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Abstract: Despite recent development of promising immunotherapeutic and targeted drugs,
prognosis in patients with advanced melanoma remains poor, and a cure for this disease remains
elusive in most patients. The success of melanoma therapy depends on a better understanding
of the biology of melanoma and development of drugs that effectively target the relevant genes
or proteins essential for tumor cell survival. Melanoma cells frequently lack argininosuccinate
synthetase, an essential enzyme for arginine synthesis, and as a result they become dependent on
the availability of exogenous arginine. Accordingly, a therapeutic approach involving depletion
of available arginine has been shown to be effective in preclinical studies. Early clinical studies
have demonstrated sufficient antitumor activity to give rise to cautious optimism. In this article,
the rationale for arginine deprivation therapy is discussed. Additionally, various strategies
for depleting arginine are discussed and the preclinical and clinical investigations of arginine
deprivation therapy in melanoma are reviewed.
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Introduction
Melanoma results from malignant transformation of melanocytes. The incidence of
malignant melanoma has steadily increased over the last several decades.! In the US,
an estimated 76,250 cases of melanoma will be diagnosed in 2012, and 9180 patients
will die of this cancer during the same period.? Fortunately, a majority of patients whose
malignant melanoma is diagnosed early are cured with surgical intervention alone, and
the 5-year survival rate for cutaneous melanoma is approximately 93%.2 However, in
a small subset of patients in whom melanoma cells escape the surgical excision and
metastasize, a cure is very difficult due to the chemoresistant and radioresistant nature
of melanoma cells. Patients who develop distant metastatic melanoma have a very
poor prognosis, and the 5-year survival rate for patients with nonpulmonary visceral
organ metastasis is approximately 10%.3

For patients whose melanoma lesion is not surgically resectable, systemic therapy
is the treatment of choice. Despite tremendous effort over decades to improve systemic
treatment, the clinical efficacy of the current systemic therapy for metastatic melanoma
is dismal, and the poor prognosis for this disease is linked directly to this lack of
effective treatment. Dacarbazine is the only cytotoxic chemotherapy agent approved by
the US Food and Drug Administration (FDA) for treatment of advanced melanoma. Its
analog temozolomide has also been used widely for this disease; however, the response
rates of these agents are less than 15%.* Clinical trials of combination chemotherapy
failed to show significant overall survival advantage over dacarbazine alone.*
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Because melanoma is an immunogenic tumor,
immunotherapy has been considered a promising approach
since the 1980s. High-dose interleukin-2 was approved by
the FDA for its ability to induce durable clinical responses
in advanced melanoma.>® However, less than 10% of
patients who receive this intensive treatment experience
meaningful durable clinical benefit.® Recently, ipilimumab,
an anticytotoxic T-lymphocyte antigen-4 antibody, has
received approval from the FDA and from the regulatory
agency in Europe as a treatment for advanced melanoma
on the basis of its survival advantage over the comparison
treatment, the glycoprotein-100 peptide vaccine, in a second-
line setting.” Although a subset of the patients in that trial had
a durable response lasting at least 2 years, the median overall
survival of patients receiving ipilimumab with or without
glycoprotein-100 peptide vaccine was only 10 months, and
a majority of the patients ultimately died of the disease.’

Over the last 10 years, accumulating knowledge of the
molecular signaling pathways in melanoma has led to the
development of targeted therapy for the disease. About
50%—-60% of melanomas harbor a BRAF mutation, and
about 80%-90% of BRAF-mutant melanomas have a single
substitution mutation with glutamic acid replacing valine at
the codon 600 position (V600E) in exon 15. This mutation
activates the downstream mitogen-activated protein kinase
kinase (MEK) and extracellular signal-related kinase-1/2
proteins and results in tumor cell proliferation and survival.®
In patients with advanced melanoma harboring this somatic
mutation, vemurafenib (PLX4032; RG7204), a BRAF
inhibitor, has been proven effective, with a response rate
approaching 50% and significant improvement in overall
survival over dacarbazine, and was recently approved by
the FDA for treatment of advanced melanoma harboring a
BRAF mutation.” !

Despite the initial success, this approach is effective only
in patients whose melanoma harbors a BRAF mutation, and
even among these patients, a majority ultimately experience
disease progression, with a median time to progression of
approximately 6 months.’ Therefore, new strategies are still
required to improve treatment outcomes. This review will
discuss arginine deprivation as a possible relevant targeted
therapy for metastatic melanoma.

Overview of urea cycle
and metabolic pathways

related to arginine
Arginine plays an important role in the production of
proteins, nitric oxide, polyamines, nucleotides, proline,

and glutamate.'” Arginine is produced from citrulline via
the urea cycle in many cells including proximal renal tubule
cells.'? The endogenous production of arginine is not suf-
ficient for rapidly proliferating cells such as tumor cells,
which require exogenous arginine to support their growth
and survival. This dependency, called auxotrophy, may be
exploited as an anticancer therapy by depleting exogenous
support. It is known, for example, that acute lymphoblastic
leukemia is auxotrophic for asparagine, a nonessential amino
acid. L-asparaginase, which lowers plasma asparagine level,
was proven to be an effective treatment for this leukemia.
This example provides evidence for the utility of amino acid
deprivation as therapy for cancer."

In the urea cycle (Figure 1), arginine is synthesized
from citrulline through the action of two tightly coupled
enzymes, argininosuccinate synthetase (ASS) and arginino-
succinate lyase. Arginine can be metabolized to ornithine
by the enzyme arginase, and ornithine can be converted to
citrulline by ornithine carbamoyltransferase (OTC) in the
mitochondria. The citrulline can be utilized to synthesize
arginine again.

Interestingly, many types of cancers, including melanoma,
hepatocellular carcinoma (HCC), prostate cancer, and renal
cell carcinoma (RCC), do not express the enzyme ASS, in
contrast to most normal cells which do express the enzyme.'*
Since ASS is an essential enzyme in the endogenous synthesis
of arginine, tumor cells that lack ASS become more dependent
on the availability of exogenous arginine. Therefore, ASS-
negative tumor cells are particularly sensitive to arginine
deprivation therapy.

Overview of arginine

deprivation therapy

Arginine can be degraded by three enzymes: arginase,
arginine decarboxylase, and arginine deiminase (ADI).
These enzymes are potential biologic drugs for arginine
deprivation therapy. Arginase is a naturally available human
enzyme that is cytotoxic to tumor cells in vitro. However,
arginase failed to show antitumor activity in mice with Taper
liver cancer,' likely because of its low affinity for arginine
(K_ = 6 mmol/L for native enzyme at physiologic pH) and
short half-life in the circulation (a few minutes).!¢ Moreover,
many normal tissues do not express OTC,!” which limits the
synthesis of citrulline and, subsequently, arginine. Thus,
abnormal accumulation of ornithine or loss of arginine in
vital normal tissues can cause toxicity.'®! A recombinant
human arginase was developed that showed greater catalytic
activity (K = 2.9 mmol/L) and prolonged in vivo half-life
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Figure | The urea cycle.

(~3 days at physiologic pH); this was accomplished by
pegylation, linking the arginase covalently to polyethylene
glycol (PEG).'® Currently, this agent is being investigated
in an ongoing clinical trial for patients with HCC (NCI
01092091). A cobalt-substituted, pegylated recombinant
human arginase (Co-Argl-PEG) with significantly greater
catalytic activity and stability is undergoing final testing and
will be investigated in a clinical trial for solid tumor patients
including melanoma (see below).

Arginine decarboxylase converts arginine to agmatine,
and therefore it can be applied as a strategy to deprive cells
of arginine. However, no known enzyme converts agmatine
back to arginine, even in normal cells. Therefore, treatment
with exogenous arginine decarboxylase is relatively toxic to
normal cells, making this strategy unappealing.'®

ADI converts arginine to citrulline and ammonia,
the metabolites of the urea cycle (Figure 1).%° In con-
trast to arginase, ADI has a high affinity for arginine
(K, = 0.3 mmol/L),*" and thus can more effectively lower
plasma arginine level. However, ADI is not a human enzyme;
it is found in other organisms, such as Mycoplasma spp.
As a foreign protein, ADI from Mycoplasma spp. is immu-
nogenic in humans. Introduced to human circulation, it
has a short half-life and elicits neutralizing antibodies, but
these shortcomings are mostly ameliorated by pegylation.
Among various forms of pegylated ADI, ADI bound with
PEG (molecular weight 20,000) via succinimidyl succinate
(ADI-PEG?20) has been found to be the optimal formulation.
Pegylation increased the circulatory half-life of ADI from

4 hours to 7 days in mice, and induced only minimal anti-
ADI immunoglobulin G.?2%

Preclinical studies of arginine
deprivation therapy
Pegylated ADI

After demonstrating that infection of tumor cell lines with
Mycoplasma spp. inhibited cell growth, investigators soon
discovered that a protein in the infected cell supernatant had
direct growth inhibitory activity.?'** The protein was found
to be ADI, and the tumor growth inhibition was dependent
on depletion of arginine from the cell growth medium. The
pegylated ADI-PEG20 formulation of ADI that was devel-
oped to reduce immunogenicity and prolong half-life was
shown to retain its growth inhibitory effects in melanoma
and HCC cell lines that lack messenger ribonucleic acid
for ASS. Melanoma cell lines that had been transfected
with human 4SS complementary DNA became resistant to
ADI.?>% In vivo studies using nude and severe combined
immunodeficiency mouse xenograft models for melanoma
and HCC demonstrated that ADI-PEG20 inhibited tumor
growth and prolonged survival. In mice bearing a ~0.5 cm
human melanoma or HCC, injection of 5 IU of ADI-PEG20
once a week for 2 weeks caused tumor regression in 4 weeks,
while tumor size increased continuously in mice injected with
saline solution (controls). Furthermore, more than 50% of the
mice treated with ADI-PEG20 survived at least 24 weeks,
while all of the mice treated with saline solution died within
7 weeks.? In a preclinical model using dogs with melanoma
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of the oral mucosa, 8 weeks of treatment with ADI-PEG20
yielded clinical benefit in six of ten (two complete responses,
three partial responses, one stable disease).”

In cultured melanoma cells, treatment with ADI-PEG20
downregulates expression of hypoxia-inducible factor-1o
but upregulates expression of c-Myc. These results suggest
that targeting tumor cell metabolism through modulation
of HIF-1ao and ¢c-Myc expression may improve the
effectiveness of ADI-PEG20 in tumors that are auxotrophic
for arginine.?

Pegylated recombinant human arginase
(rhArg[Mn]-PEG5000)

To overcome the short circulatory half-life of arginase,
rhArg(Mn)-PEG5000 was developed and investigated with
in vivo and in vitro studies in HCC.'® RhArg(Mn)-PEG5000
was effective in inhibiting growth of HCC cell lines as well as
melanoma cell lines, with median inhibitory concentrations
(IC,,) ranging from 0.1-2 IU/mL. OTC-negative cancer
cell lines were more sensitive to thArg(Mn)-PEG5000,
while OTC-transfected cell lines were resistant. Since some
OTC-negative cell lines that were sensitive to thArg(Mn)-
PEGS5000 had ASS expression, this arginase may be an
alternative for the cancer patient with an ASS-expressing
tumor.

This agent was tested in nude mice bearing OTC-
deficient human HCC xenografts. Mice were treated once
a week for 2 months with 250 IU of rhArg(Mn)-PEG5000
or saline solution. In contrast to the control group, which
showed progressive tumor growth, the treatment group
showed tumor-retarding activity. In experiments in which
human melanomas and mouse melanomas were implanted
into mice and treated twice weekly with low (200 IU) or
high (400 IU) doses of rhArg(Mn)-PEG5000 or with saline
solution (controls), the tumor growth of animals treated with
rhArg(Mn)-PEG5000 was suppressed >50% relative to that
of controls.”

Cobalt-substituted human arginase

To improve catalytic activity of arginase, cobalt (Co**) was sub-
stituted for manganese (Mn?") in recombinant human arginase
I (rhArgl[Co]). This enzyme showed ten-fold higher catalytic
activity (k_ /K )thanrhArg(Mn), and the logarithmic measure
of the acid dissociation constant (pK ) shifted from 8.5 to 7.5.
In vitro cytotoxic studies in multiple cell lines showed IC,,
values for rhArgl(Co)-PEG5000 that were 12—15-fold lower
than those of thArgl(Mn).?® In in vivo studies, this chemically
engineered arginase was pegylated (thArgl-[Co]-PEG5000)

and injected once or twice a week at a dose of 8—10 mg/kg
in normal mice and mice bearing a human HepG2 (HCC)
or Panc-1 (pancreatic cancer) tumor xenograft.”’ Treatment
of normal mice with doses exceeding 10 mg/kg weekly led
to inappetance, dehydration, marrow necrosis, and death.
Weekly injection of 8§ mg/kg induced regression in tumor
xenografts, with tumor cells expressing activated caspase-3.%
However, rhArgl-(Co)-PEG5000 also causes cytotoxicity in
normal cells which do not express OTC and thus cannot syn-
thesize citrulline. Recently, supplementation of L-citrulline
(0.052-38 mmol/L) was shown to rescue normal cells from
the cytotoxic effect of rhArgl-(Co)-PEG5000 in vitro,'” sug-
gesting that this strategy can possibly improve the therapeutic
index of thArgl-(Co)-PEGS5000 treatment.

Overcoming resistance to arginine
deprivation therapy

In addition to the efforts to improve enzymatic properties
of arginine depriving enzymes, some studies have focused
on methods to overcome resistance to arginine deprivation
therapy. There are at least two mechanisms by which ASS-
deficient cells develop resistance to arginine deprivation.'
The first entails tumor cell autophagy to generate excess
intracellular arginine. In the stress environment, cells
can suffer apoptosis or can evade apoptosis for certain
periods with autophagy — the degradation of intracellular
components through lysosomal machinery. After prolonged
arginine deprivation, tumors have a tendency to undergo
autophagy rather than apoptosis. Therefore, agents that
inhibit autophagy can be combined with arginine deprivation
to potentially increase antitumor activity in melanoma.

The second mechanism is upregulation of the ASS enzyme
to facilitate arginine synthesis in tumor cells and reverse
arginine auxotrophy. It has been shown that the ASS-deficient
melanomas of two patients who were treated with ADI-PEG20
had upregulation of ASS protein and ASS messenger
ribonucleic acid at the time of disease progression.’**! One
approach to counter the resistance is to combine agents with
different mechanisms of action to induce a higher degree of
tumor apoptosis and thus delay the development of resistance.
Another potential strategy is to inhibit ASS expression by
using a pharmacological approach.*

In an attempt to combine arginine deprivation therapy with
cytotoxic drugs, the antitumor activity of the combination
of ADI-PEG20 (0.05 png/mL) and cisplatin (0.1 pg/mL) was
investigated in melanoma cell lines.*® Growth inhibition
was synergistic with the combination in comparison to
ADI-PEG20 or cisplatin alone.
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Arginine deprivation was shown recently to induce
activation of the mitogen-activated protein kinase pathway.
In experimental arginine deprivation treatment in the
Mel1220 cell line, upregulation of phosphorylated MEK
and extracellular signal-related kinase-1/2 proteins, but no
significant changes in BRAF kinase, was observed following
treatment with ADI-PEG20."® When a MEK inhibitor
(U0126) was combined with ADI-PEG20 treatment, both
growth inhibition and apoptosis were increased.'® The
combination treatment inhibited growth by 80%, while ADI-
PEG20 alone and U0126 alone inhibited growth by 15% and
25%, respectively. These findings suggest that melanoma
cells may depend on the mitogen-activated protein kinase
signaling pathway to survive upon arginine deprivation, and
addition of a MEK inhibitor to arginine deprivation therapy
may inhibit or delay the resistance.

Combination of ADI-PEG20 with an apoptosis-inducing
agent, tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL), might also be useful. ADI-PEG20 induces
expression of death receptor-4/5, a cell surface receptor for
TRAIL, and has an additive effect with the antitumor activity
of TRAIL. When the combination of ADI-PEG20 (0.1 pig/mL)
and recombinant TRAIL (100 ng/mL) was tested in melanoma
cell lines (SK-Mel-2, A375, Mel-1220, A2058), ADI-PEG20
alone inhibited growth by 50%-75%, and TRAIL alone by
15%—-25%. In comparison, the combination inhibited growth
by >80%. In addition, while ADI-PEG20 or TRAIL alone
results in 0%—25% cell death, the combination of these two
agents increased cell death to 70%.>* Coadministration of ADI-
PEG20 with canavanine, an arginine analog of plant origin,
accelerated apoptosis induced by arginine deprivation.*
The IC, of canavanine in arginine-rich culture medium was
3-10 mmol/L, and the IC, in arginine-free culture medium
was 0.03—0.07 mmol/L. It was proposed that canavanine is
incorporated into protein synthesis in place of arginine in
arginine-deprived conditions, resulting in the synthesis of
nonfunctional proteins and causing cell death. Interestingly,
canavanine also sensitizes human tumor cells to irradiation
in arginine-depleted condition.*® Low-dose canavanine has a
prominent synergistic effect on arginine deprivation-induced
radiosensitization. These findings suggest that a new approach
combining antimetabolic therapy and chemoradiation may be
a promising therapeutic strategy.

Arginine deprivation therapy

in other cancers
Arginine deprivation has been shown to be a promising
treatment option not only for melanoma and HCC, but also

for other arginine auxotrophic cancers, including malignant
pleural mesothelioma (MPM),*” RCC,*® prostate cancer,*
human T-lymphoblastic leukemia,*® and osteosarcoma.*
Fifty-two (63%) of 82 MPM tissues from patients showed
reduced or absent ASS protein expression. ASS-negative
MPM cell lines failed to grow in arginine-depleted culture
medium, while the same cell lines grew in arginine-
containing culture medium; ASS-positive cell lines grew in
either medium.*’

Tumor samples from 98 patients with RCC were
examined by immunohistochemistry and were found to be
devoid of ASS expression. The growth of an RCC cell line
(RenCa) was inhibited by ADI (0.005 IU/mL for 72 hours)
to 20%—40% that of controls. When RCC-bearing mice
were treated with ADI (1-5 IU/day), the tumors showed
dose-dependent regression in size and weight. Furthermore,
all treated mice survived for more than 90 days after tumor
implantation, while all control mice died between 40—72 days
after tumor implantation.®

Immunohistochemical analysis of 88 human prostate
tumor specimens and 59 normal prostate tissues showed that
none of tumor tissues expressed ASS, while 27% of normal
tissue samples expressed some degree of ASS. Apoptosis
was induced in ASS-negative prostate carcinoma cell lines
(LNCaP and PC3) by 0.3 pg/mL ADI-PEG20. In a mouse
xenograft model of human prostate cancer, mice were treated
with weekly injection of ADI-PEG20 (5 IU) or a combination
of ADI-PEG20 and docetaxel (10 mg/kg). Tumor volumes
from the treated group were approximately seven times
smaller than those from the control group, and a synergistic
effect with the docetaxel was observed.*

Pulmonary metastasis is the most significant prognostic
determinant for osteosarcoma. Global gene expressions of
19 patients who received surgical resection with neoadjuvant
chemotherapy were analyzed. Absence of ASS expression
was shown to be a predictive marker for development
of pulmonary metastasis.*' However, ASS-negative
osteosarcoma cells were auxotrophic for arginine, and cell
cycle arrest occurred in arginine-depleting conditions, as in
other ASS-negative cancer cells.*! Therefore, absence of ASS
expression may be a potential target for arginine deprivation
therapy in patients with osteosarcoma.

Clinical trials of arginine deprivation
therapy (Table 1)

The first case of a patient treated with ADI-PEG20 was
presented in 2003.4> The patient, who had idiopathic
cirrhosis and unresectable HCC, was treated with escalating
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doses of ADI-PEG20. At a dose of 160 IU/m?, the serum
a-fetoprotein level was decreased and the tumor was reduced
in size to allow surgical treatment, while the patient suffered
no significant adverse events. This report led to a Phase I/I1
trial (n = 19) of ADI-PEG20 in patients with nonresectable
HCC.* The optimum biological dose of ADI-PEG20 injected
intramuscularly was 160 IU/m?, which lowered the plasma
arginine concentration to an undetectable level (<2 pmol/L)
for more than 7 days. The response rate was 47% (two
complete responses and seven partial responses), and the rate
of stable disease was 37% among 19 enrolled patients. The
median survival was 410 days, and no significant toxicity
was observed. There was no grade 4 toxicity and the only
grade 3 adverse events were the elevated serum lipase and
amylase level in one patient each.

In a two-cohort, dose-escalation Phase I/II study of
ADI-PEG20 in patients with metastatic melanoma, the
optimum biological dose to reduce the blood arginine level
to a nondetectable level (<2 mmol/L) for at least 7 days
was determined to be 160 TU/m?*week.** There were no
grade 3—4 toxic effects directly attributable to the drug.
Among six patients treated with 640 IU/m? of ADI-PEG20
via intramuscular injection once a week, no significant
toxic effects were noted except grade 1 injection site pain.
Other common adverse events were the elevated serum
amylase, lipase, and transaminases, and hypotension, which
were all grade 1-2. The maximum tolerated dose was
not reached at 640 IU/m?*week. Six (25%) of 24 patients

Table | Clinical trials of arginine deprivation therapy in cancer

showed a response to treatment (five partial responses and
one complete response), and an additional six patients (25%)
had stable disease of at least 3 months duration. All these
patients received ADI-PEG20 at a dose of 160 IU/m? or
higher. The median overall survival duration was 15 months
in these patients with stage IV disease. None of the plasma
samples from any of the 39 patients showed measurable
enzyme-neutralizing activity.

In another Phase II study of ADI-PEG20 in patients
with melanoma,*® 36 patients were treated weekly with
ADI-PEG20 at 160-320 IU/m? intramuscularly. Ten (28%)
of the patients had a clinical benefit (partial response,
minor response, or stable disease). Including mixed
response, 14 (39%) of 36 patients showed antitumor
effects. Twenty patients whose disease showed no response
to 160 TU/m*week were treated with 320 1U/m?/week,
and four of them had a response. This result suggests that
320 TU/m?/week is the appropriate dosage for future trials.
This dose was well tolerated, but further dose escalation is
limited by the large volume of intramuscular injection of
ADI-PEG20. Pretreatment tumor samples from 26 patients
were analyzed for ASS expression. Interestingly, among
the 16 patients whose tumors did not express ASS, three
(29%) had a clinical response and eight (50%) had some
clinical benefit (clinical response or stable disease). In
contrast, only one of ten patients whose tumor expressed
ASS had clinical benefit (P = 0.01). This finding suggests
that ASS expression status, which can be determined either

Agents Cancer types Phase Clinical efficacy Common toxicity Reference
ADI-PEG20 MM i OR: 6/24 (25%) Injection site pain, elevated 44
SD: 6/24 (25%) serum amylase, lipase, and
transaminases, hypotension
MM 1l OR + SD: 10/36 (28%) Discomfort at injection site 30
HCC il OR: 9/19 (47%) Elevated serum lipase, amylase, 43
SD: 7/19 (37%) bilirubin, creatinine, uric acid
HCC Il OR: 2/76 (3%) Injection site discomfort, fever, 48
SD: 50/76 (61%) anemia, abnormal serum sodium
and potassium levels, decreased
fibrinogen
HCC 1l OR: 0/71 (0%) Local and/or allergic reactions, 49
SD: 22/71 (31%) hyperuricemia, pruritus, fatigue,
hyperammonemia, fever, diarrhea
HCC Il Ongoing — NCTO01287585
ASS(-) MPM Il Ongoing — NCTO01279967
SCLC Il Ongoing — NCT01266018
rhArgl(Mn)-PEG5000 HCC | SD: 4/8 (50%) Diarrhea, nausea, abdominal pain, 50

liver dysfunction, serum bilirubin
elevation

Abbreviations: ASS, argininosuccinate synthetase; HCC, hepatocellular carcinoma; MM, metastatic melanoma; MPM, malignant pleural mesothelioma; OR, overall response

(complete + partial response); SCLC, small cell lung carcinoma; SD, stable disease.
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by immunohistochemical staining or reverse-transcription
polymerase chain reaction analysis for messenger ribo-
nucleic acid expression may be a useful predictive marker
for ADI-PEG20 treatment efficacy.'*3°

It must be noted that no grade 3—4 toxic effects could be
directly attributed to ADI-PEG20 in melanoma patients.>%4*
Therefore, this drug is likely be combined safely with other
treatment modalities, such as chemotherapeutic or immuno-
therapeutic drugs.

ADI-PEG20 treatment also resulted in a dose-dependent
decrease of the plasma level of nitric oxide,* which is bio-
synthesized by inducible nitric oxide synthase and exerts
growth-promoting and proangiogenic effects in tumors,
including melanoma.*” This finding suggests that one of
the mechanisms of action of ADI-PEG20, and possibly other
arginine deprivation therapies, is inhibition of nitric oxide
synthesis.

ADI-PEG20 is being tested in a clinical trial setting in
other cancer types. After the first Phase I/II trial of ADI-
PEG20 in patients with unresectable HCC, two parallel
Phase II studies were conducted. In one trial, 80 patients who
had unresectable metastatic HCC were treated with 80 IU/m?
or 160 IU/m? of ADI-PEG20 weekly for up to 6 months.*® This
trial yielded an objective response rate of 2.6% and a disease
control rate (which included complete and partial responses
and stable disease) of 65%. The median overall survival was
11.4 months. Two patients (2.6%) were withdrawn from
the study because of immunogenic-related adverse events.
Most toxic effects were grade 1-2 (with some grade 3),
and there were no deaths attributed to ADI-PEG20. The
common side effects were skin irritation or discomfort at the
site of injection, fever, anemia, abnormal serum sodium and
potassium levels, and decreased fibrinogen. Although there
was grade 1-2 transient and reversible encephalopathy, it was
not clear if the encephalopathy was related to the drug or the
preexisting hepatic dysfunction. After approximately 60 days
of treatment, the antibody titer of ADI-PEG20 was steadily
increased, and serum arginine levels returned to baseline
level.*® In the other Phase II study, 71 Asian patients with
advanced HCC received weekly intramuscular injection of
ADI-PEG20 at doses of 160 TU/m? or 320 TU/m?.* There were
no complete or partial responses. The disease control rate was
31%, and the median overall survival was 7.3 months. The
major treatment-related adverse events were grade 1-2 local
and/or allergic reactions, hyperuricemia, pruritus, fatigue,
hyperammonemia, fever, and diarrhea.*’

A randomized double-blind Phase III trial of
ADI-PEG20 in patients with advanced HCC is now underway

(NCT 01287585). Phase II studies are ongoing in patients
with ASS-negative MPM (NCT 01279967) and in patients
with relapsed small-cell lung cancer (NCT 01266018).

Results of a Phase I study of recombinant human
arginase I (rhArgl[Mn]-PEG5000) in 15 patients with
advanced HCC were recently reported.”® Weekly doses of
rhArgl(Mn)-PEG5000 ranged from 500-3500 1U/kg, and the
maximum tolerated dose was determined to be 1600 1U/kg.
The most common adverse effect was diarrhea (14%), and
the dose-limiting toxic effect was grade 3 prolonged elevation
of serum bilirubin in two patients who received doses of
2500 IU/kg. Among eight patients who were evaluated for
tumor response, four (50%) had stable disease for more than
8 weeks. The median time to progression was 2.8 months,
and the median overall survival was 5.1 months.

Co-Argl-PEG has been produced under good
manufacturing practice for a Phase I clinical study in
advanced cancer (including melanoma) patients in the fall
of 2012 (Frankel, unpublished data, 2012).

Conclusion

Despite recent advances in melanoma therapy, a majority of
patients with this disease will ultimately die of it, and a new
approach to systemic therapy is urgently needed. Because
melanoma cells with a low level of ASS enzyme become
dependent on exogenous arginine for their proliferation
and survival, arginine deprivation therapy appears to
be a promising novel approach to melanoma therapy
without significant toxicity to normal organs. There are
several advantages of the arginine deprivation therapy in
comparison to the conventional cytotoxic chemotherapy.
As the clinical benefit of arginine deprivation therapy is
likely dependent on the level of ASS enzyme, it is possible
to select appropriate patients who are likely to respond to the
therapy by analyzing the tumoral expression level of ASS.
In addition, the investigation of a number of the arginine
deprivation therapy drugs have shown a favorable safety
profile, with less life-threatening adverse events, such as
severe myelosuppression.

However, there are disadvantages and challenges of this
therapeutic approach. The arginine deprivation therapy is not
likely to be useful in patients with melanomas with a high
ASS expression level, limiting the potential candidates for
this therapy. Furthermore, the arginine deprivation therapy
to date has yet to show the high response rate with durable
tumor control in patients with melanoma. Currently, newer
generation drugs are being tested clinically, and some
of the newer drugs, such as ADI-PEG20, have shown
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promising clinical activity in early-phase clinical studies. It
is the authors’ hope that these drugs significantly improve
the clinical benefit in patients in the near future. It is also
possible that the arginine deprivation therapy potentiates
the clinical efficacy of cytotoxic agents or targeted therapy
drugs, as shown in the preclinical studies. Because of its good
tolerability as a single agent, it will be easier to combine
arginine deprivation therapy with other drugs.

Successful clinical investigation of arginine deprivation
therapy will require selection of patients with the relevant
biomarker (ie, lack of ASS expression in the tumor lesions),
combination of arginine depriving agents with other additive
or synergistic agents, and development of more potent drugs
with more favorable pharmacokinetic profiles.
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