack of the HER2 intracellular
kinase domain [9].

We hypothesized that if the Ad-HER2-ECD-mediated
gene transduction technique was used together with
molecular-targeted cancer therapy using PIT, the range of
tumor entities suitable for trastuzumab-based therapy
would be expanded and the problem of resistance and
narrow indication could be overcome.

@ Springer

34

Materials and methods
Cell lines and cell cultures

Three human mammary gland adenocarcinoma cell lines,
SKBR3, MDA-MB-231, and MCF7, were obtained from the
American Type Culture Collection. SKBR3, MDA-MB-231,
and MCF7 were cultured in McCoy’s 5SA medium, Leibo-
vitz’s L-15 Medium, and Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2 mmol/ml L-gluta-
mine, respectively. The human osteosarcoma cell line Saos-
2 was kindly provided by Dr. Kyo (Kanazawa University,
Ishikawa, Japan), and the cells were propagated as mono-
layer cultures in DMEM. Penicillin (100 units/ml), strepto-
mycin (100 pg/ml), and 10 % fetal bovine serum were
added to the medium. The cells were maintained at 37 °C in
a humidified atmosphere with 5 % CO,.

Recombinant adenovirus

A replication-deficient adenoviral vector expressing the
extracellular and trans-membrane domains of HER2 (Ad-
HER2-ECD) was constructed [9]. Briefly, the HER2-ECD
expression cassette, which contains the human cytomega-
lovirus promoter, HER2-ECD cDNA, and the SV40 early
polyadenylation signal, was inserted between the Xbal and
Clal sites of pXCJL.1. The HER2-ECD shuttle vector and
the recombinant plasmid pJM17 were cotransfected into
293 cells. The culture supernatant of 293 cells that showed
the complete cytopathic effect, which contained virus
progenies, was collected and used for subsequent produc-
tion. The resultant virus was purified by ultracentrifugation
in cesium chloride step gradients, and its titer was deter-
mined by a plaque-forming assay using 293 cells. The virus
was stored at —80 °C until use. Ad-GFP was used as a
control adenovirus [10].

Western blotting analysis

Primary antibodies against HER2-ECD (Ab-20, Thermo
Scientific) and B-actin (AC-15, Sigma Chemical, Co.) were
used. Proteins were electrophoretically transferred to Hy-
bond-polyvinylidene difluoride transfer membranes (GE
Healthcare Life Science), incubated with primary antibody
and then with peroxidase-linked secondary antibody
according to the manufacturer’s protocol. The Amersham
ECL chemiluminescence system (GE Healthcare Life
Science) was used to detect the peroxidase activity of the
bound antibody. In experiments with replication-deficient
adenoviral vector, cells were infected with Ad-HER2-ECD
or Ad-GFP at a multiplicity of infection (MOI) of 50 for
48 h.
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Flowcytometric analysis

To measure the expression of HER2-ECD in cells infected
with Ad-HER2-ECD, cells were labeled with APC-conju-
gated mouse monoclonal anti-HER2-ECD antibody (R&D
Systems Inc.) or APC-conjugated IgG2b as control (Milt-
enyi Biotec, Inc.) on ice for 45 min and were then analyzed
using a FACS instrument (BD Biosciences). The intensity
of staining was determined using the BD-FACS Software
(Flow Jo 7.6.1).

Immunocytochemistry

Cells cultured on 4 chamber glass slides were fixed with
4 % paraformaldehyde in PBS for 15 min and blocked with
3 % bovine serum albumin for 30 min. Slides were then
labeled with APC-conjugated mouse monoclonal anti-
HER2-ECD antibody (R&D Systems Inc.) on ice for
45 min and were subsequently photographed using a
Confocal Laser Scanning Biological Microscope with a
647-nm excitation filter (FV10i, Olympus, Tokyo, Japan).

Synthesis of IR700-conjugated trastuzumab

Trastuzumab was obtained from Chugai Pharmaceutical
Co. The IR700 dye (LI-COR Biosciences) was conjugated
to trastuzumab following the manufacturer’s instructions.
Briefly, trastuzumab (1 mg) was incubated with IR700
(66.8 mg, 34.2 nmol, 5 mmol/L in DMSO) in 0.1 mol/L
Na,HPO, (pH 8.6) at room temperature for 1 h. Conju-
gated Tra-IR700 was purified using a Sephadex G50 col-
umn (PD-10; GE Healthcare). Protein concentrations were
determined using a Coomassie Plus Protein Assay Kit
(Pierce Biotechnology) by measurement of light absorption
at 620 nm (8453 Value System; Agilent Technologies).

Fluorescence microscopy

To detect specific antigen-mediated localization of IR700
on the surface of MCF7 and MDA-MB-231 cells, the cells
were seeded at 2 x 10%well on cover glass-bottomed
dishes, incubated for 24 h, and infected with Ad-HER2-
ECD at an MOI of 50 for 48 h. Tra-IR700 (10 pg/ml) was
then added to the culture medium and incubated for 6 h at
37 °C. The cells were washed with PBS and fluorescence
was observed under a Confocal Laser Scanning Biological
Microscope (FV10i, Olympus, Japan) with a 647-nm
excitation filter.

In vitro Photoimmunotherapy

Cells were seeded on 35 mm cell-culture dishes at
2 x 10*well or 96-well black plates at 5 x 10*/well, and
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were infected with Ad-HER2-ECD or Ad-GFP at an MOI
of 50 for 48 h. The medium was then replaced with fresh
culture medium containing 10 pg/ml of Tra-IR700 and was
further incubated for 6 h at 37 °C. After washing with PBS,
the cells were then irradiated with light from a red light-
emitting diode at wavelengths of 670-690 nm for 35 mm
cell-culture dishes and at a wavelength of 625 nm for
96-well black plates. The filter set to detect IR700 when
observed under a fluorescence microscope (IX71; Olym-
pus, Tokyo, Japan) consisted of a 590-650-nm excitation
filter and a 665-740-nm band pass emission filter. Power
density ranged from 40 to 100 mW/cm?, as measured using
an optical power meter (PM 100, Thorlabs, Inc.).

Cell viability assay

Cell viability was determined 3 days after PIT using the
Cell Proliferation Kit II (Roche Molecular Biochemicals)
with the sodium 3’-[1-(phenylaminocarbonyl)-3,4-tetrazo-
lium]-bis (4-methoxy-6-nitro) benzene sulfonic acid
hydrate (XTT) assay, according to the manufacturer’s
protocol. Propidium iodide (PI), which is plasma mem-
brane impermeable, was used to stain membrane-disrupted
dead cells [11]. PI was added to the medium at an
approximate final concentration of 1 pg/mL and was
incubated at 37 °C for 30 min.

Statistical analysis

A comparison of continuous variables between two groups
for in vitro assays was performed using the two-sided
Student’s ¢ test. Differences between groups were consid-
ered to be statistically significant when the p values
were <(0.05.

Results
HER2-ECD expression induced by Ad-HER2-ECD

MCF7 and MDA-MB-231 breast cancer cells were chosen
as HER?2 negative breast cancer lines since their expression
of HER2 is known to be almost negative, or barely
detectable [12]. Initially, Ad-GFP was used as a substitute
for Ad-HER2-ECD in preliminary experiments aimed at
finding the optimal dose of Ad-HER2-ECD to transduce
HER2-ECD into these cells and at examining the trans-
duction efficiency of the adenovirus. We found that an
MOI of 50 was the optimal MOI, at which almost all cells
were transduced with GFP proteins without cellular tox-
icity (Supplementary Fig. 1). Based on these data, HER2-
negative breast cancer cells were infected with Ad-HER2-
ECD at an MOI of 50 for 48 h, to transduce HER2-ECD.
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Western blot analysis showed that Ad-HER2-ECD infec-
tion resulted in a marked increase in the expression of the
100-kDa HER2-ECD protein in HER2 low-expressing
MCF7 and MDA-MB-231 breast cancer cells as compared
to parental cells and Ad-GFP-infected cells (Fig. la).
Flowcytometric analysis further demonstrated the expres-
sion of HER2-ECD on the cell surface (Fig. 1b). The cell
surface expression of HER2-ECD in Ad-HER2-ECD-
infected cells was also confirmed using immunocyto-
chemistry (Fig. 1c).

Trastzumab-IR700 binds to the transduced HER2-ECD

We next examined whether Tra-IR700 bound to the HER2-
ECD that was overexpressed on MCF7 and MDA-MB-231
cells by Ad-HER2-ECD transduction. Because IR700 is
fluorescent, it can be directly detected by fluorescence

a
MCF7 MDA-MB-231
Ad-HER2-ECD + +
Ad-GFP + +
HER2-ECD
(100kDa) . .
B-actin |« > - D o CEm
c MCF7 MDA-MB-231

Phase contrast

HER2

Fig. 1 HER2-extracellular domain (ECD) expression induced by Ad-
HER2-ECD. a Western blot analysis showing expression of the
100-kDa HER2-ECD protein in Ad-HER2-ECD-infected cells but not
in Ad-GFP-infected or parental cells. Actin was used as a loading
control. b Flowcytometric analysis showing HER2-ECD expression
on the cell membrane. Cells were labeled with APC-conjugated
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microscopy allowing visualization of the cellular location
of bound Tra-IR700 conjugates. MCF7 and MDA-MB-231
cells were transduced with HER2-ECD using Ad-HER2-
ECD and the cells were then incubated with Tra-IR700 for
6 h. Fluorescent imaging confirmed that Tra-IR700 pri-
marily bound to the cell surface of infected, HER2-ECD-
transduced cells (Fig. 2).

Morphological changes in Ad-HER2-ECD-infected
HER2-negative cells after trastuzumab-IR700 with PIT

The effects of Tra-IR700 and PIT treatment on the cell
morphology of Ad-HER2-ECD-infected breast cancer
cells over time were microscopically examined. Two
different types of morphological changes were observed
in MCF7 and MDA-MB-231 cells after irradiation with
NIR light. In MCF-7 cells, bubbling at the cell surface

MDA-MB-231

Count

HER2 expression

==mmmeee Parental cell + anti-HER2
= Parental cell + control IgG
Ad-HER2-ECD infected cells + anti-HER2
. Ad-HER2-ECD infected cells + control IgG

mouse monoclonal anti-HER2-ECD antibody (blue and red) or APC-
conjugated IgG2b as a negative control (green and yellow). ¢ Immu-
nocytochemical analysis of the cell surface expression of HER2-ECD
on Ad-HER2-ECD-infected cells using an APC-conjugated anti-
HER2-ECD antibody. Scale bars 50 pm
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Tra-IR700

Phase contrast

MCF7

MDA-MB-231

Fig. 2 Trastzumab-IR700 binds to the transduced cell surface HER2-
ECD Immunofluorescent analysis of Trastzumab-IR700 (Tra-IR700)
binding to HER2-ECD-transduced by Ad-HER2-ECD on the cell
surface of breast cancer cells. Scale bars 50 pm

a

MDA-MB-231

MCF7

MB-MDA-231

= —
0h 72 h
Fig. 3 Microscopic analysis of the effect of Tra-IR700-mediated PIT
on the cell morphology and cell death of HER2-ECD-transduced
HER2-negative cells. a Phase contrast analysis of the morphology of
the breast cancer cells MCF-7 and MDA-MB-231 immediately
following PIT using 0, 6, or 18 J. Scale bars 50 pm. b Phase contrast
analysis of control, Ad-GFP-infected or Ad-HER2-ECD-infected
MCF-7 and MDA-MB-231 cells before and after 72 h treatment with

Oh
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preceded total cell shrinkage. In MDA-MB-231 cells in
contrast, instead of bubbling, many granules appeared in
the cytoplasm, followed by shrinkage of the cells
(Fig. 3a). Of note, these changes were observed within
1 min after irradiation with NIR light. A higher amount of
light (18 J) resulted in more exaggerated changes in
morphology than a lower amount of light (6 J) (Fig. 3a).
Ad-HER2-ECD-infected cells died within 72 h after Tra-
IR700 with PIT (6 J), while untreated cells and Ad-GFP-
infected cells survived (Fig. 3b). These phenomena were
captured as time-lapse movies (Supplementary movies 1,
2). We further confirmed cell death of the MCF7 and
MDA-MD-231 cells at 72 h after irradiation with NIR
light (18 J) by staining of cells whose membranes had
been destroyed using PI staining (Fig. 3c¢). Morphological
change and PI staining of cells immediately following PIT
were also reproduced in Ad-HER2-ECD-infected and
PIT-treated HER2 negative osteosarcoma Saos-2 cells
(Supplementary Fig. 2).

Phase contrast Pl

Ad-HER2-ECD + PIT

72 h

72 h Oh
Tra-IR700-mediated PIT using 6 J. Ad-HER2-ECD-infected cells but
not the other cells displayed cell shrinkage. Scale bars 50 pm.
¢ Analysis of cell death of HER2-ECD-transduced cells following
Tra-IR700-mediated PIT (12 J) 72 h after treatment. The PI staining
indicates that plasma membrane destruction was induced by the
treatment. Scale bars 50 pm
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Quantitative evaluation of the cytotoxicity
of Trastuzumab-IR700 with PIT for Ad-HER2-ECD-
infected HER2 negative cells

The specific cytotoxicity of anti-HER2 PIT was quantita-
tively evaluated using the XTT assay of cell viability and
HER2-transduced MCF7 and MDA-MB-231 cells (Fig. 4a,
b). Treatment included seven control conditions in addition
to Ad-HER2-ECD plus PIT. Only under the treatment
condition that employed Ad-HER2-ECD together with Tra-
IR700 mediated PIT (24 J for MDA-MB-231 and 36J for
MCEF-7), cell proliferation was significantly suppressed. In
contrast, no significant cytotoxicity was observed under
any other condition. Ad-HER2-ECD, Tra-IR700, or NIR
irradiation did not harm the cells when each modality was
given alone. HER2-specific cytotoxicity of Tra-IR700-
mediated PIT was also reproduced in the HER2-positive
breast cancer cell, SK-BR-3, and in Ad-HER2-ECD-
infected Saos-2 cells (Supplementary Fig. 3a, b). These
results indicated that Tra-IR700-mediated PIT selectively
and specifically targets HER2-ECD-transduced cancer
cells.

Discussion

Over the past decades, research has transformed the care of

patients with breast cancer through the application of basic

science to the clinic [13]. Monoclonal antibodies currently

occupy a key position among anti-cancer drugs due to their

high specificity and efficacy, which can be achieved in
0 -

Ad-HER2-ECD -

Ad-GFP -
Tra-IR700 -
Trastuzumab -
PIT -

MCF7

il

Fig. 4 Effect of Tra-IR700 mediated PIT treatment of HER2-ECD
transduced HER2-negative cells on cell viability. Tra-IR700-medi-
ated PIT was applied to the indicated cells along with seven control
conditions and cell viability was quantified 72 h after PIT (24 J for
MDA-MB-231 and 36 J for MCF-7) using the XTT assay. Only the
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spite of their low side effects. The typical clinical approach
for HER2-positive breast cancer has been altered since the
approval of trastuzumab [13]. However, for such molecu-
lar-targeted therapy, the indication is limited to the popu-
lations which express the specific target antigen. In order to
overcome this issue, we tried to artificially express the
target antigen in target-negative cancer cells by viral
transfection. We proved that viral transduction of HER2-
ECD made even HER2-negative breast cancer cells sensi-
tive to anti-HER2 photoimmunotherapy. Thus, this tech-
nique could expand the indication of antibody-directed
therapy to not only target-positive but also to target-nega-
tive cancers.

In the present study, we have reproducibly expressed
HER2-ECD on the cell membrane of HER2-negative
MCF7 and MDA-MB-231 cells, as evidenced by immu-
nocytochemistry as well as by flow cytometry. Although
flow cytometric analysis suggested that both parental
MCF7 and MDA-MB-231 cells express HER2, the
185 kDa HER?2 protein could not be detected in these
parental cells by Western blot analysis. These results are
consistent with previous reports by other groups, which
demonstrated that the levels of HER2 expression in these
cell lines are low or negligible and that these cell lines are
not sensitive to anti-HER2 therapy [14-16].

In addition to confirmation of HER2-ECD expression,
we also confirmed that Tra-IR700 bound directly to
transduced HER2-ECD by observation under a confocal
fluorescence microscope. Since IR700 itself emits fluores-
cence [17] (Fig. 2), Tra-IR700 proved to be a useful agent
not only for treatment, but also for monitoring [17-19]. In
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group of Ad-HER2-ECD-infected cells treated with Tra-IR700-
mediated PIT showed target-specific cell death. (n = 4, *p < 0.05
for Tra-IR700-mediated PIT treatment compared to control groups
using Student’s 7 test.)



