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a b s t r a c t

Melanoma is a recalcitrant cancer. To improve and individualize treatment for this disease, we previously
developed a patient-derived orthotopic xenograft (PDOX) model for melanoma. We previously reported
the individual efficacy of tumor-targeting Salmonella typhimurium A1-R (S. typhimurium A1-R) and re-
combinant methioninase (rMETase) for melanoma in the PDOX models of this disease. In the present
study, we evaluated the efficacy of the combination of S. typhimurium A1-R with orally-administered
rMETase (o-rMETase) for BRAF-V600E-negative melanoma in a PDOX model. Three weeks after implan-
tation, 60 PDOX mouse models were randomized into six groups of 10 mice each: untreated control,
temozolomide (TEM); o-rMETase; S. typhimurium A1-R; TEM þ rMETase, S. typhimurium A1-R þ rMETase.
All treatments inhibited tumor growth compared to untreated control (TEM: p < 0.0001, rMETase:
p < 0.0001, S. typhimurium A1-R: p < 0.0001, TEMþ rMETase: p < 0.0001, S. typhimurium A1-R þ rMETase:
p < 0.0001). The most effective was the combination of S. typhimurium A1-R þ o-rMETase which regressed
this melanoma PDOX, thereby indicating a new paradigm for treatment of metastatic melanoma.

Published by Elsevier Inc.
1. Introduction

Melanoma is a recalcitrant and one of the most common
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malignancies in the United States. It is accountable for most of skin-
cancer-related deaths. The American Cancer Society has estimated
that approximately 91,270 new cases of melanomas will be diag-
nosed and about 9320 people are expected to die because of this
disease in the coming year [1]. Melanoma has been categorized into
4 genomic subtypes such as mutant v-raf murine sarcoma viral
oncogene homolog B (BRAF), mutant neuroblastoma RAS viral
oncogene homolog (NRAS), mutant neurofibromatosis type 1
(NF1), and triple-wild-type (3xWT) [2]. BRAF-targeting drugs have
been shown to inhibit the activated BRAF-mutated kinase [3]. In
addition, the combination of targeted inhibitors has been reported
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to significantly improve the overall survival in patients with BRAF-
mutant melanoma [4]. Melanoma is recalcitrant to most available
chemotherapies, therefore, targeted therapy is urgently needed. To
improve and individualize treatment for this disease, we developed
a patient-derived orthotopic xenograft (PDOX) model for mela-
noma [5e14].

We previously reported the individual efficacy of tumor-
targeting Salmonella typhimurium A1-R (S. typhimurium A1-R) and
recombinant methioninase (rMETase) for melanoma in the PDOX
models of this disease [5e14]. It is already known that cancers of all
types require methionine (MET) at higher levels than normal cells
to proliferate and survive [15e17]. We previously showed that
intra-tumor methionine levels highly correlates with tumor size,
further demonstrating the dependence of tumor growth on MET
[14].

rMETase, a Pseudomonas putida enzyme cloned in E. coli, has
been developed to target the methionine dependence of cancer.
rMETase has been previously shown to be active for PDOX models
of major cancers [13,14,18e26]. Oral administration of o-rMETase
was shown to be more effective than intra-peritoneal injection in a
melanoma PDOX model [19].

Tumor-targeting Salmonella typhimurium A1-R (S. typhimurium
A1-R) was developed by our laboratory [27e29]. S. typhimurium
A1-R is attenuated by Leu-Arg auxotrophic mutations, which pre-
vents it from continuous infection of normal tissues. S. typhimurium
A1-R has been shown to be effective in PDOX models of major
cancers [7e9,30,31]. We previously reported that temozolomide
(TEM) combined with S. typhimurium A1-R could inhibit tumor
growth in PDOX model of the BRAF-V600E mutant melanoma [7].

In the present study, we evaluated the efficacy of the combi-
nation of S. typhimurium A1-R with orally-administered rMETase
(o-rMETase) on a PDOXmodel for BRAF-V600E-negativemelanoma
in comparison with standard first-line therapy for this disease.

2. Materials and methods

2.1. Mice

In this study, athymic nu/nu male nude mice (AntiCancer, Inc.,
San Diego, CA), 4e6 weeks old, were used. Experimental proced-
ures and data collection were done as per as our previous publi-
cations [30,31]. Mice accommodation, feeding, surgical processes
and imaging were conducted as described [30,31]. To minimize any
suffering of the animals, anesthesia and analgesics were used for all
surgical experiments. The mouse investigations presented here
were done using an AntiCancer, Inc. Institutional Animal Care and
Use Committee (IACUC) protocol specifically approved for this
study as previously described [32] and as per as principles and
procedures provided in the National Institute of Health (NIH) Guide
for the Care and Use of Animals under Assurance Number A3873-1
[32].

2.2. Patient-derived tumor

A patient was previously diagnosed with a BRAF-600E-negative
melanoma of the abdominal wall. The tumor was previously
resected in the Department of Surgery, University of California, Los
Angeles (UCLA). Written informed consent was provided by the
patient, and the Institutional Review Board (IRB) of UCLA approved
this experiment [7].

2.3. Establishment of PDOX models of melanoma by surgical
orthotopic implantation (SOI)

All experimental protocols and data were collected as described
[29,30]. Tumor collection from the melanoma patient and trans-
portation to AntiCancer, Inc. have been described [7]. Procedures
for making small fragments from tumor samples for subcutaneous
transplantation in nude mice have been described [7]. After three
weeks, the subcutaneously-implanted tumors grew to more than
10 mm. After subcutaneously-grown tumors reached 10mm in
diameter, they were harvested and cut into small fragments as
described [7] and implanted orthotopically to establish the PDOX
model as described [7]. The procedure to close wounds has been
described [7].

2.4. Recombinant methioninase (rMETase) production

Recombinant L-methionine a-deamino-g-mercaptomethane
lyase (methioninase, METase) [EC 4.4.1.11] from Pseudomonas
putida has been previously cloned and produced in Escherichia coli
(AntiCancer, Inc.) and purified as previously described [33].

2.5. Preparation and administration of S. typhimurium A1-R

GFP-expressing S. typhimurium A1-R bacteria (AntiCancer Inc.,)
were grown overnight on LB medium (Fisher Sci., Hanover Park, IL,
USA) and then diluted 1:10 in LB medium. Bacteria were harvested
at late-log phase, washed with PBS, and then diluted in PBS
[27e29].

2.6. Treatment study design in the PDOX model of melanoma

PDOX mouse models were randomized into six groups of 10
mice each (Fig. 1A): untreated control (n¼ 10); TEM (25mg/kg, oral
(p.o.), 14 consecutive days, n¼ 10); rMETase (50 units, [p.o.], twice a
day for 14 consecutive days, n¼ 10); S. typhimurium A1-R
(5� 107 CFU/100 ml, intravenous (i.v.), once a week for 2 weeks,
n ¼ 10), TEM þ rMETase (TEM: 25 mg/kg, p.o., rMETase: 50 units,
p.o., twice a day for 14 consecutive days, n¼ 10), S. typhimurium A1-
R þ rMETase (S. typhimurium A1-R: 5� 107 CFU/100 ml, i.v., rME-
Tase: 50 units, p.o., twice a day for 14 consecutive days, n¼ 10).
Tumor length and width were measured twice a week. Tumor-
volume was calculated as described in our previous publication
[7]. Data are presented as mean± SD. The tumor volume ratio is
defined at the tumor volume at each point relative to pre-treatment
tumor volume.

2.7. Imaging the melanoma PDOX

Imaging of the macroscopic tumor was performed with the
OV100 Small Animal Imaging System (Olympus, Tokyo, Japan).

2.8. Bacterial cultured from tumor tissue and confocal microscopy

To verify S. typhimurium A1-R, a green fluorescent protein (GFP)
in the S. typhimurium A1-R-GFP-treated tumors, the melanoma
PDOX tumors treated with S. typhimurium A1-R were resected on
day 22 to culture bacteria expressing GFP. The tumor specimens
were homogenized and suspended in 1ml PBS. The suspensionwas
diluted 10 times each up to 1:10000, then cultured in LB agar
medium for 12 h. The FV1000 confocal microscope (Olympus,
Tokyo, Japan) was used for high-resolution imaging. Fluorescence
images were obtained using the 20� /0.5 UPlan FLN and 40� /1.3
oil Olympus UPLAN FLN objectives [6e9,11e14,34].

2.9. Tumor histology

Fresh tumor samples were fixed in 10% formalin and embedded
in paraffin before sectioning and staining. Tissue sections (5 mm)
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Fig. 1. (A) Treatment schema, G1: untreated control (n¼ 10); G2: TEM (n¼ 10); rMETase (n¼ 10); S. typhimurium A1-R (n ¼ 10), TEM þ rMETase (n ¼ 10), S. typhimurium A1-
R þ rMETase (n ¼ 10). (B) Imaging the treated and untreated resected melanoma PDOX tumors. (a) Tumor in untreated control. (b) Temozolomide (TEM) treated. (c) Oral re-
combinant methioninase (o-rMETase) treated. (d) Tumor treated with the combination of TEM and o-rMETase. (e) Salmonella typhimurium A1-R (S. typhimurium A1-R treated). (f)
Tumor treated with combination of S. typhimurium A1-R and o-rMETase. Scale bar: 5mm.
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were deparaffinized in xylene and rehydrated in an ethanol series.
Hematoxylin and eosin (H&E) staining was performed according to
standard protocols. Histological examinationwas performed with a
BHS System Microscope (Olympus Corporation, Tokyo, Japan). Im-
ages were acquired with INFINITY ANALYZE software (Lumenera
Corporation, Ottawa, Canada) [6e9,11e14].

2.10. Statistical analysis

JMP version 14.0 was used for all statistical analyses. Significant
differences for continuous variables were determined using the
Mann-Whitney U test. Line graphs expressed average values and
error bars show SD. A probability value of P� 0.05 is considered
statistically significant.

3. Results

3.1. Efficacy of S. typhimurium A1-R and rMETase

We compared the efficacy of known combinations [7] and
S. typhimurium A1-R in combination with oral rMETase (o-rME-
Tase). All treatments inhibited the melanoma PDOX tumor growth



Fig. 3. Fluorescence imaging of S. typhimurium A1-R-GFP cultured from the melanoma
PDOX. Confocal imaging with the FV1000 of S. typhimurium A1-R-GFP cultured from
the melanoma PDOX. (A) Day 5, (B) Day 14. Black scale bar: 5mm. White scale bar:
12.5 mm.
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compared to untreated control: TEM, p< 0.0001; o-rMETase,
p< 0.0001; S. typhimurium A1-R, p < 0.0001; TEM þ o-rMETase,
p < 0.0001; S. typhimurium A1-R þ o-rMETase, p < 0.0001, on day
14 after treatment initiation. However, the combination of
S. typhimurium A1-R þ o-rMETase was significantly more effective
than TEM (p < 0.0001), o-rMETase alone (p < 0.0001), and TEMþ o-
rMETase (p ¼ 0.0051). Only the combination of S. typhimurium A1-
R þ o-rMETase could regress the melanoma PDOX (Figs. 1B and 2).

3.2. Tumor targeting S. typhimurium A1-R

Confocal microscopy of bacteria cultured derived from the PDOX
tumor showed S. typhimurium A1-R expressing green fluorescent
protein (GFP) could directly target and proliferate in the melanoma
PDOX and more S. typhimurium A1-R was growing in the tumor by
day 14 than on day 5 (Fig. 3).

3.3. Body weight

We measured the body weight in each treatment group. Body
weight loss was observed only in the TEM þ rMETase combination
group. However, there was no significant difference in body weight
between any group (Fig. 4A). There were no animal deaths in any
group.

3.4. Tumor histology

We also observed the tissue histology in each treatment group.
Histologically, the untreated control tumor mainly comprised
viable cells. In contrast, tumors treated with the S. typhimurium A1-
R þ rMETase combination showed extensive necrosis (Fig. 4B).

4. Discussion

TEM has been widely used as first-line chemotherapy for BRAF-
V600E-negative melanoma, however with limited response
[35e39]. In a previous study, we showed that this melanoma PDOX
had MET dependency and the TEM þ rMETase combination was
significantly more effective than TEM alone [12]. However, this
combination therapy could only inhibit tumor growth and did not
regress the tumor, the “gold-standard” of mouse models of cancer
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to predict clinical efficacy [40]. The gold standard was met in the
present application by the combination of rMETase and
S. typhimurium A1-R.

The PDOX models of melanoma should permit evaluation of
therapeutic efficacy for individual patients based on the specific
characteristics of the patient's tumor. We have developed the PDOX
nudemousemodel for all major cancers [5e14,18e24,27,28,41e48].
Our PDOX model has many advantages over subcutaneous-
transplant models [49]. A PDOX model enables precise, individu-
alized therapy, especially for recalcitrant diseases such as mela-
noma [8].
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Altered cancer metabolism is currently being investigated for
targets for effective novel therapeutics [50]. A very promising
candidate target is the elevated MET of cancer cells, termed MET
dependence. MET dependence may be the only known general
metabolic defect in cancer [16,51,52]. MET dependence is observed
when cancer cells selectively arrest uponMET restriction [15,51,52].
Tumor MET levels correlate with tumor size [14], further demon-
strating the dependence of tumors onMET. MET dependence is due
to MET overuse by cancer cells [15,51,53,54]. MET overuse can be
observed in the clinic by the efficacy of [11C] MET-PET imaging
which gives a very strong signal, since the cancer tissue is taking up
much more MET than the surrounding normal tissues [10]. MET
restriction selectively arrests cancer cells in late S/G2 of the cell
cycle where the cancer cells become highly-sensitive to cytotoxic
chemotherapy [55e60].

MET is sourced mainly from food. However, MET restriction
through diets with low protein content does not allow the main-
tenance of good nutritional status. In addition, reduction of MET
levels by dietary intervention is limited since MET is also sourced
from the protein breakdown [51]. To more effectively target MET-
dependence, we previously cloned Psuedomonas putida L-methio-
nine a-deamino-g-mercaptomethane lyase (recombinant methio-
niniase [rMETase] [EC 4.4.1.11]) in E. coli for large-scale industrial
production [61e67].

In the present study, we evaluated the efficacy of S. typhimurium
A1-R alone and in combinationwith o-rMETase on the PDOXmodel
of BRAF-V600E-negative melanoma. Only the combination of
S. typhimurium A1-R þ o-rMETase therapy could regress the tumor.

The present study has important clinical implications, as
S. typhimurium A1-R combined with o-rMETase regressed a BRAF-
V600E-negative melanoma in a PDOX model.
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