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Abstract
Certain cancers may be auxotrophic for a particular amino acid and amino acid deprivation is one
method to treat these tumors. Arginine deprivation is a novel approach to target tumors which lack
argininosuccinate synthetase (ASS) expression. ASS is a key enzyme which converts citrulline to
arginine. Tumors which usually do not express ASS include melanoma, hepatocellular carcinoma,
some mesotheliomas and some renal cell cancers. Arginine can be degraded by several enzymes
including arginine deiminase (ADI). Although ADI is a microbial enzyme from mycoplasma, it
has high affinity to arginine and catalyzes arginine to citrulline and ammonia. Citrulline can be
recycled back to arginine in normal cells which express ASS, whereas ASS(−) tumor cells cannot.
A pegylated form of ADI (ADI-PEG20) has been formulated and has shown in vitro and in vivo
activity against melanoma and hepatocellular carcinoma. ADI-PEG20 induces apoptosis in
melanoma cell lines. However, arginine deprivation can also induce ASS expression in certain
melanoma cell lines which can lead to in-vitro drug resistance. Phase I and II clinical trials with
ADI-PEG20 have been conducted in patients with melanoma and hepatocellular carcinoma and
antitumor activity has been demonstrated in both cancers. This article reviews our laboratory and
clinical experience as well as others with ADI-PEG20 as an antineoplastic agent. Future direction
in utilizing this agent is also discussed.
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INTRODUCTION
One type of targeted therapy for human cancers involves the depletion of key amino acids
needed by tumors to survive. The best example of this is asparaginase which is used to treat
acute lymphoblastic leukemia (ALL), a common type of leukemia in children and young
adults [1, 2]. This anticancer enzyme depletes or lowers the asparagine blood level. While
asparagine is a nonessential amino acid in humans, ALL cells require it to survive and
proliferate. Thus, depletion of this amino acid by asparaginase therapy is generally well
tolerated since normal human cells do not require asparagine. Thus, eliminating a certain
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amino acid which is nonessential in humans but for which a particular cancer is auxotrophic
may be a selective method of targeting malignancies.

Arginine is another nonessential amino acid in adult humans but is essential for rapidly
proliferating cells. Thus, arginine deprivation can be exploited as a potential targeted
therapy for treatment of various cancers. In this paper we review the rationale for this form
of therapy and our own as well as other laboratory and clinical data.

Why Arginine Deprivation Leads to Cell Death in Certain Tumor Cell Lines ?
Arginine is involved in multiple pathways which are involved in major cellular functions
such as nitric oxide production, creatine production and polyamine synthesis [3, 4]. In
humans, arginine is derived primarily from diet, turnover of body proteins and de-novo
synthesis via intestinal –renal axis [4]. Although arginine can be synthesized, it is considered
a semi-essential amino acid in adult humans since endogenous production is insufficient
when cells are under stress or need to proliferate [5, 6]. In tumor cells, arginine influences
their growth/proliferation [5, 7–9] and diet restriction has been shown to inhibit metastatic
tumor growth [8].

De-novo synthesis of arginine occurs primarily in the proximal renal tubule via urea cycle.
However, this capability is also found in many other cells [6]. Arginine is synthesized from
citrulline in two steps via the urea cycle. The enzyme argininosuccinate synthetase catalyzes
the conversion of L-citrulline and aspartic acid to argininosuccinate which is then further
converted to L-arginine and fumaric acid by argininosuccinate lyase, L-arginine can be
degraded to L-ornithine by the urea cycle enzyme arginase. L-ornithine is then converted
back to L-citrulline by ornithine transcarbamyl transferase (OCT) and then recycle back to
arginine by ASS/ASL (see Fig. 1). Thus, the ability to regenerate arginine from citrulline
depends on the amount/activity of ASS and ASL [10, 11]. In fact, Wheatley has suggested
that these two enzymes are tightly coupled [12–14] and that the sensitivity of cells to
arginine deprivation depends on their ability to regenerate arginine from the alternative
intermediate (ornithine, citrulline and argininosuccinate) in the urea cycle [9, 12–14].

Several laboratories have reported that certain tumor cell lines such as melanoma,
hepatocellular carcinoma, renal cell carcinoma and some mesotheliomas do not express
ASS, and hence become auxotrophic for arginine [9, 11, 15–18]. Consequently, arginine
degrading enzyme has been shown by several laboratories to have antitumor effect in these
tumors [9, 13, 19–25]. To further prove that the lack of ASS expression in melanoma cell
lines is a key to render them susceptible to cell death upon arginine deprivation, we and
others have transfected melanoma cells with ASS. These transfectants are resistant to
arginine deprivation [15, 18].

Arginine can be catabolized by three enzymes: arginase, arginine decarboxylase and
arginine deiminase.(ADI). Arginase has been tested in experimental animals since 1950,
however, the therapy has failed to produce major responses. The reason for failure could be
due to the fact that this enzyme has low affinity for arginine and thus a large amount of the
enzyme will be required. The optimal pH for arginase is also high (9.5) [26] and cannot be
achieved. However, recently, Wheatly et al. have shown that arginase is effective from pH
7.2–9 [27]. Importantly, arginase catabolizes arginine to ornithine. It is uncertain whether
other normal tissues except liver and small bowel can synthesize ornithine to citrulline due
to the fact that OCT, a key enzyme required for this reaction is expressed primarily in liver.
In other tissues, OCT gene is hypermethylated and hence not expressed. Thus, one may
encounter normal tissue toxicity. These drawbacks may explain why the development of
arginase as an antitumor agent has failed despite its activity seen in vitro [28, 29].
Nevertheless, recently pegylated arginase has been shown to have activity in hepatocellular
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carcinoma both in vitro and in vivo due to lack of OCT expression in certain hepatocellular
carcinoma cell lines [30]. On the other hand, arginine deiminase, a microbial enzyme from
mycoplasma which catabolizes arginine to citrulline and ammonia, is more attractive due to
the fact that tumor cells which lack ASS will not be able to synthesize intracellular arginine
from citrulline while normal cells are able to regenerate arginine. This approach will avoid
normal tissue toxicity. Furthermore, this enzyme is active in physiologic pH and has a high
affinity for arginine. In fact, ADI has been reported to have antitumor activity both in vitro
and in vivo in melanoma and hepatocellular carcinoma cell lines and in other cell lines [15–
18, 31–34]. However, one of the drawbacks of ADI is that it is not produced by humans and,
consequently, it is highly antigenic. In addition, ADI also has a short half life. To overcome
these drawbacks, a pegylated form of ADI (ADI-PEG20) has been developed by Polaris, Inc
(formerly Phoenix Pharmacologics) [35]and after extensive in vitro testing and in-vivo study
[15, 34], the drug has entered into clinical trial for both hepatocellular carcinoma and
melanoma.

Antitumor Activity of ADI-PEG20 in Melanoma Cells
We and others have shown that degrading arginine in the culture media using ADI or
exposure of melanoma cell lines to arginine free media with citrulline and NH4Cl
supplement can inhibit growth as well as have cytotoxic effects in melanoma cell lines [15,
18]. The IC50 after 7 days of exposure ranged from 0.01–0.3 μg/ml among 16 melanoma
cell lines tested [15]. In our laboratory, we have studied the growth inhibitory effect of ADI-
PEG20 in 4 melanoma cell lines, (A-375, SK-Mel2, A-2058 and Mel-1220 all ASS (−) one
normal human fibroblast (BJ-1) and one ASS (+) NSCLC line. The growth inhibitory effect
ranged from 0.05–0.09 μg/ml after 3 days exposure in 4 melanoma cell lines tested (see
Table 1) and greater than 1 in BJ-1 and NSCLCS cell lines [18]. Interestingly, at 72 hr. there
was still arginine remaining in the media (12.8 μM for Sk-Mel-2 and 23.5 μM for A2058
and no detectable arginine for A375 and MEL-1220). However, if one incubates EMEM
media with 0.05 μg/ml of ADI-PEG20, there are no detectable arginine levels at 48 hr. Thus,
it appears that the capability of intra-cellular machinery to maintain arginine levels either by
degradation of other nonessential proteins or decreased proliferation or turning on ASS
through translation or transcription is different among melanoma cell lines. These
differences may explain why some melanoma cell lines can become resistant to this form of
treatment.

Antitumor Activity of ADI-PEG20 in Hepatocellular Carcinoma
ADI-PEG20 has been shown to have antitumor activity in some hepatocellular carcinoma
cell lines which lack ASS expression [15]. However, recently Cheng et al. have studied 5
HCC cell lines (HepG2, Hep3B, PLC/PRF/5, Huh7 and Sk-HEP-1) and reported that these
cell lines express ASS and are not sensitive to ADI [30]. On the other hand, these cell lines
lack OCT expression and are sensitive to arginase [30]. Antitumor activity was also seen in
vivo using PEG-arginase, but the toxicity profile was not discussed. It is of interest why
hepatocellular carcinoma cells lack OCT or ASS expression since normal hepatocytes
possess these enzymes. Thus, it is not yet known how frequent hepatocellular carcinoma
cells do not express ASS or OCT or both. Nevertheless, Dillion et al. have reported that all
51 hepatoma tumor samples are deficient in ASS by immunohistochemical staining [36]

Antitumor Activity of ADI-PEG20 in other Cell Lines
Certain mesothelioma cell lines (2591 and MSTO) do not express ASS and are sensitive to
ADI-PEG20 while two other cell lines (226,2461) express high levels [17].
Immunohistochemical study showed 63% of mesothelioma express low levels of ASS [17].
Based on this study, clinical trials in mesothelioma have been initiated [Szlosarck, personal
communication]. ADI-PEG20 is also active in certain renal cell cancer cell lines which do
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not express ASS [16]. Interestingly, some renal cell cancers also are negative for ASS by
immunohistochemical staining despite high levels of these enzymes found in the kidney.
Other cell lines which are sensitive to ADI-PEG20 include neuroblastoma cell lines [37] and
human T and B lymphoblastic cell lines [31–33], but not a myeloid leukemic cell line
(HL-60). In this report, ADI-PEG20 has better antitumor activity than L-asparaginase [31].
Tumor cell lines which express low levels of ASS may also be sensitive to arginine
deprivation [11]. In contrast, Kang et al. [38] have shown that depletion of arginine with
ADI isolated from sertoli cells did not induce apoptosis in DU145 prostate cancer cell lines,
however, it protected them from paclitaxel-induced apoptosis. This is not surprising since
DU145 possesses ASS, and arginine depletion will result in retardation of cell growth which
renders them resistant to chemotherapy.

ADI-PEG20 Induces Apoptosis in Melanoma Cell Lines
It has been shown that ADI-PEG20 inhibits protein synthesis using 35S incorporation, but
how inhibition of protein synthesis leads to cell death is not clear. Gong et al. have reported
apoptotic cell death in human lymphoblastic cell lines [31, 32]. We have also seen apoptotic
cell death in melanoma cells [18] (Figs. 2 and 3). Interestingly although apoptosis is seen in
melanoma cells treated with ADI-PEG20 at ID50 dose for three days, these cells can survive
by replenishing new media with arginine and removal of ADI-PEG20, but if one continues
to add ADI-PEG20 in the new media, there is no viable cells in all three cells lines (A-375,
Sk-mel2 and Mel1220) in 3 weeks. We speculate that all these cells undergo autophagy with
no arginine prior to undergoing apoptosis. In fact, our preliminary data showed increased
Beclin1 in these cell lines with Mel1220 having the highest Beclin1 levels. In mesothelioma,
Szlosarek has shown that arginine depletion induces BAX conformation changes and
mitochondrial inner membrane depolarization in ASS(−) cells which leads to apoptosis [17,
39]. Thus, the mechanism(s) which lead to apoptosis is complex and may be different
among all the cell lines which lack ASS expression.

ADI-PEG20 Inhibits NO Production
Since arginine is the only substrate for nitric oxide synthetase [3], it is not surprising that
ADI-PEG20 inhibits NO production in lipopolysaccharides and interferon challenged
macrophages [40]. This observation was also seen in vivo when mice were treated with TNF
and endotoxin. [40]. However, ADI-PEG20 did not inhibit NO which produces eNOS [40].
Thus, it appears that ADI-PEG20 can be used as selective modulator for NO which is
produced by iNOS. The implication of these findings to tumor cell survival/carcinogenesis
has not been studied. On the other hand NO can reversibly inactivate ASS via S-
nitrosulation both in vitro and in vivo [41]. Thus the complex relationship of these
parameters will need further investigation.

ADI-PEG20 Inhibits Angiogenesis
The effect of ADI on angiogenesis has been investigated both in vitro and in vivo.
Beloussow et al. first [42] demonstrated the anti-angiogenic effect of recombinant ADI with
cultured human umbilical vein endothelial cells (HUVEC). Park et al. also used HUVECs
and recombinant ADI to show that ADI could inhibit angiogenesis in a dose dependent
manner, and this inhibitory effect can be reversed by supplying arginine back to the culture
medium [43]. Park et al. also observed that recombinant ADI exerted inhibition of
angiogenesis in their in vivo studies using chick embryo and mouse model [43]. This
antiangiogenetic property of ADI suggested an effective way for treating tumors. They
showed that ADI was capable of inhibiting tumor cell growth using CHO and HeLa cell
lines. Furthermore, Gong et al. [37] also showed that ADI was effective in inhibiting the
growth of unfavorable neuroblastoma similar to other angiogenesis blocking reagents.
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Interestingly, ADI or these reagents was able to potentiate the effect of radiation therapy for
this tumor using a mouse model.

ADI-PEG20 Lowers Hepatitis C Viral Titer
Izzo et al. have reported that ADI-PEG20 can reduce HCV titer up to 99% in 5/10 HCV-
sero type 1b patient with subsequent improvement of liver function. However, it has no
effect in HCV type 2c patients [44]. The exact mechanism of this is not known and may be
related to decrease NO production.

ADI-PEG20 Affects mTOR Signaling
It is known that nutrient deprivation decreases mTOR signaling [45–47]. This is most likely
due to decreased ATP which leads to activation of AMPK and hence negatively influences
mTOR activity [48]. It is uncertain that TSC1/2 complex is involved [49]. Nutritional
deprivation also positively influences the association of mTOR with raptor, the tight
association of mTOR and Raptor will decrease mTOR activity [50]. We have shown that
after exposing 4 melanoma cell lines to ADI-PEG20 for 72 hr, the phosphorylation of 4E-BP
is substantially reduced in 3 melanoma cell lines and to a much lesser extent in A-2058 cell
line (Fig. 4A). Furthermore, the amount of phosphorylation p-70S6 kinase is also reduced at
72 hr (Fig. 4B). In contrast, pAMPK which negatively influences mTOR activity is highly
elevated in A-375 and Mel1220 at 72 hr., but is moderately elevated in A-2058 (Fig. 4C).
There is no change in Sk-Mel 2; this cell line may have alteration in LKB. The changes in
4E-BP phosphorylation and P-70S6 kinase phosphorylation are not seen in NSCLC cell line
and BJ-1 cell lines which possess ASS. Thus, arginine deprivation in the ASS (−) melanoma
cells negatively impacts mTOR signaling. Inhibition of mTOR has been shown to decrease
cellular proliferation and contribute to autophagy [51] which may explain antitumor activity
of ADI-PEG20 in melanoma cells

Other Biological Effects of ADI
Since arginine serves as a precursor for polyamine (ornithine, putrescine), arginine
deprivation may effect polyamine biosynthesis. In this regard, Shen et al. have shown that
the addition of putrescine to ADI did not affect the antitumor activity of ADI, however it
abolished the antitumor effect of DFMO, an ornithine decarboxylase inhibitor [10].
Furthermore, in CHO cells which lack ASS expression, treatment with ADI did not affect
intracellular polyamine concentration. The authors conclude that low Km of ODC as well as
compensation through protein degradation, efflux and uptake could be responsible for
arginine supply and arginine concentration is not critical for maintaining intracellular
polyamine concentration. Other effects of arginine deprivation including other protein
changes such as involving heat shock protein and proteins which enhance cell susceptibility
to apoptosis [52]. Recently Graboa et al. [53] has shown that arginine may play a crucial
role in carcinogenesis.

Why ASS is not Expressed in Certain Tumor Types ?
ASS gene is located on chromosome 9q34.1 base pair 132, 310,092 to 132,366,481. There
are many pseudogenes (14 reported) located among other chromosomes [54]. It is possible
that deletion of chromosome at this region in tumor cells can account for lack of ASS
expression. However, in 4 melanoma cell lines tested by southernblot analysis, the ASS
DNA was present (Fig. 5). However, it is still possible that the promoter could be altered
and cannot be detected by southernblot analysis. Our data [18] and other published papers
[15, 17] indicate that the lack of ASS protein corresponded with low levels of mRNA
expression (not detected by northernblot analysis). Recently Szlosarek et al. have found that
mesothelioma cell lines which express low levels of ASS have aberrant promoter CpG
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methylation [17]. The authors conclude that epigentic regulation of ASS transcription plays
a role in controlling ASS expression seen in mesothelioma cell lines. Our initial laboratory
study did not support this concept in melanoma cell lines, and 5-Azacytidine, a known
demethylating agent, does not affect ASS expression in melanoma cell lines (Savaraj,
unpublished data). Thus, the key question which remains unanswered is why different tumor
cell lines possess different levels of ASS expression. ASS cDNA has been cloned in 1981
[55] and is highly conserved between species. The promoter region in human and mice has
been partially characterized. In human, the 5′ flanking sequence shows multiple SP-1
binding sites, AP2, GCN4, NF-KappaB, Max1, Egr and others [56, 57]. These bindng sites
also are predicted using AliBaba 2.1 web search tool. We have currently cloned the
promoter and constructed a series of the deleted mutant to study this question. Although the
kinetic properties of ASS enzyme has been extensively studied and the crystal structure in
bacteria has been identified [4], the transcriptional and translational control of ASS gene are
not well understood. Two species of ASS mRNA which differ in their 5′UTR has been
reported (Genbank Database). Previous published studies indicate that ASS regulation
occurs at pre-translational levels [4]. Multiple factors have been shown to positively and
negatively influence ASS gene and may be tissue specific. Several investigators have
demonstrated that glucocorticoid, glucagon and cyclin AMP increase ASS expression
whereas fatty acids repress ASS expression [58–65]. Insulin and growth hormone have
negative influence on ASS in liver tissue but no effect in other tissue [66–68]. Cytokines,
IL-Ib, interferon and TGF-b also can influence ASS expression [69, 70]. Recently, it has
been showed that glutamine stimulates ASS expression in rat hepatocytes and Caco-2 cells
through O-glycosylation of Sp1. sites [71]. The expression of ASS also has been showed to
be regulated by arginine [72]. In this regard, we have demonstrated that in melanoma cell
lines the expression of ASS is also influenced by arginine in media [18], but not influenced
by either glutamine glucocorticoid or fatty acids (unpublished data). However, ASS gene
regulation is most likely different in different tumor types. We are currently investigating
the regulation of ASS in melanoma cells. It is noteworthy that normal human melanocytes
(cell line HEM-l and HEM-m obtained from Sciencell) express very low levels of ASS
protein which is different than normal hepatocytes.

Arginine Deprivation Induced Melanoma ASS Protein Expression
It has been shown that arginine levels can regulate ASS expression in lymphoblastoma cells
and epithelial cells. Similarly, we have found that exposing melanoma cell lines to ADI-
PEG20 or arginine free media with citrulline and NH4Cl2 supplement for 3 days, ASS
protein as detected by westernblot was found in three cell lines. However, the levels of ASS
expression are different: A2058 has more ASS expression (2.76 fold) followed by Sk-Mel-2
(2.03) and A375 (1.52) while MEL-1220 is unable to produce ASS protein. However, upon
replenishment with normal media, the ASS protein expression is again repressed [18]. Fig.
(6) summarized these findings. Interestingly, in cell lines (BJ-1 and NSCLCS) which
constitutively express ASS the levels of ASS did not change upon exposure to arginine free
media. We have further investigated whether the increase in ASS protein occurs at the
transcription level. However, we were unable to detect ASS mRNA by northern-blot
analysis (Fig. 7). We have developed a real time RT-PCR method to quantify ASS mRNA
expression, only A-2058 showed an increase in mRNA expression at 48 and 72 hr (Fig. 8).
The other three cell lines including BJ-1 (normal human fibroblast) did not show an increase
in ASS mRNA upon arginine deprivation. The ASS mRNA also returned to normal upon
placing the cells back in normal media. However, upon continued exposure to arginine free
media, A-2058 is able to turn on a substantial amount of mRNA which could be detected by
northernblot analysis (Fig. 7).
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Resistance to ADI-PEG20 in Melanoma
From our melanoma cell line data as well as primary culture obtained from patients, it
appears that cell lines or primary culture which can turn on ASS mRNA upon arginine
deprivation are most likely to develop resistance to ADI. We are able to generate ADI-
PEG20 resistant cell line in A-2058, but not in A-375, Skmel-2 or Mel 1220. These three
cell lines are unable to turn on ASS mRNA upon arginine deprivation. The transient increase
in ASS protein seen in A-375 and Sk-mel2 is mostly mediated by transient increase in
translation. Once ASS mRNA is induced to certain extent, the ASS expression become
stable and cannot be reversed (Fig. 9). Why certain cell lines can rapidly turn on ASS
mRNA is not known and we are currently investigating the transcription control of ASS
mRNA.

FUTURE LABORATORY DIRECTIONS
The work in our laboratory as well as others support the antitumor activity of ADI-PEG20 in
ASS(−) tumor types. Thus far, melanoma and hepatoma appear to be the suitable tumors for
this approach due to the lack of ASS expression. Certain mesothelioma and renal cell
cancers may also be considered for this approach. However, development of drug resistance
secondary to ASS expression may be problematic but could be potentially overcome.
Currently, we are developing a method to identify those tumors which are ASS negative but
can be induced after repeated treatment. These tumors will most likely require combination
treatment which will kill cells rapidly and hence the tumor cells are not able to turn on ASS.
Another possibility is to inhibit ASS expression using a pharmacological approach. We are
currently investigating these different approaches in melanoma.

CLINICAL STUDIES WITH ADI-PEG20
We reported on a Phase I/II trial of ADI-PEG20 in patients with metastatic melanoma [73].
Two cohort dose-escalation studies were performed: a phase I study in the U.S. and a phase
I/II study in Italy. The phase I study in the U.S. enrolled 15 patients in 4 cohorts. ADI-
PEG20 treatment consisted of weekly intramuscular injections on days 1, 15, and 22. The
first 3 cohorts consisted of 3 patients each and each cohort received ADI-PEG20 at 20, 40 or
80 U/m2. Subsequently, 6 patients were treated at 160 U/m2 which was considered the
optimum biological dose (OBD).

The Italian cohort enrolled 24 patients in the phase I trial. Patients were enrolled onto one of
six cohorts. The first 4 cohorts consisted of 3 patients each and each cohort was treated with
one cycle ADI-PEG20 at 40, 80, 160 or 320 U/m2. Six patients received one cycle ADI-
PEG20 at 640 U/m2. The first cycle was composed of therapy on days 1, 15 and 22.
Furthermore, 6 patients were treated on a cohort of 3 cycles that consisted of 4 weekly
injections at the OBD.

One objective of these studies was to determine the pharmacokinetics/pharmacodynamics,
safety and antitumor activity of the drug. The pharmacokinetics/pharmacodynamics studies
showed that a dose of ADI-PEG20 at 160 U/m2 lowered the plasma arginine level from a
baseline level of approximately 130 μmol/L to less than 2 μmol/L for at least 7 days.
Furthermore, the nitric oxide plasma levels were also decreased with no measurable effect
on blood pressure or heart rate.

In this clinical trial no grade 3 or 4 toxicities were attributed to the drug. The most common
side effect was mild discomfort at the injection site. Two patients had hypotension within
20–40 minutes of treatment. One of the patients had a history of hypertension and had been
on antihypertensive medication. The other patient had hypotension after the fourth injection
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of ADI-PEG20 but received six further treatments of the drug without recurrence of the
hypotension. Abnormalities in the laboratory tests that were noted during the trial include
elevated serum uric acid levels, mild elevation in blood fibrinogen levels and rarely
elevation of the serum lipase and amylase levels. No patient had clinical evidence of
pancreatitis.

In terms of response, none of the 15 patients enrolled in the phase I trial in the U.S. had a
response. In the Italian phase I/II part of the trial, 6 of 24 phase I/II patients had a response
to treatment, including one complete response and 5 partial responses, for a total response
rate of 25%. Fourteen patients had stable disease for ≥ 1 cycle of therapy and 6 patients had
stable disease for 3 months of the trial. All patients with stable disease or response had
received the OBD or higher ADI-PEG20 dose.

One objective of the trial was to investigate the immunogenicity of ADI-PEG20. In terms of
immunogenicity of the drug, none of the patients developed measurable enzyme-neutralizing
antibody-directed activity in the plasma samples. This is consistent with the lack of allergic
reactions seen clinically. In terms of the maximum tolerated dose, 6 patients were treated at
the highest dose of 640 U/m2 intramuscularly weekly. Except for discomfort at the injection
site (grade 1), no major toxicities were noted. Since 640U/m2 was the highest dose that
could be easily administered by intramuscular injection, it was concluded that the maximum
tolerated dose exceeded the dose that could be conveniently administered by this route.

Currently, we are performing a phase II trial of ADI-PEG20 in advanced melanoma using a
weekly dose of 160 U/m2 intramuscularly. Preliminary results from this trial have been
presented (ASCO, 2005). Twenty patients with locally advanced or metastatic melanoma
have been treated so far. In terms of response, 4 patients have had a partial response and 3
patients had a minor response (<50% reduction) for a tumor control rate of 35%. In addition,
3 patients had a mixed response suggesting evidence of antitumor activity. Interestingly, one
patient who had a partial response at a dose of 160 U/m2 weekly developed progression of
disease. The dose was increased and the patient again responded to treatment. This suggests
that there may be a dose response or perhaps development of drug resistance due to
neutralizing antibody which was overcome by increased dose of the drug. The sites of
response include lung, nodal disease, soft tissue and skin. This is not unexpected since
patients with disease in these organs are more likely to respond than patients with other
visceral disease. We did observe a mixed response in a patient with extensive hepatic
metastases using ADI-PEG20.

In terms of toxicity, one patient had grade 3 neutropenia which resolved when the drug was
stopped. Another patient had grade ¾ neutropenia. Subsequently, he received filgrastim
every 2 weeks which completely prevented further neutropenia and enabled him to continue
to receive the ADI-PEG20 weekly. Other toxicities were mild and mainly consisted of
fatigue and discomfort at the injection site. No alopecia, nausea, vomiting, diarrhea or major
organ toxicities were noted. No patient stopped drug due to toxicity.

Preliminary data suggest that the presence of ASS expression in the tumor may predict
response to ADI-PEG20. Two patients had melanoma tumor samples tested for ASS
expression prior to treatment and were ASS (−). Both patients had a clinical response to
ADI-PEG20 but later developed progression of disease. Tumor samples were obtained at the
time of their disease progression and the tumor stained ASS positive. One patient whose
melanoma tumor stained ASS positive prior to ADI-PEG20 did not respond to treatment.
However, 7 of 11 patients whose tumor were ASS (−) prior to treatment had some evidence
of antitumor activity (either partial, minor or mixed response) with ADI-PEG20. This study
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is continuing to accrue patients and further investigation is needed to confirm the correlation
between ASS expression of the tumor and clinical response to treatment.

ADI-PEG20 has also been studied in clinical trials in patients with unresectable
hepatocellular carcinoma. A patient with unresectable hepatocellular carcinoma was treated
with escalating doses of ADI-PEG20 as a single patient exemption [74]. The tumor reduced
in size and there was a reduction in serum alpha-fetoprotein levels. No toxicity due to the
drug was noted. This encouraging response led to a phase I/II trial of ADI-PEG20 in patients
with unresectable hepatocellular carcinoma [75]. Patients with hepatocellular carcinoma
were accrued from the Pascale Cancer Institute in Naples, Italy. Nineteen patients were
entered into the trial in 1 of 4 cohorts. The initial dose levels of ADI-PEG20 were 20, 40, or
80 U/m2. Subsequent patients were treated at a starting dose of 160 U/m2 which was
determined to be the optimum biological dose that lowered the plasma arginine level to non-
detectable levels (<2 μM/L) for at least 7 days. In terms of response, 2 patients had complete
response and 7 patients had a partial response for a total response rate of 47%. Duration of
response was defined as the time from start of treatment until progression. The median
duration of response was >400 days (range: 37 to >680 days). In terms of toxicity, the side
effects include pain at the injection site, elevation of serum uric acid and fibrinogen, and
occasional elevation of the serum lipase and amylase levels. No clinical evidence of
pancreatitis occurred. No evidence of neutralizing antibody production was found.

A second phase I/II trial of weekly ADI-PEG20 was performed at M.D. Anderson Hospital
(ASCO, 2005). The phase I part of the trial involved escalating doses of the drug up to 160
U/m2. The phase II part of the trial used a starting dose of 160 U/m2 which was considered
the OBD but allowed dose escalation up to ≤240 U/m2. Thirty-five patients were enrolled
onto the study. In terms of response, one patient had a response which allowed the patient to
be resectable. In addition, 16 patients had stable disease. Four patients did not complete the
trial due to either allergic reaction or intercurrent disease. Twenty-eight patients had disease
progression. The reported mean time for progression was 3.4 months with a range of 1 to 13
months. All patients had undetectable plasma arginine levels after ADI-PEG20 treatment (<
2 μM). For the one patient who had a response and became resectable, death occurred due to
portal vein thrombosis and resulting live failure. Autopsy showed minimal viable tumor left.

In terms of toxicity, the side effects were more pronounced compared to the phase I trial in
Italy. Twelve patients had grade 3 toxicity consisting mainly of liver function or serum
electrolyte abnormalities. In addition, 3 patients had grade 4 toxicity consisting of liver
function abnormalities or elevation of serum lipase. Subsequently, we participated in as
phase 2B testing of ADI-PEG20 in patients with unresectable hepatocellular carcinoma in
conjunction with the Pascale Cancer Institute. Patients received ADI-PEG20 at 80 or 160 U/
m2. The primary endpoint was overall survival. An interim analysis showed that the median
survival from time of diagnosis was 11.7 months and the median survival from first
treatment was 8.8 months. The 12 month survival rate was 36.7%. These numbers are
comparable to those reported from the Pascale Cancer Institute and from a phase I/II trial
reported from M.D. Anderson [75]. Interestingly, of the 9 patients treated at the University
of Miami, two patients had stable disease for at least 12 months. One patient had stable
disease for one year and the other patient had stable disease for >2 years with no side effects
noted from the treatment except for discomfort at the injection site. This patient is
continuing to receive treatment with weekly ADI-PEG20 injections.

CONCLUDING REMARKS
Arginine deprivation is a novel and promising targeted approach to the treatment of certain
tumors which cannot form arginine from the urea cycle and hence are auxotrophic for
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arginine. In particular, melanoma and hepatocellular carcinoma and possibly certain
mesotheliomas and renal cell cancers may be sensitive to this therapy. While new therapies
are emerging for renal cell cancer, the other cancers are difficult to treat with drug therapy
and for patients with unresectable disease, the response rates and overall survival remains
poor. Thus, there remains a great need to develop new drug therapies for these malignancies.

Due to its low incidence of major side effects such as myelo-suppression and gastrointestinal
toxicity or other major organ toxicity, arginine deprivation may be easily combined with
other anti-cancer agents to increase the response rate. Our in vitro laboratory data suggest
that ADI-PEG20 may be synergistic with DNA damaging agents such as cisplatin and
temozolomide (AACR, 2007). This appears to be due to the inability of ASS (−)For MDR1,
the primers were the mdr1 specific sequences GGAGTGTCCGTGGATCACAAG (residues
1909–1930) and TGTTCAGGATCATCAATTCTTGT (residues 2218–2241). These primers
were selected at regions that are only 36.4 and 37.5% similar to the corresponding region of
mdr-3 cDNA. Thus, they should not recognize the mdr-3 gene. The resulting PCR product
from these primers was 232 bp. tumor cells to repair DNA in the absence of arginine.
Combination of ADI-PEG20 with these DNA damaging agents and other drugs are currently
being studied for future clinical trial.

The development of drug resistance due to induction of ASS gene expression is a potential
problem in certain tumors. This form of resistance may be overcome by understanding the
transcription/translation control of this gene. Pharmacologic manipulation to control ASS
expression and prevent drug resistance is being investigated in our laboratory.
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Fig. (1).
Enzymes involved in urea cycle. The dot line on ADI designate its action on extracellular
conversion of arginine to citrulline and ammonia.

Feun et al. Page 13

Curr Pharm Des. Author manuscript; available in PMC 2011 May 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. (2).
In situ end labeling apoptosis assay in A375 cell line. A: control. B: after exposure to 0.08
ug/ml for 72 hr. Treated cells undergo apopotosis shown brown staining in the nuclei
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Fig. (3).
Apoptosis as detected by PARP cleavage in 4 melanoma cell lines (A375, Sk-mel-2, A2058
and MEL-1220). Untreated cell showed uncleaved PARP at 116 kD whereas treated cells
showed cleaved PARP seen at 89 kD.
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Fig. (4).
A). The activity of mTOR was measured by its ability to phosphorylated 4E-BP. The bottom
band is the unphosphorylated form. 4E-BP. 4E-BP has multiple phosphrylation which depict
multiple bands seen. After treatment with ADI-PEG at 0.6 ug/ml (81 IU/ml=11.3 mg/ml) for
72 hr., the major form of 4E-BP are unphosphorylated. B). phosphoryltion of p-70S6 kinase
also reflect mTOR activity. After exposure to ADI-PEG20 at 0.6 mg/ml, the phospho-
p-70S6 kinase decresaed in A-375, Sk-Mel2, but increase in A-2058, which indicative of
phosphorylation from other upstream protein. Mel-1220 has minimal phosphorylation of
p-70S6 kinase and hence changes is not discernable. C). phospho-AMPK in 4 melanoma
cell lines after exposure to ADI-PEG20 for 72 ht. Three cell lines has increased phospho-
AMPK, but no changes in Sk-Mel 2.
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Fig. (5).
Southernblot Analysis of ASS in 4 melanoma cell lines and BJ-1 cell lines. All five cell lines
show similar levels of ASS DNA.
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Fig (6).
Immunoblot of ASS protein in 4 melanoma cell lines (A375, Sk-mel-2, A2058 and
MEL-1220) before and after exposure arginine free media supplemented with citrulline and
NH4Cl for 24, 48 and 72 hr. Afterward, cells were washed, and replenished with normal
EMEM media for 24, 48 and 72 hr. Lane 1: control. Lane 2: 24 hrs. on arginine free media
Lane 3: 48 hrs on arginine free media Lane 4: 72 hrs on arginine free media Lane 5:
Removal of arginine free media and changed to normal EMEM media for 24 hrs. Lane 6: 48
hrs. on normal media. Lane 7: 72 hrs. on normal media. Similar results were obtained with
arginine free media with no citrulline supplement and ADI-PEG20 treated media. with
citrulline and NH4Cl supplement.
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Fig. (7).
Northernblot Analysis of ASS in a panel of melanoma cell line and BJ-1 cells. Lane 1:
A375. Lane 2: A375 after exposure to ADI-PEG20 for 72 hrs. Lane 3: SK-Mel-2 Lane 4:
Sk-Mel-2 after exposure to ADI-PEG20 for 72 hrs. Lane 5: MEL-1220. Lane 6: MEL-1220
after exposure to ADI-PEG20 for 72 hrs. Lane 7: A2058. Lane 8: A2058 after exposure to
ADI-PEG20 for 72 hrs. Lane 9: A2058R. Lane 10: BJ-1. Lane 11: BJ-1 after exposure to
ADI-PEG20 for 72 hrs. Note: only A2058R and BJ-1 possess 1.9 kb ASS mRNA and there
is no differences in ASS mRNA in BJ-1 cells after exposure to ADI-PEG20.
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Fig (8).
The relative expression level of ASS mRNA detected with real-time PCR in different cell
lines in arginine-free (− Arg) media as compared with that in normal media (+Arg). The
quantification method used was proposed by Pfaffl in Nucleic Acid Research, 29:2002–
2007. GAPDH was used as the reference gene. The hours on the graph indicates the time for
which the cells had been cultured in −Arg or +Arg media.
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Fig. (9).
Immunoblot of ASS protein in A-2058R (resistance to ADI) after culture in normal media
for 7 and 29 days. The expression is stable with no changes.
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Table 1

Growth Inhibitory Effect of ADI-PEG20

Cell Lines ID50 (ug/ml) Arginine (uM) at 72 hr Citrulline (uM) at 72 hr

A2058 0.088 ± 0.008 23.5 367.5

A375 0.055 ± 0.001 ND 317.5

Sk-Mel-2 0.070 ± 0.008 12.8 329.2

Mel-1220 0.090 ± 0.008 0 3

BJ-1 > 1 1.6 404

NSCLCS* > 1 20.27 603

*
RPMI media (base line Arginine: 971 uM).

EMEM media (base line arginine: 400 uM).
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