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1. Introduction

The interest in platinum-based antitumor drugs
has its origin in the 1960s, with the serendipitous
discovery by Rosenberg of the inhibition of cell
division by Pt complexes.! cis-Diamminedichloro-
platinum(ll) (cis-[PtClx(NHz3);] (1)) and cis-diammine-
tetrachloroplatinum(1V) (cis-[PtCl4(NHs3)2] (2)) were
identified as the Pt compounds responsible for the
phenomenon.?~2 Deducing that Pt compounds would

Cl
HBN\Pt _«a HJN\P‘t P
H3N/ ™ HaN/ ‘\a
cl
M @

have uses in cancer treatment, Rosenberg and co-
workers performed experiments with Sarcoma 180
and Leukemia L1210 bearing mice.?*~7 This eventu-
ally led to cis-diamminedichloroplatinum(ll) (cis-
platin (1)) entering phase | clinical trials in 1971.2
Approval of cisplatin for the treatment of testicular
and ovarian cancer was given in 1978. Today, cis-
platin is one of the three most widely utilized
antitumor drugs in the world and has annual sales
of approximately $500 million (U.S.).°~1° It is highly
effective in treating testicular and ovarian cancers,
and it contributes to the treatment of oropharyngeal
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carcinoma, bronchogenic carcinoma, cervical carci-
noma, lymphoma, osteosarcoma, melanoma, bladder
carcinoma, and neuroblastoma.®
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Despite its success, cisplatin has several disadvan-
tages that include severe toxicity such as nephrotox-
icity, neurotoxicity, and emetogensis. The toxic side
effects of cisplatin limit the dose that can be given
to patients; typical doses are 100 mg/day for up to
five consecutive days.™ To help alleviate nephrotox-
icity, intravenous hydration and diuresis have been
employed,® though they pose an inconvenience to
treatment on an outpatient basis. The use of seroto-
nin receptor antagonists have helped reduce nausea
and vomiting in some patients.*?~1® A number of pro-
tecting or rescue agents such as mesna, WR-2721,
diethyldithiocarbamate, and thiosulfate have also
been used to control cisplatin toxicity; however, the
exact role of these agents is not well understood, and
they are as of yet not routinely used in Pt chemo-
therapy.16-18

Cisplatin is used in the treatment of a number of
cancers, but its applicability is still limited to a
relatively narrow range of tumors. Some tumors have
natural resistance to cisplatin, while others develop
resistance after the initial treatment. Cisplatin also
has limited solubility in aqueous solution and is
administered intravenously, another inconvenience
to outpatient treatment. These drawbacks coupled
with cisplatin toxicity have been the impetus for the
development of an improved Pt antitumor drug.

Since the introduction of cisplatin, thousands of Pt
compounds have been synthesized and evaluated as
potential antitumor agents. Over 28 have entered
human clinical trials,*'® but only diammine[1,1-
cyclobutanedicarboxylato(2—)]-O,0’'-platinum(ll) (car-
boplatin (3)) received worldwide approval and achieved
routine clinical use. Carboplatin is less toxic than
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cisplatin and can be given at a much higher dose than
cisplatin (up to 2000 mg/dose).'* The lower toxicity
of carboplatin in comparison to cisplatin has been the
advantage that enabled it to achieve worldwide
approval and use. Unfortunately, carboplatin is still
only active in the same range of tumors as cisplatin
and is still administered intravenously. In recent
years, two other Pt compounds have received limited
approval for use in some countries. (trans-L-Diami-
nocyclohexane)oxalatoplatinum(ll) (oxaliplatin or L-
OHP (4)) has been approved for the secondary
treatment of metastatic colorectal cancer in France
and other European countries.'® cis-Diammine—gly-
coloato-O,0'-platinum(ll) (nedaplatin or 254-S (5))
has received approval for use in Japan.'® As of yet,
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oxaliplatin and nedaplatin have not demonstrated
any clear advantages over cisplatin or carboplatin,
though oxaliplatin has shown potential for use in
cisplatin-resistant tumors during preclinical evalu-
ations. Therefore, the search continues for an im-
proved Pt antitumor agent, motivated by the desire
to design a less toxic, orally active compound that is
non-cross-resistant with cisplatin and carboplatin.

In the years following the introduction of cisplatin,
the design of new Pt antitumor drugs concentrated
mainly on direct cisplatin analogues, which adhered
to the set of structure—activity relationships sum-
marized by Cleare and Hoeschele in 1973.2021 More
recently, there have been efforts to rationally design
new Pt complexes based on an improved understand-
ing of the mechanisms of Pt drug resistance. Specific
chemical and structural features can be incorporated
into new Pt compounds such that they are able to
circumvent a specific drug resistance mechanism.
There have also been efforts directed at the design
of unconventional complexes that violate the original
structure—activity relationships, such as trans Pt
compounds and binuclear Pt complexes. As the in
vivo behavior and mechanism of actions for these
complexes are expected to be different from those of
cisplatin or carboplatin, it is hoped that they will
overcome Pt drug resistance in tumors and be ap-
plicable to a broader range of cancers. There has also
been interest in Pt(1VV) complexes for their potential
as orally active agents.

Since the original discovery by Rosenberg, the
volume of research into Pt antitumor drugs has been
staggering. Thousands of Pt compounds have been
synthesized and evaluated. Review articles have
appeared regularly over the years dealing with the
synthesis, preclinical screening, mechanism of ac-
tions,111822-32 and clinical trials of Pt drugs.919.2529.33
The primary purpose of this review is to give an
update of the Pt drugs currently in human clinical
trials and to give an overview of the design of new
compounds within the last 10 years.

2. Design of New Pt Antitumor Drugs

Of the thousands of Pt compounds evaluated for
antitumor activity, the majority of them adhered to
the set of structure—activity relationships sum-
marized by Cleare and Hoeschele.?°?! These relation-
ships state that for a Pt complex to show antitumor
activity, the Pt(I1) or Pt(1V) complex should have a
cis geometry with the general formulas of cis-[PtXs-
(Am),] or cis-[PtX,Y2(Am),], where X is the leaving
group and Am is an inert amine with at least one
N—H moiety. The leaving group, X, should be an
anion with intermediate binding strength to plati-
num and have a weak trans effect to avoid labilizing
the amine. Complexes with labile leaving groups such
as ClO,~ or NO3~ are highly toxic, while complexes
with inert leaving groups are generally inactive.

The structure—activity relationships dominated Pt
drug design for over 20 years and remained valid
until relatively recently. This is reflected in the fact
that all Pt compounds that have entered clinical
trials so far adhere to this set of guidelines. However,
it has become quite evident that mere analogues of
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cisplatin or carboplatin will probably not offer any
substantial clinical advantages over the existing
drugs. A number of researchers have taken a com-
pletely different approach to Pt drug design and have
prepared compounds that violate the structure—
activity relationships but yet show antitumor activi-
ties. Efforts have also been directed toward the
rational design of compounds with specific charac-
teristics that could allow them to be administered
orally or to circumvent known mechanisms of Pt drug
resistance. The following sections present some com-
plexes that illustrate the recent strategy used in the
development of new Pt antitumor agents.

2.1. Sterically Hindered Pt Complexes

To date, there has been little success in developing
a Pt drug capable of overcoming either innate or
acquired Pt drug resistance and expanding Pt-based
chemotherapy to a broader range of cancer. A few
compounds currently in clinical trials show promise
but are still several years away from approval. In
recent years, much has been elucidated concerning
the mechanisms underlying tumor resistance to
cisplatin.®*~40 Studies have revealed that a combina-
tion of reduced platinum transport, increased cyto-
plasmic detoxification via elevated glutathione and/
or metallothionein levels, enhanced DNA repair, and
increased cellular tolerance to Pt—DNA adducts are
the major mechanisms underlying resistance. A
number of cisplatin resistance cell lines with known
resistance mechanisms have been used for the evalu-
ation of new complexes. Examples include 41McisR,*
HX/155cisR*? (resistance due to reduced platinum
accumulation), GCT27cisR*®* and CH1cisR** (resis-
tance due to enhanced removal of and/or increased
tolerance to Pt—DNA adducts), and A2780cisR*®
and SKOV-3% (resistance due to detoxification via
elevated glutathione levels, decreased uptake, and
increased DNA repair).

Glutathione has been implicated in resistance by
reducing drug accumulation via the multidrug resis-
tance associated protein (MRP),*” by reacting with
drugs to form inactive species,*®*° and by enchancing
DNA repair.®° Clinical studies have shown an inverse
correlation between immunohistochemical staining
for glutathione S-transferase in head and neck cancer
and failure to respond to Pt-based chemotherapy.5!
A correlation was also reported between glutathione
levels and resistance to cisplatin and carboplatin in
eight human ovarian carcinoma cell lines.*® An
inactive platinum thiol complex was detected as a
metabolite in the urine of patients undergoing cis-
platin treatment.5253

cis-Amminedichloro(2-methylpyridine)platinum-
(11), ZD0473 (6), was rationally designed to circum-
vent resistance by sterically hindering cellular detox-
ification by glutathione and other cellular thiols while
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still retaining the ability to form cytotoxic lesions
with DNA. The crystal structure of ZD0473 and its
analogue, cis-amminedichloro(3-methylpyridine)plat-
inum (11) (7) were reported.>* In ZD0473, the pyridine
ring is tilted by 102.7° with respect to the PtN,Cl,
square plane. In contrast, the pyridine ring was tilted
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by only 48.9° in the 3-methylpyridine complex (7).
The 102.7° tilt of the 2-methylpyridine ring placed
the 2-methyl group directly over the Pt square plane
and introduced steric hindrance to an axial approach
of the Pt metal from above. It is well-known that
axial steric hindrance decreases the rate of substitu-
tion reactions in square planar complexes.?>~5¢ In-
deed, slower rates of hydrolysis for ZD0473 (6)
compared to cisplatin and the 3-methylpyridine
analogue (7) were reported.> The reactivity of ZD0473
toward thiourea, pyridine, methionine, and GMP
were also less than that of cisplatin and cis-am-
minedichloro(pyridine)platinum(ll) (8).57 In reaction
with naked DNA, ZD0473 also had a slower rate of
reaction than cisplatin, though it did eventually
platinate DNA to the same level as cisplatin.®® The
time course for the formation of DNA cross-links in
SKOV-3 cells was also slower for ZD0473 compared
to cisplatin.5” The slower rate of cross-link formation
may have implications in terms of DNA repair.

Preclinical evaluation of ZD0473 was performed in
a variety of murine and human ovarian carcinoma
cell lines, including several possessing acquired
resistance to cisplatin and carboplatin.®”=>° ZD0473
produced marked in vitro activity against both mu-
rine and human ovarian carcinoma cell lines. Of
particular interest was the lower resistance to ZD0473
compared to cisplatin observed in A2780cisR resis-
tant cell lines, where detoxification by elevated
glutathione levels was known to be one of the
resistance mechanisms.>® Across a panel of cisplatin-
sensitive and resistant human ovarian carcinoma
xenografts, ZD0473 exhibited improved or compa-
rable activity to that observed for an equitoxic dose
and schedule of cisplatin. In a direct comparative
study using CH1cisR xenografts and equitoxic doses,
ZD0473 demonstrated significantly greater growth
delays compared to cisplatin, carboplatin, JM216
(orally active Pt(IV) complex), and JM335 (trans
mixed-amine Pt(IV) complex).>® The compound was
also found to be orally active. It is interesting to note
that ZD0473 was also able to circumvent acquired
cisplatin resistance in cell lines (41McisR and
CH1cisR) where detoxification due to elevated glu-
tathione levels was not known to be involved in Pt
drug resistance.®®

The antitumor activity of cis-[PtCly(NH3)(quinoline)]
and cis-[PtCI(R'R""SO)(quinoline)] was reported by
Farrell and co-workers.6%6 These complexes showed
moderate activity in a L1210/L1210cisR pair of cell
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lines. It is uncertain whether steric effects have any
role in the activities of these complexes or what
activities they may show in other resistant cell lines.
However, a steric effect was suggested to have played
a role in the activity of the trans isomers of these
complexes, which were more cytotoxic than their cis
isomers.5!

Another example of a cytotoxic Pt complex with a
sterically crowded Pt center was reported by Reedijk
and Krebs.®? cis-[Pt(bmic)Cl,] (9) was reported to
have significant cytotoxicity in L1210 leukemia bear-
ing mice, while cis-[Pt(bmi)Cl;] (10), which has less
steric bulk around the metal, was found to be
inactive. The X-ray crystal structure of cis-[Pt(bmic)-
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Cl,] showed the dihedral angle between the two best
least-squares planes through the two imidazole rings
to be 30.6°. In contrast, the dihedral angles between
the planes in cis-[Pt(bmi)Cl;] and the related struc-
ture cis-[Pt(mimim)Cl;] (11) were 3.1° and 2.6°,
respectively.5® A difference in the reactivity to 5-GMP

Q)

was observed between cis-[Pt(bmic)Cl;] and cis-[Pt-
(bmi)Cl;]. The greater steric hindrance around the
Pt metal in cis-[Pt(bmic)Cl;] caused it to be less
reactive than cis-[Pt(bmi)Cl;] and rendered it less
susceptible to deactivation by cellular thiols. cis-[Pt-
(bmic)Cl;] may have interesting activity in cisplatin-
resistant tumors, but as of yet, no extensive evalu-
ation of cis-[Pt(bmic)Cl;] cytotoxicity in various
cisplatin-resistant cell lines has been reported.

The antitumor activities of cis-bis(pyridine)plati-
num(Il) complexes with organoamide ligands (12, 13)
were reported by Deacon and co-workers.6465 The
activities of these complexes were attributed to the
large steric effect of the organoamide ligand. The
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L= pyridine, 4-methylpyridine, 2-methylpyridine,
2,4-dimethylpyridine, 2,5-dimethylpyridine

replacement of the bulky organoamide ligand by
chloride as in cis-[Pt(pyridine),Cl,] reduced the cy-
totoxicity of the compound. In a L1210/L1210cisR
pair of cell lines, cis-[Pt(pyridine),Cl;]%* was less
cytotoxic than cis-bis(pyridine) organoamide plati-
num(ll) complexes,® which had comparable activity
to cisplatin. A number of the complexes with different
organoamide ligands, unsubstituted and methyl-sub-
stituted pyridine, were evaluated in both cisplatin-
sensitive and -resistant cell lines.54%> There was no
significant difference in activity with variation of the
organoamide ligands. However, complexes with py-
ridine ligands having 2-methyl substitution were less
active than similar complexes with pyridine or 4-me-
thylpyridine ligands.®®> This is possibly due to the
steric hindrance effect of the 2-methyl group during
the formation of the Pt-DNA adduct. It is interesting
to note that both the cis-bis(pyridine) organoamide
platinum (11) complexes and cis-[Pt(bmic)Cl;] violate
the original structure—activity relationships as they
lack a NH moiety yet exhibit cytotoxic activity.

2.2. Platinum(lV) Complexes

Since the early studies by Rosenberg and col-
leagues, it has been known that Pt(IV) complexes also
have antitumor properties.>® However, the develop-
ment of Pt-based drugs in the ~20 years following
the introduction of cisplatin was dominated by Pt-
(1) complexes. Within the last 10 years, the desires
to develop an orally active Pt drug, to improve
patients’ quality of life, and to expand Pt chemo-
therapy to outpatient treatment have reinitiated the
interest in Pt(IV) compounds. The lack of cross-
resistance with cisplatin reported for some Pt(IV)
compounds and the excitement surrounding the
clinical development of JIM216 (14) (a Pt(I1V) orally
active compound) have also helped to fuel interest.
Two other Pt(1V) compounds, iproplatin (15) and
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HN | >—HZN\I P
P or
QﬂzN l al >—HN \ a
OCCH, OH

(14) (15)



Current Status of Pt-Based Antitumor Drugs

ormaplatin (also known as tetraplatin (16)), have
undergone clinical trials.'® However, these com-
pounds were abandoned due to severe neurotoxicity
in the case of ormaplatin and the lack of superior
performance in the case of iproplatin.

Pt(1V) complexes are much more inert to ligand
substitution reactions than their Pt(Il) counter-
parts.®6-% It is generally believed that Pt(IV) com-
plexes are reduced to Pt(ll) by extracellular and in-
tracellular agents prior to reaction with DNA. Nu-
merous studies have provided evidence in support of
this hypothesis.”®~8% Iproplatin®! and ormaplatin®2&3
were shown to be reduced intra- and extracellularly
to their reactive Pt(l1) counterparts. However, the
mechanism for this redox process and the effects of
the coordinated ligands on the reduction are poorly
understood.

The kinetic stability of the axial ligand bonds in
octahedral Pt(I1V) complexes is known to strongly
influence the reactions and reduction of the com-
plexes. The important influence of the axial and
carrier ligand on the in vivo redox process and on
the overall biological activity of the complex has been
recognized.®*~%2 Hambley and co-workers reported on
the electrochemical reduction and DNA binding for
a series of Pt(IV) ethylenediamine complexes ([Pt-
(en)Cl,Y2]) with chloro, hydroxo, and carboxylato
axial ligands.?® The tetrachloro complex was reduced
more readily than those complexes with carboxylato
and hydroxo axial ligands. The binding of the com-
plexes correlated with the reduction potentials; the
more readily reduced complexes bound more readily
to DNA. The reduction of several Pt(IV) complexes
such as [Pt(en)(Cl)4], cis,trans,cis-[Pt(en)(OH),(Cl)],
cis,trans,cis-[Pt(en)(OCOCHS3;),(Cl),], cis,trans,cis-[Pt-
(en)(OCOCF3),(Cl),], ormaplatin (16), iproplatin (15),
amminediacetatodichloro(cyclohexylamine)platinium-
(1V) (IM216, (14)), and amminedibutyratodichloro-
(cyclohexylamine)platinium(lV) (JM221 (17)) by ascor-
bate and cathodic reduction were reported.®® The
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reduction rates depended on the electron-withdraw-
ing power and steric hindrance of the axial and
carrier ligands. Comparing reduction rate with cy-
totoxicity in cisplatin-sensitive L1210 cell lines re-
vealed a correlation between activity and reduction
rates for the four Pt(IV) complexes with ethylenedi-
amine ligands. A comparison between the complexes
with different carrier ligands but the same axial
ligands revealed that a faster reduction rate coincided
with a higher cytotoxic activity. These results il-
lustrate the importance of axial and carrier ligands
to the reduction and cytotoxicity of Pt(IV) complexes.

The clinical trial of the first orally active platinum
drug, JM216 (14), has revitalized the interest in Pt-
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(1V) complexes, which had been diminished some-
what by the disappointing results with iproplatin (15)
and ormaplatin (16). JM216 belongs to a class of
ammine/amine dichloro dicarboxylate platinum(1V)
complexes that were designed for oral activity.®®
Synthetic routes for the preparation of these com-
plexes®®?3 and the X-ray structures of JM216 (14)%
and JM221 (17)% were reported. Within this series
of Pt(1V) complexes, IM216 and JM221 were studied
extensively.

The synthesis of JM216 is notable by its unusual
length compared to that other potential platinum
antitumor agents. It is manufactured in four steps
from potassium amminetrichloroplatinate,®® which is
itself prepared from cisplatin. Such long synthesis
is practical on large scale in facilities equipped to
recover waste Pt from the manufacturing process.
Limited availability of the potassium trichloroplati-
nate has restricted the investigation of platinum
compounds containing mixed-ammine ligands such
as JM216 and the previously mentioned ZD0473.
However, a convenient laboratory-scale synthesis
with a modest yield (55%) has been reported.®®

An advantageous feature of the ammine/amine
dichloro dicarboxylate Pt(1V) complexes is that they
can be chemically modified at three locations, the two
axial carboxylate ligands and the equatorial amine
ligand. These complexes with aliphatic or alicyclic
amine ligand and aliphatic or aromatic carboxylate
ligands were evaluated in L1210 leukemia cell line
with and without acquired resistance to cisplatin,
ormaplatin, and carboplatin.®® All complexes over-
came cisplatin, carboplatin, and ormaplatin resis-
tance. Cytotoxicity in cisplatin-sensitive L1210 cell
line increased with increasing number of carbons in
the axial aliphatic carboxylate ligands. Regardless of
the equatorial amine ligand, the most cytotoxic
compounds had aromatic axial carboxylate ligands.
For Pt complexes with axial butyrato ligands and
varying alicyclic amines, cytotoxicity was maximized
at cyclohexylamine (JM221) (17). The complexes were
also evaluated in a panel of six human ovarian carci-
noma cell lines with varying Pt drug sensitivity from
cisplatin-sensitive 41M and CHZ1 cell lines to intrinsi-
cally resistant HX/62 and SKOV-3 cell lines.*497-%8
The pattern of activity observed in the L1210 cell
lines was also observed in the human ovarian carci-
noma cell lines. Interestingly, the complexes not only
showed substantially greater cytotoxicity than cis-
platin and carboplatin but also greater activity than
ammine(cyclohexylamine)dichloroplatinum(ll) (JM118
(18)) and cis,trans,cis-amine(cyclohexylamine)dihy-
droxodichloroplatinum(1V) (JM149 (19)).°” This could
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be due to the Pt(I1V) complexes having less vulner-
ability to deactivation in the case of IM118. In the
case of IM149, the differences in activity could be due
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to differences in the reduction of complexes with
carboxylate and hydroxo axial ligands. JM216 and
JM221 were evaluated in a number of intrinsic and
acquired cisplatin-resistant cell lines.**°7~%9 The two
complexes showed a lack of cross resistance with
cisplatin in some cell lines, particularly in those
where reduced platinum accumulation played a
dominant role in resistance. The results suggested
that the greater lipophilic nature of the complexes
enable them to circumvent resistance due to de-
creased Pt accumulation.

JM216 is currently evaluated clinically as an orally
active Pt drug. High uptake of dose is desirable for
an orally administered cytoxic agent because this
increases the clinician’s ability to predict platinum
blood levels based on a prescribed dosage. Studies of
JM221 and JM216 showed that 76% and 71%,
respectively, of the administered dose were absorbed
by mice when orally administered in arachis 0il.*°
This compared favorably with carboplatin and cis-
platin where only 22% and 37% of the administered
dose was absorbed.®® Clinical study showed that car-
boplatin administered orally caused severe gastro-
intestinal side effects and poor absorption.'® Several
papers discussing the biotransformation of JM216
following oral administration were published.101-103
No JM216 was observed in patient’s plasma ultra-
filtrate samples.1® JM118 (18), amminediacetatochlo-
ro(cyclohexylamine)hydroxoplatinum(lV) (JM518 (20)),
and amminediacetato(cyclohexylamine)dihydroxo-
platinum(lV) (JM383 (21)) were observed in the
plasma ultrafiltrate samples.12103 A Pt glutathione

0
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complex was also present and it probably represents
a major deactivation product for JIM216.101
2.3. Trans Platinum Complexes

The original empirical structure—activity relation-
ships considered the trans Pt complexes to be in-

Wong and Giandomenico

active. However, several groups have shown that
some trans compounds are active in vitro and in
Vvivo.6061.104-111 \While isomerization of the trans com-
pound to an active cis isomer could account for some
activity of trans isomers, in several cases cited below,
likely cis isomers are less active than the correspond-
ing trans isomer. A distinct difference between cis-
platin and its trans analogue, transplatin, is that
transplatin is kinetically more reactive than cis-
platin® 112 and more susceptible to deactivation.
Careful design using a sterically hindered ligand may
reduce the kinetic reactivity of trans Pt complexes.
As the trans isomer forms different Pt-DNA ad-
ducts than cisplatin analogues,'°%1127122 jt is hoped
that trans Pt complexes could overcome cisplatin
resistance in certain tumors. Several groups have
pursued this concept of activating the trans geom-
etry. The following section briefly summarizes their
work.

Farrell and colleagues examined and compared the
cytotoxicity of three series of trans complexes with
the general formulas of [PtCly(L)(L)]: (i) L = L'
where L and L' were pyridine (22), N-methylimida-
zole (23), and thiazole (24); (ii) L = quinoline and L'
= RR'SO (25) where R = methyl and R' = methyl,
phenyl benzyl; (iii) L = quinoline and L' = NH;j
(26).6061.104.105 | cisplatin-sensitive and -resistant cell
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lines, the trans Pt complexes in the three series
showed comparable activity to cisplatin and greater
activity than transplatin. In cisplatin-sensitive and
-resistant L1210 cell lines, the trans isomers exhib-
ited greater activities than their cis counterparts.5%61
Of particular interest were the reported activities of
the trans complexes in cisplatin resistant cell lines
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where the mechanisms of resistance were known to
be due to reduced Pt accumulation and enhanced
removal of and/or increased tolerance to Pt-DNA
adducts.®!

A trans Pt(1V) complex trans,trans,trans-ammine-
(cyclohexylamine)dichlorodihydroxoplatinium(1V) (JM-
335 (27)) was reported to have greater activity than
transplatin and its cis analogue, JM149 (19), in a
panel of human ovarian carcinoma cell lines.'% It also

OH
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.

~
O+

@7

Cl
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Cl

exhibited good in vivo activity in several ovarian
xenograft models.’% Lack of cross-resistance was
observed in cell lines where resistance was mediated
through reduced platinum accumulation. This was
consistent with the results obtained with similar
compounds such as JM216 (14) and JM221 (17).
However, in contrast to the cis Pt(1V) ammine/amine
complexes, lack of cross-resistance was also reported
for IM335 in cell lines where resistance was at-
tributed to enhanced repair and/or increased toler-
ance to Pt-DNA adducts. This supports the notion
that the unconventional Pt-DNA adducts formed by
trans complex may allow it to overcome cisplatin
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resistance in tumors. In A2780cisR cell line, where
elevated glutathione level is known to play a role in
cisplatin resistance, JM149 was more effective than
JM335. Differences in reduction potential between
the cis and trans isomers may have played a role.

The antitumor activity of trans Pt complexes have
also been demonstrated by Natile and co-workers
with a series of Pt(lIl) complexes with iminoether
ligands.107:198 Both the cis and trans isomers reacted
slower with DNA than cisplatin and transplatin.'%®
This was attributed to the greater steric hindrance
introduced by the iminoether ligands. In P388 leu-
kemia-bearing mice, the trans-EE isomer (28) showed
greater antitumor activity than the cis-EE (29)
compound.'® Against an acquired cisplatin-resistant
P388 cell line, trans-EE exhibited in vivo activity
whereas cis-EE was inactive.08

2.4. Multinuclear Platinum Complexes

An approach to the design of Pt drugs that can
circumvent Pt resistance in tumor is to develop com-
pounds that form radically different Pt-DNA adducts
than the current Pt drugs. Activation of trans isomers
with bulky ligands is an example of this approach.
Another example of this strategy is multinuclear
platinum complexes with bridging linkers.123-146
Farrell and colleagues have been the most active in
this area and have extensively investigated binuclear
Pt complexes, particularly ones with the general
formulas [{PtCln(NH3z)3-m}u-H.N—R—NH;—{PtCl,-
(NHg)3_n} =M+ (m or n = 0—3 and R is a linear
or substituted aliphatic linkers).*?3712% A host of
complexes have been generated, and some have
shown activity in both cisplatin-sensitive and -resis-
tant cell lines. In complexes with two [PtCI,(NH3)-
(NH2R-)] centers, a relationship between chain
length and activity was observed. For dicationic
complexes with two [PtCI(NH3)(NH,R—)] centers,
the cis or trans position of the leaving CI group had
an effect on activity. The binding of the binuclear Pt
complexes to DNA were reported to be faster than
for cisplatin, and a completely different array of Pt-
DNA adducts that were totally inaccessible to mono-
nuclear platinum complexes were observed.?6-132
More recently, other binuclear Pt complexes with
bifunctional thiourea,3%137 spermine,’3414> spermi-
dine,*4145 and modified tetraamine!®* linkers have
been reported. Trinuclear¥®-141.144 and tetranucle-
ar#2146 complexes have also appeared. The most
important of these complexes is the trinuclear Pt
compound BBR 3464 (30). In preclinical evaluation,
this compound has exhibited a complete lack of cross-
resistance to cisplatin-resistant cell lines.139:141,237,238
It is also significantly more potent than cisplatin in
vitro in an osteosarcoma cell line.?*® The increased
potency was attributed to increased cellular Pt
uptake of BBR 3464 relative to cisplatin and the
extent of DNA binding. There is good hope that these
multinuclear Pt complexes may represent a new class
of Pt antitumor drugs and help to expand the realm
of Pt chemotherapy treatment.
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2.5. Diaminocyclohexane (DACH) Platinum
Complexes

One of the earliest leads in the development of Pt
complexes with activity in resistant tumor cells was
a series of complexes with 1,2-diaminocyclohexane
(DACH) carrier ligand.**"148 Many DACH complexes
were evaluated,?81491%0 gand a total of 12 compounds
have entered human trials. Three compounds are still
currently in human trials (oxaliplatin, L-NDDP, and
TRK-710).91%151 More recently, Pt compounds pre-
pared from another isomer of DACH, cis-1,4-diami-
nocyclohexane, have also been reported.?1-212

Following the initial report by Burchenal et al. on
the activity of Pt—DACH complexes in cisplatin-
resistant L1210 cell line,’*” other groups have dem-
onstrated the cytotoxic activity of DACH complexes
in other cisplatin-resistant tumor cells.’>27163 How-
ever, it has become clear that Pt—DACH complexes
are not effective in all cisplatin-resistant tumors. For
example, Pt-DACH complexes were shown to be
cross-resistant with cisplatin in small cell lung61.164
and cervical squamous cell lines.1®® In a series of
human ovarian carcinoma cell lines, Pt-DACH com-
pounds were effective in only some of the cell
lines.157:159.162 A petter understanding of the manner
in which these complexes overcome cisplatin resis-
tance is needed. In recent years, synthesis of new Pt-
DACH complexes included the synthesis of Pt(1V)
complexes with various axial and equatorial carbox-
ylate ligands.8485166-16° There were also efforts di-
rected at Pt(IV) analogues of oxaliplatin with axial
carboxylato ligands.'”® Pt(11) DACH complexes with
diphosphine ligand?*~173 and thiourea ligand36.37
have also been reported.

A complex of the 1,4-isomer of DACH, Pt(cis-1,4,-
dach)Cl, (31), exhibited significant in vitro activity
in Pt (1,2-dach) resistant cell lines.?*® This may be

H,N
2 \\Pt _«a
HZN/ AN

(€2))

because the structure of the Pt complexes of cis-1,4-
diaminocyclohexane are quite different from those of
the 1,2-isomer. However, this compound exhibited
only slightly better in vivo activity than cisplatin in
Pt-resistant sublines of L1210 and P388.

Cl

2.6. Complexes with Biologically Active Carrier
Ligands

Another approach to the design of novel Pt drugs
is to target the Pt coordination moiety to DNA by
attaching it to a suitable carrier ligand. Several
groups have attempted to design new Pt compounds
by attaching DNA intercalators to a Pt moiety with
the expectation that the compounds would localize
in the vicinity of the DNA. Denny and colleagues
have prepared a series of complexes by attaching (1,2-
diaminoethane)dichloroplatinum(ll) and (1,3-diami-
nopropane)dichloroplatinum(ll) to anilinoacridine (32,
33) and acridinecarboxamide (34, 35).214721° These
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complexes exhibited improved activity in cisplatin-
resistant cell lines compared to the parent Pt com-
pounds, but there was no improvement relative to
the carrier ligands. An interesting structure—activity
relationship, which arose from this work, was that
higher activity was observed when the Pt moiety was
attached at the 4-position (35) versus at the 2-posi-
tion (34). This relationship was also observed by
Gibson and colleagues in a series of complexes with
anthraquinone, where the attachment of the Pt
moiety at the 1-position (36) resulted in the complex
having greater activity than the analogue where the
attachment was at the 2-position (37).22°

Other examples of Pt complexes with bioactive
carrier groups include the attachment of a Pt moiety
to doxorubicin??1222 and to oestrogen analogues that
bind to oestrogen receptors.??3-2%5 Lippard and col-
leagues reported Pt complexes with 9-aminoacridine
and chloroquine,??® ethidium bromide,??” and acridine
orange.?®® The attachment of a Pt moiety to amino
acids, sugars, and antitrypanosomatid drugs have
also been reported.??°-230 Qverall, studies of Pt com-
pounds with biologically active carrier groups have
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yielded interesting results, and there is potential for
varying the biological activity of these compounds by
altering the structure of the carrier group. However,
to date, there have been no clinically significant
advances that have developed from this design ap-
proach.

2.7. Water-Soluble Complexes

Increasing the water solubility of platinum anti-
tumor compounds has been an important practical
objective of many analoguing programs. The solubil-
ity of cisplatin (~1 mg/mL) approaches the practical
limit of solubility for a cytotoxic agent of its potency
that is administered parenterally. Orally adminis-
tered compounds can be less soluble, but they must
be soluble enough to be absorbed. Unfortunately,
most Pt(11) dichlorides are substantially less soluble
than cisplatin. The most common method of increas-
ing water solubility has been to replace the chloride
ligands with chelating carboxylates (such as cyclobu-
tane dicarboxylate), oxalate and glycolate. Oxidation
of Pt(Il) to its Pt(1V) dihydroxo complex often in-
creases water solubility. These classes of compounds
are discussed elsewhere in this review.

Several novel approaches have also been described.
A series of anionic phosphono carboxylate complexes
(38) with high solubility and stability have been
reported.?3! These compounds exhibited pronounced
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activity in S180a, L1210, and M5076 murine models.
Another approach has been to prepare a stable col-
loidal solution (hydrosol) of an otherwise insoluble
platinum compound. For example, the insoluble com-
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plex [(+1)-1,2-bis(4-fluororphenyl)ethylenediamine]-
dichloroplatinum was solubilized as a hydrosol and
demonstrated to be active in a hormone-sensitive
murine breast cancer.?®2 An unusual water-soluble
platinum compound can be prepared in a chelate-
opened zwitterionic form under acidic conditions. At
physiological pH, the diamine chelate closes, forming
a conventional platinum compound that has in vivo
activity.?%

3. Clinical Update

Though 28+ platinum antitumor compounds have
been clinically tested, only a subset continues to be
investigated. Only a few of those compounds have
ever achieved clinical acceptance. The most recent
compounds tested, as well as the successful com-
pounds with their typical or dose-limiting toxicity and
current clinical status are listed in Table 1. New
compounds continue to reach the clinic when pre-
clinical evidence demonstrates a potentially signifi-
cant mechanistic mode of action or an advantage over
previously tested compounds. Recent examples of
this are the development of JIM216 (14), an orally
active platinum agent under development by Bristol-
Myers Squibb, and ZD0473 (6), an agent under
development by AstraZeneca with the potential to
circumvent thiol-mediated deactivation and preclini-
cal data supporting circumvention of resistance in
certain animal tumors. This continued development
activity is further evidence that while nontoxic cy-
tostatic agents that control cancer are desirable,
effective well-tolerated cytotoxic agents that Kkill
cancer continue to be extremely important in cancer
chemotherapy.

The putative mechanism of in vitro cytotoxicity of
the standard platinum antitumor compounds, which
is also attributed to its antitumor activity, involves
(i) intracellular loss of the labile ligands attached to
platinum and (ii) the formation of an intrastrand
DNA cross-link between adjacent guanines and the
PtAA' core where A and A’ are the nonlabile amine
ligand(s). Platinum(1V) compounds require an addi-
tional in-vivo reduction to the more labile platinum-
(I1) for activity. Cisplatin is not only the first plati-
num compound discovered with demonstrable anti-
tumor activity, but is also the simplest structure that
can satisfy these criteria. To date, the only clinically
successful strategy for identifying next-generation
platinum antitumor compounds has been to retain
the cis-PtAA'LL’ core (where A and A' are amine
carrier ligands which may be unidentate or linked
to form a bidentate group and L and L' are leaving
groups which may be unidentate or linked to form a
bidentate group). On the basis of the accepted mech-
anism of antitumor activity, it is reasonable to predict
that modification of the initial oxidation state and
the labile ligands would primarily affect pharmaco-
kinetics. This should modulate activity based on
tissue distribution and those biological properties
associated with chemical reactivity, such as catabo-
lism and the tendency to react at irrelevant and toxic
sites and resistance to cytoplasmic-based detoxifica-
tion mechanisms. Modification of the nonlabile amine
carrier ligands would affect all of these biological
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Table 1. Clinical Status of Selected Platinum Antitumor Compounds?

Wong and Giandomenico

drug structure dose (mg/m?) limiting toxicity clinical status
cisplatin 1 60—120 nephrotoxicity approved worldwide
carboplatin 3 ~900 based on myelosuppression (thrombocytopenia) approved worldwide

GFR[175—176]
oxaliplatin 4 200 neuropathy approved in France
nedaplatin 5 80 myelosuppresion approved in Japan
lobaplatin 45 50—-70 thrombocytopenia approved in China phase 11
JM-216 14 100—120 (dx5) myelosuppression phase Il
L-NDDP 46 400 neutropenia, thrombocytopenia phase Il
cycloplatam 42 80—100 myelosuppresion phase Il
SKI 2053R 43 360 liver toxicity, myelosuppression, renal toxicity = phase Il
ZD0473 6 TBA TBD phase |
BBR3464 30 >1.1 neutropenia and nausea and vomiting phase |
SPI-77 320 TBD phase |
TRK-710 47 TBA TBD phase |
ormaplatin 16 90 unpredictable peripheral neurotoxicity abandoned
zeniplatin 39 120—-145 myelosuppression, nephrotoxicity abandoned
enloplatin 40 700 nephrotoxicity abandoned
miboplatin 44 800—1000 myelosuppression abandoned
Cl-973 41 190—-300 myelosuppression abandoned
30 dx5
aTBD = to be determined.
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properties and may affect cellular resistance based
on DNA repair.

Most platinum analogues have resulted from ef-
forts to modify one or more of these characteristics

and after demonstrating an empirical advantage
preclinically have sought to demonstrate a clinical
advantage. The first successful effort was the devel-
opment of carboplatin (3), which was approved in the
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Table 2. Reported Circumvention of Cisplatin
Resistance

compound model ref
Lobaplatin  murine: P388 178
Nedaplatin in vitro 179

murine: P388, B16, Lewis Lung
xenograft: MX-1, Daudi
cycloplatam murine: P388, MOPC, hepatoma 22a 179

xenograft: lung (LXFS 538) 180
SKI1 2053R in vitro 179
Cl1-973 murine 181
oxaliplatin  in vitro 182,183
murine: L1210, M5076, L1210/DDP 184
BBR3464 in vitro 239
JM-216 in vitro 98
ormaplatin  in vitro 185
murine: L1210, P388 186,187
xenograft: 2780/DDP, OVCAR-10 188
ZD0473 in vitro 57-59
xenograft: CH1cisR
L-NDDP in vitro 189

United Kingdom and Canada in 1985 and shortly
thereafter in the United States. Carboplatin replaces
the unidentate chloride ligands of cisplatin with a
chelating cyclobutanedicarboxylate ligand. The rate
of aquation of carboplatin and cisplatin at 37 °C, pH
7 are 7.2 x 1077 and 8 x 107° s7%, respectively.?3
Carboplatin’s almost 2 orders of magnitude lower
rate of aquation is due to the “chelate effect”, whereby
a system containing ligands in a chelate ring achieves
enhanced stability compared to a similar system
containing no rings. In addition, the carboxylate
ligand increases its water solubility. The ramifica-
tions of these modifications can be seen in Table 1,
namely, carboplatin is less potent but circumvents
the dose-limiting kidney toxicity of cisplatin. Clini-
cally, carboplatin is demonstrated to be better toler-
ated than cisplatin while having an essentially
identical spectrum of activity. For example, in ova-
rian cancer, cross-resistance to cisplatin is evident
but because it is better tolerated, some patients who
could not continue to receive cisplatin can continue
treatment with carboplatin.’’® Most but not all
subsequent clinical candidates incorporate a carbox-
ylate chelate of some type which imparts enhanced
stability and water solubility. Examples of other
clinically tested platinum antitumor agents that
contain a dicarboxylate include Oxaliplatin (4), Zeni-
platin (39), Enloplatin (40), CI-973 (41), Cycloplatam
(42), and SKI 2053R (43), while Nedaplatin (5),
Miboplatin (44) and Lobaplatin (45) contain chelating
glycolate ligands (Chart 1).

New compounds that can extend the spectrum of
activity beyond that of cisplatin and carboplatin are
of particular interest. Most recently tested com-
pounds address this issue to varying degrees, as seen
in Table 2, by demonstrating improved activity of the
new agent relative to cisplatin in one or more of the
following: (i) in vitro; (ii) a standard murine tumor;
(iii) a xenograft tumor; (iv) a tumor model demon-
strating acquired platinum resistance; or (v) in the
context of circumvention of a specific repair mecha-
nism.

Oxaliplatin (4) is the first clinically approved
platinum compound developed as a result of demon-
strated lack of cross-resistance in cisplatin-resistant
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L1210. The lack of cross-resistance was attributed
to the 1,2-diaminocylohexane ligand (DACH).18° The
principal biochemical mechanisms of resistance which
oxaliplatin has been demonstrated to circumvent are
mismatch repair (MMR)'° and replicative bypass
(the ability of a cell to synthesize DNA past the site
of DNA damage).*®? It is reasonable to speculate that
the DACH ligand, which projects into the major
groove of DNA, would have a significant impact on
these mechanisms. The three possible sterecisomers
of 1,2-diaminocyclohexane ligand (e.g., racemic trans-
L(R,R); trans-p(S,S) and the meso form cis(R,S))
produce three platinum stereoisomers, each with
distinct in vitro and in vivo activity.1®219 Kidani et
al. suggested that this difference is due to differences
in the interaction of the PtDACH fragment with
DNA.*? Though this effect is small relative to the
difference in activity between different amine ligands,
the trans-L(R,R) isomer of oxaliplatin is the com-
pound that is being clinically developed. These ob-
servations are all consistent with the hypothesis that
the carrier ligand has a significant role influencing
the spectrum of activity of platinum antitumor
compounds.

Oxaliplatin has received clinical approval in France
for advanced colorectal cancer as a single agent or
in combination with 5-FU(5-fluorouracil)/FA(folinic
acid).1®* Oxaliplatin in combination with 5-FU/FA has
increased objective response rates to over 40% com-
pared to response rates of 15% with 5-FU alone,®®
though increases in overall survival rates are modest.
These results have been encouraging enough to
inspire new clinical trails with biweekly fractionated
doses, or over 4—5 days in a chronomodulated sched-
ule, or in combination therapy with new thymidylate
synthase inhibitors or topoisomerase inhibitors.®®
Oxaliplatin/cisplatin combination therapy has also
shown activity comparable to high-dose cisplatin or
high-dose carboplatin in patients with recurrent
ovarian cancer. The efficacy of oxaliplatin in these
two tumor types may be related to the observation
that 15—20% of newly diagnosed colorectal cancers
and 20% of newly diagnosed ovarian cancers have a
defect in their MMR mechanisms. The toxicity profile
of oxaliplatin®®® is significantly different from either
cisplatin or carboplatin.’®” The maximum tolerated
dose is 200 mg/m? with the recommended Phase 11
dose of 130 mg/m? every 3 weeks. Oxaliplatin does
not exhibit nephrotoxicity, and myelosuppresion and
hearing loss is minimal. Nausea and vomiting can
be controlled by antiemetics, and moderate diarrhea
is experienced by some patients. The most significant
toxicity is a neurological toxicity in which the patient
experiences abnormal sensation in the extremities
and around the mouth. Some patients receiving high
doses experience a sensation of an inability to swal-
low. The toxicity begins to appear at doses of 90 mg/
m? and affects 75% of patients at 200 mg/m?2. The
symptoms often appear during the infusion and
persist for a few minutes to a few days. A cumulative
risk of neurotoxic side effects of 10%, 50%, and 75%
has been reported for patients receiving cumulative
doses of 780, 1170, and 1560 mg/m?, respectively.1%
Severe symptoms have been reported to regress in
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most patients in 4—6 months. Ormaplatin (16), a
platinum(lV) complex containing the DACH carrier
ligand, has been abandoned due to neurological
toxicity.'%® It remains to be seen whether oxaliplatin
will carve a commercial niche for itself in the world-
wide market. However, current clinical data on
oxaliplatin suggest that platinum compounds that
have an altered mechanism of action relative to
cisplatin and carboplatin and exhibit significantly
different toxicity profiles may be able to find practical
application in a clinical setting.

A variety of other platinum compounds primarily
designed to overcome the toxicity of cisplatin by
incorporating chelating ligands have been tested
clinically. Many of these compounds have been tested
to varying degrees for superior activity to cisplatin
in preclinical models. However, these compounds
have been relatively less successful in clinical testing.
Compounds that have recently been tested are de-
scribed below. Nedaplatin has received approval in
Japan. The dose-limiting toxicity is myelosuppression
with a late recovery of 6 weeks. The recommended
dose for Nedaplatin is 100 and 87.5 mg/m? 1% As a
single agent in phase Il studies, response rates of
25% or greater were observed for head and neck,
testicular, lung, esophageal, bladder, ovarian, and
cervical cancer.’® In a small randomized trial com-
paring cisplatin/vindensine to nedaplatin/vindensine,
partial response rates and overall survival were
similar with both treatments.'® Lobaplatin has re-
ceived approval in China. Trials of lobaplatin in lung
cancer, head and neck, and bladder cancer have
reported minimal efficacy.'® Typical doses are be-
tween 50 and 70 mg/m? with the later dose admin-
istered 5 times daily. The dose-limiting toxicity is
thrombocytopenia and has been correlated to pa-
tients’ kidney function.?®® Cycloplatam has been
reported to be superior to cisplatin in one lung cancer
xenograft model.'”® Several trials have been reported
with positive results in previously untreated pa-
tients.'® However, no trials comparing the activity of
cycloplatam to other platinum agents have been
reported. SKI2053R exhibited antitumor activity
superior to cisplatin in a variety of cell lines.?t A
phase 11 trial of SKI2053R as a single agent at a dose
of 360 mg/m? in advanced gastric adenocarcinoma in
Korea reported partial response rate of 17% with no
unacceptable toxicities.?%? The previously determined
MTD was 480 mg/m? with the liver toxicity being the
dose-limiting toxicity.?°? Zeniplatin, Enloplatin, ClI-
973, and Miboplatin have all been abandoned for
insufficient activity or unacceptable side effects.®

A new compound developed specifically to address
platinum resistance is ZD0473 (6). The preclinical
evaluation of this compound is discussed in section
2.1. ZD0473 was develeoped by AnorMED Inc. (for-
merly the Biomedical Research Group at Johnson-
Matthey Inc., West Chester, PA) and was licensed
to AstraZeneca PLC. It entered Phase | clinical trials
in 1997 in the United Kingdom based on its activity
in cisplatin-resistance cell lines, particularly in hu-
man ovarian carcinoma cell lines.?%3

Another approach to developing new platinum
agents has been to develop compounds with radically
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different pharmacokinetics in the hope of dramati-
cally decreasing toxicity or of targeting tumors by
altering the distribution of the cytotoxic platinum.
Two examples of this approach are liposome-encap-
sulated platinum compounds SPI-77 and L-NDDP.
SPI-77 is a liposomal-encapsulated formulation of
cisplatin. Phase I clinical trials are in progress in the
United States and Europe, and doses of 320 mg/m?
have been infused over 3.25 h without reaching an
MTD or observing significant toxicities.?** The half-
life is reported to be 60—80 h compared to 1 h for
cisplatin, and serum platinum levels 1000 times
greater than cisplatin have been achieved.?®® L-
NDDP (46) is a lipophilic platinum compound con-
taining the DACH carrier ligand and lipophilic
neodecanoic acid leaving groups encapsulated in a
liposome. It is a mixture of 15—20 isomers.?®® In
preclinical studies, L-NDDP has been reported to
induce the formation of more DNA adducts than
cisplatin at equimolar concentrations in whole cell
systems.2% In an in vitro repair assay, L-NDDP DNA
adducts are repaired with lower efficiency than
cisplatin DNA adducts.'® In a phase Il study of
L-NDDP, a dose of 400 mg/m? was administered into
the pleural space of 15 patients with malignant
pleural mesothelioma. A high rate of pathological
response was reported for patients receiving more
than two courses of treatment.?%” Some patients
experienced a fatal pneumonia that may have been
related to the route of administration, though this
was remedied by altering the method of administra-
tion into the pleural cavity. Otherwise, side effects
were mild to moderate with no myelosuppression or
kidney toxicity reported.2°®

Oral administration of a platinum cytotoxic agent
offers the possibility of considerable benefit to the
patient in terms of convenience and quality of life.
There is also a potential significant economic advan-
tage to shifting cancer treatment from in-patient to
out-patient treatment.?°®® However, there are concerns
of ensuring patient compliance and proper monitor-
ing of side effects with compounds administered near
their toxic dose. The first platinum compound specif-
ically developed to address this potential need was
JM216 (14). Phase | trials resulted in a recommended
dose of 100—120 mg/m? daily for 5 days with 4 weeks
between courses.?® The dose-limiting toxicity is my-
elosupression. Several phase Il trials have been
undertaken.?®® One in nonsmall cell lung cancer
reported negative results. However, a good response
was observed in hormone-refractory prostate cancer
where 33% of evaluable patients exhibited reduction
in PSA (prostate specific antigen) levels.?!° Additional
phase Il studies in NSCLC, ovarian cancer, cervix
cancer, breast cancer, and gastrointestinal cancer and
in combination studies with other orally administered
anticancer agents including etoposide, UFT, and oral
fluoropyrimidine are ongoing.*®

A completely new class of platinum compound that
violates the traditional structure—activity rules of
platinum cytoxics has entered clinical trials. BBR
3464 (30) contains two reactive platinum centers,
each containing a single labile chloride. Preliminary
reports of the phase I trial which is still ongoing
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indicate that the dose-limiting toxicity will likely be
rapidly reversible neutropenia, nausea, and vomit-
ing.?®® The MTD is expected to be >1.1 mg/m?. One
patient at 1.1 mg/m? has experienced a drop in the
tumor marker CEA from 220 to 53.%%° If this com-
pound proves truly efficacious, it will set off an
explosion of research around this novel structure.

4. Conclusion

Of the thousands of Pt compounds evaluated as
antitumor agents, only a very small fraction has
shown sufficient promise during preclinical evalua-
tion to enter human clinical trials. Reduction in
toxicity, increased spectrum of activity, and oral
administration remain the primary goals of Pt drug
development. In contrast to the 1970s and 1980s, the
design of third-generation Pt drugs in this decade has
clearly shifted away from the early empirical struc-
ture—activity relationships and the synthesis of mere
cisplatin analogues. Instead, efforts have been di-
rected at the design of compounds capable of circum-
venting specific mechanisms of resistance and at the
design of unconventional Pt compounds with radi-
cally different modes of action. As the third-genera-
tion of compounds undergo clinical trials, it is hoped
that they will demonstrate significant clinical ad-
vantages over the current drugs, particularly in the
area of Pt drug resistance.
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