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ABSTRACT
Melanoma is a highly recalcitrant cancer and transformative therapy is necessary for the cure of this disease. We
recently developed a telomerase-dependent adenovirus containing the fluorescent protein Killer-Red. In the
present report, we first determined the efficacy of Killer-Red adenovirus combined with laser irradiation on
human melanoma cell lines in vitro. Cell viability of human melanoma cells was reduced in a dose-dependent
and irradiation-time-dependent manner. We used an intradermal xenografted melanoma model in nude mice
to determine efficacy of the Killer-Red adenovirus. Intratumoral injection of Killer-Red adenovirus, combined
with laser irradiation, eradicated the melanoma indicating the potential of a new paradigm of cancer therapy.
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Introduction

Melanoma is a recalcitrant cancer. Melanoma accounts for only
1% of all skin cancer cases but most of skin cancer deaths. The
rates of melanoma deaths have been rising for the last 30 y.1

Melanoma is resistant to conventional chemotherapy or
radiotherapy. Metastatic melanoma represents a significant
clinical problem because of inherent properties of the tumor
and its interaction with the host.2

Novel strategy for therapy of melanoma such as immunother-
apy, gene therapy, and molecularly-targeted therapy, which
include BRAF inhibitors and anti-PD-1/PD-L1 antibodies has
been developed.3-5 We have recently demonstrated the efficacy of
Trametinib (TRA) on a BRAF-V600E mutant patient-derived
orthotopic xenograft (PDOX) nude mouse model.6

Photodynamic therapy (PDT) of cancer uses photosensitizers
that can accumulate in tumors and subsequent light irradia-
tion.7,8 Specific-wavelength light irradiation induces photosensi-
tizer-mediated generation of reactive oxygen species (ROS) and
subsequent cytotoxicity. Although PDT has been applied in clini-
cal settings for non-melanoma skin cancers, PDT has not been
established as a standard therapy for cutaneous melanoma
despite the promising results of past clinical trials.3,5

Our laboratory has developed PDT using expression of fluo-
rescent proteins by cancer cells.9-13

Recently, we reported a novel PDT strategy with genetically
encoded photosensitizer Killer-Red delivered with a telome-
rase-dependent adenovirus-mediated delivery system.14 Killer-
Red is an engineered dimeric red fluorescent protein obtained
from a green fluorescent protein (GFP) homolog. Killer-Red

generates reactive oxygen species (ROS) upon green light irra-
diation with a fluorescence excitation/emission maxima at 585/
610 nm and effects phototoxicity on cancer cells.15

The present report evaluates the efficacy of Killer-Red ade-
novirus on human melanoma cells in vitro and in orthotopic
nude-mouse models.

Results and discussion

In vitro anti-tumor efficacy of killer-red with light
irradiation

Humanmalignant melanomaMel526-GFP and FEMX1-GFP cells
infected with Killer-Red adenovirus at a multiplicity of infection
(MOI) of 10 expressed red fluorescence 48 h after infection. After
laser irradiation for 30min, Killer-Red-infected cells showed signif-
icant morphological changes, including cell-membrane destruction
and photobleaching, whereas non-infected cells did not show any
changes after irradiation (Fig. 1A). Killer-Red-adenovirus-infected
cells showed a decrease in cell viability in a dose-dependent man-
ner. There was a significant decrease in cell viability of irradiated
cells compared with non-irradiated cells at all doses of virus tested
(Fig. 1B) (P < 0.05). Mel526-GFP cells, infected with Killer-Red
adenovirus at anMOI of 10, showed an irradiation time-dependent
decrease of GFP fluorescence and cell viability (Fig. 2).

In vivo efficacy of Killer-Red adenovirus PDT

Killer-Red adenovirus was injected at a dose of 5.0 £ 107 plaque-
forming units (PFU)/50 ml into the Mel536-GFP melanoma
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Figure 1. Light irradiation decreased cell viability of human melanoma cells infected with Killer-Red adenovirus. Mel526-GFP and FEMX-1-GFP cells were
infected with Killer-Red adenovirus at an MOI of 10. 48 h after infection, the virus-infected cells were irradiated with a 589 nm laser for 30 min. Scale
bar: 200 mm. B, Mel526-GFP and FEMX-1-GFP cells were infected with Killer-Red adenovirus at the indicated MOIs for 48 h. Cell viability was evaluated
using a tetrazolium-based assay immediately after laser irradiation. Cell viability was calculated relative to that of the mock-infected group, which was set at 100%. Cell viability
data are expressed as mean values § SD (n D 3). Statistical significance was determined using the Student’s t-test. �, P < 0.05.
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growing subcutaneously. Three days after virus injection, Killer-Red-
mediated red fluorescencewas clearly observed in the infected tumor
(Fig. 3). Photodynamic therapy (PDT) was performed using a
589 nm diode pumped solid state laser. Tumors were irradiated with
the laser (300 mW/cm2) for 45 min at each session. Virus was
injected on days 0, 7 and 14 and laser irradiation was performed on
days 3 and 4, 10 and 11, and 17 and 18.

Killer-Red adenovirus with laser irradiation regressed the tumor
(Fig. 4). The combination therapy of Killer-Red adenovirus and laser
irradiation apparently eradicated the tumors as determined both by
tumor volume and fluorescence intensity (P< 0.05) (Fig. 5).

Pigmentation and other therapeutic-resistance mecha-
nisms seem to limit the therapeutic effect of PDT for mel-
anoma.5 Our results clearly demonstrated the therapeutic
efficacy of Killer-Red-adenovirus-based PDT for cutaneous
melanoma. A telomerase-specific conditionally Killer-Red-
expressing adenovirus has some advantages compared with
conventional PDT: (a) the high tumor selectivity and pro-
longed accumulation of Killer-Red, which is achieved by
using a telomerase-specific replicating adenovirus; (b) the
dual effects mediated by Killer-Red-mediated cell death as
well as virus-mediated cell death.14 Since light in the yel-
low-green to orange wavelength range for excitation of
Killer-Red has limited depth penetration,8 cutaneous

melanoma can be a good indication for Killer-Red-based
PDT. We previously reported that intra-tumor injection of
a telomerase-specific replication-competent adenovirus
(OBP-301) eliminated lymph node metastasis of an ortho-
topic colorectal cancer model.16,17 These findings suggest
that Killer-Red adenovirus may also be effective for eradi-
cating potential lymph node metastasis of melanoma.

Killer-Red adenovirus has potential for neo-adjuvant therapy
followed by fluorescence-guided surgery of melanoma.18-23 Future
experiments will also utilize intravenous or i.p. administration of
Killer-Red adenovirus for therapy of disseminated disease.

The presence or absence of melanin may affect the therapeu-
tic outcome of melanoma.24-26

Previously-developed concepts and strategies of highly-
selective tumor targeting can take advantage of molecular target-
ing of tumors, including tissue-selective therapy which focuses
on unique differences between normal and tumor tissues.27-32

Materials and methods

Cell lines

Green fluorescent protein-expressing human malignant mela-
noma cell lines Mel526-GFP and FEMX1-GFP (AntiCancer,
Inc., San Diego, CA) were maintained and cultured in

Figure 2. Time-course observation of laser-irradiated Mel526-GFP cells infected with Killer-Red adenovirus. (A) Irradiation-time-dependent decreased GFP fluorescence of
Killer-Red adenovirus-infected Mel526-GFP cells. Scale bar: 200 mm. (B, C) Irradiation time-dependent decrease of GFP and Killer-Red fluorescence intensity (B) and cell
viability (C) Mel526-GFP cells were infected with Killer-Red adenovirus at an MOI of 10 for 48 h, and cell viability was determined using the WST-8 assay immediately after
laser irradiation for 10, 20, 30, or 40 min. Cell viability was calculated relative to that of the mock-infected group, which was set at 100%. Fluorescence intensity was
measured using Image J software. Relative fluorescence intensity was calculated relative to that of non-irradiated cells, which was set at 1. Cell viability data are expressed
as mean values § SD (n D 3). Statistical significance was determined using the Student’s t-test. �, P < 0.05.
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Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum, 100 U/ml penicillin and 100 mg/ml streptomy-
cin. The cells were routinely maintained at 37�C in a

humidified atmosphere with 5% CO2. These cells lines produce
melanin.

Killer-Red-expressing telomerase-specific adenovirus

The Killer-Red gene14 was incorporated in a conditionally-rep-
licating adenovirus, in which the promoter element of the
human telomerase reverse transcriptase (hTERT) gene drives
the expression of E1A and E1B genes linked with an internal
ribosome entry site (IRES). The Killer-Red gene was inserted
under the CMV promotor into the E3 region.14 The Killer-Red
adenovirus was purified using cesium chloride step gradients
with titers determined by a plaque-forming assay using 293
cells. The virus was stored at ¡80�C.

Cell viability assay

Cells were seeded on 96-well plates at a density of 3 £ 103 cells/
well 24 h before infection and were infected with Killer-Red ade-
novirus at MOIs of 0, 1, 5, 10, 50, or 100 plaque-forming units
(PFU)/cell. Cells were irradiated with a 589 nm diode pumped
solid state laser (Changchun New Industries Optoelectronics
Technology Co., Ltd., Changchun, P.R. China) (300 mW/cm2)
for 30 min, 48 h after virus infection. Cell viability was deter-
mined immediately after irradiation using the Cell Counting Kit-
8 (Dojindo, Kumamoto, Japan), which is based on a (2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium) assay, according to the manufacturer’s protocol.

Figure 3. Expression of red fluorescence of Killer-Red in orthotopic Mel526-GFP mela-
noma 3 d after intratumor injection of Killer-Red adenovirus. Scale bar: 5 mm.

Figure 4. Time course macroscopic images of orthotopic Mel526-GFP melanoma, with no treatment, treated with Killer-Red only, laser irradiation only and Killer-Red fol-
lowed by laser irradiation. Scale bar: 5 mm.
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Cell viability of Killer-Red adenovirus-infected cells was calcu-
lated as the percentage of viable infected cells divided by that of
viable non-infected cells.

Animal experiments

Athymic (nu/nu) nude mice (AntiCancer, Inc., San Diego,
CA) were maintained in a barrier facility under HEPA fil-
tration and fed with autoclaved laboratory rodent diet
(Tecklad LM-485; Harlan Labs., Hayward, CA). All animal
studies were conducted in accordance with the principles
and procedures outlined in the National Institute of Health
Guide for the Care and Use of Laboratory Animal under
Assurance Number A3873-01.

Orthotropic melanoma model

Mel526-GFP cells (5 £ 105 cell) suspended in 20 ml MatrigelTM

basement membrane matrix (BD biosciences, Bedford, MA)
were injected between the skin and cartilage on the dorsal side
of the left ear of 6-week-old athymic nude mice.33 All animal
procedures were performed under anesthesia with

subcutaneous injection of ketamine (31.25 mg/kg), xylazine
(6.25 mg/kg) and acepromazine (1.25 mg/kg). When the
tumors grew to a diameter of 5 to 6 mm, Killer-Red adenovirus
was injected intra-tumorally at 5.0 £ 107 PFU/50 ml.

Killer-Red photodynamic therapy

Photodynamic therapy (PDT) was performed using the 589 nm
diode pumped solid state laser. Tumors were irradiated with
the laser (300 mW/cm2) for 45 min at each session. Virus was
injected on days 0, 7 and 14 and laser irradiation was per-
formed on days 3 and 4, 10 and 11, and 17 and 18. The perpen-
dicular diameter of each tumor was measured every 3 or 4 d,
and tumor volume was calculated using the following formula:
tumor volume (mm3) D a £ b2 £ 0.5, where a is the longest
diameter, b is the shortest diameter, and 0.5 is a constant for
calculation of the volume of an ellipsoid.

In vivo imaging

The OV100 small animal imaging system (Olympus Corp.,
Tokyo, Japan), was used. The OV100 contains an MT-20 light

Figure 5. Efficacy of Killer-Red adenovirus combined with laser irradiation in the orthotopic Mel526-GFP melanoma model. (A) Tumor growth curves of orthotopic
Mel526-GFP melanoma model. Tumor growth is expressed as the mean tumor volume § SD. (B) Relative GFP fluorescence intensity of Mel526-GFP tumors. Relative fluo-
rescence intensity of tumors at each day was calculated relative to that of day 0, which was set at 100. Relative fluorescence intensity is expressed as the mean relative
fluorescence intensity § SD. *p< 0.05.
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source (Olympus Biosystems, Planegg, Germany) and DP70
CCD camera (Olympus), for whole body, as well as sub-cellular
imaging in live mice.34-36 Optics of the OV100 have been spe-
cially developed for macro-imaging as well as micro-imaging
with high light-gathering capacity. Four individually-optimized
objective lenses, parcentered and parfocal, provide a 105-fold
magnification range. High-resolution images were captured
directly on a PC (Fujitsu Siemens, Munich, Germany). Images
were processed for contrast and brightness and analyzed with
the use of Paint Shop Pro 8 and CellR.37

Statistical analysis

Data are shown as means § SD. For comparison between 2
groups, significant differences were determined using the Stu-
dent’s t-test. For comparison of more than 2 groups, significant
differences were determined using one-way analysis of variance
(ANOVA) followed by a Bonferroni multiple group compari-
son test. Statistical significance was defined when the P value
was less than 0.05.
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