1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Recent Pat Anticancer Drug Discov. 2007 June ; 2(2): 167-174.

Thalidomide Analogues as Anticancer Drugs

Jeanny B. Aragon—Chingl, Haiging Li2, Erin R. Gardner3, and William D. Figgl’2
1Medical Oncology Branch, Center for Cancer Research, National Cancer Institute, Bethesda, MD 20892

2Molecular Pharmacol ogy Section, Medical Oncology Branch, Center for Cancer Research, National Cancer
Institute, Bethesda, MD 20892.

3 Clinical Pharmacology Program, SAIC-Frederick, Inc., NCI-Frederick, Frederick, MD, 21702

Abstract

The evolution of thalidomide as an effective treatment in several neoplasms has led to the search for
compounds with increased antiangiogenic and anti-tumor effects, but decreased side-effects. The
development of thalidomide analogues which retain the immunomodulatory effects of the parent
compound, while minimizing the adverse reactions, brought about a class of agents termed the
Immunomodulatory drugs (IMiDs). The IMiDs have undergone significant advances in recent years
as evidenced by the recent FDA-approvals of one of the lead compounds, CC-5013 (lenalidomide),
for 5g-myelodysplasia and for multiple myeloma (MM). Actimid (CC-4047), another IMiD lead
compound, has also undergone clinical testing in MM. Apart from hematologic malignancies, these
drugs are actively under investigation in solid tumor malignancies including prostate cancer,
melanoma, and gliomas, in which potent activity has been demonstrated. The preclinical and clinical
data relating to these analogues, as well as ENMD-0995, are reviewed herein.

Encouraging results with these thalidomide analogues brought forth synthesis and screening of
additional novel thalidomide analogues in the N-substituted and tetrafluorinated classes, including
CPS11 and CPS49. This review also discusses the patents and preclinical findings for these agents.
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1. INTRODUCTION

The use of angiogenesis inhibitors for the treatment of cancer was first conceptualized over 30
years ago, when Dr. Folkman introduced the idea that angiogenesis is required for continued
solid tumor growth [1]. Since then, a number of antiangiogenic agents have emerged for use
in cancer therapy. Thalidomide (a -N-phthalimido-glutarimide) has emerged as a potent
treatment for several disease entities. Although it was originally marketed in Europe as a
sedative and antiemetic, reports of teratogenic effects[2] led to its withdrawal in the market in
1961 [3]. Thalidomide-associated congenital malformations were later thought to result from
impaired vasculogenesis and that a similar mechanism may prevent the growth of blood vessels
recruited to tumor sites, as confirmed in a rabbit cornea micropocket assay by D’ Amato et. al.
[4-7]. Further elucidation of the antiangiogenic and anti-inflammatory properties of
thalidomide led to its approval in 1998 by the United States Food and Drug Administration
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after documented efficacy in the treatment of erythema nodosum leprosum (ENL). Apart from
its antiangiogenic properties, thalidomide has been shown to inhibit tumor necrosis factor-
alpha (TNF- o)[8], a key chemokine involved in the host immune response that contributes to
the pathogenesis of a variety of autoimmune and infectious diseases. Since the approval of
thalidomide for ENL, it has been used experimentally in a variety of inflammatory or
immunological diseases [9-11], and in several neoplasms [12-16], but has only recently been
approved (in May 2006) for use in newly diagnosed multiple myeloma (MM) patients, in
conjunction with dexamethasone [17].

The combined antiangiogenic and anti-TNF properties of thalidomide have brought forth a
wave of enthusiasm due to the perception that inhibition of angiogenesis may be a very
promising strategy in cancer treatment. However, thalidomide treatment is accompanied by a
number of side-effects, the most common of which is peripheral neuropathy[18], occurring
with cumulative doses[19], especially in the elderly[20]. Thromboembolism is also a concern
and although occurring at <5% when used as single-agent[21], risk increases from 19% to 28%
with combined chemotherapeutic agents[22,23]. In addition, to alleviate the aforementioned
birth defect risk, intensive monitoring of all patients is required[24]. Thus, the search is ongoing
for agents with similar or improved potency in comparison with thalidomide, but with improved
tolerability. As such, numerous structural analogues of thalidomide have been synthesized by
different researchers and tested for their antiangiogenic or anti-TNF- o properties.

Thalidomide analogues have primarily been tested for their ability to inhibit TNF- a [25-27],
and several thalidomide analogues have shown increased potency over thalidomide at
inhibiting TNF- o in lipopolysaccharide (LPS) stimulated human peripheral blood
mononuclear cell (PBMC) bioassays[26]. The involvement of TNF- a in various disorders
including cancer cachexia, Human Immunodeficiency Virus (HIV) disease, and septic shock
has stimulated several investigations and patent applications on the use of thalidomide and its
analogues[28]. These compounds, including the isoindolines, as described by Muller et al. were
reported to down-regulate TNF- o and other inflammatory cytokines [29-32]. Based on the
different chemokine secretion patterns of LPS stimulated PBMC after in vitro testing of
different thalidomide analogues, two major classes of compounds have been identified, class
I or IMiDs (Immunomodulatory imide Drugs) and class Il or SelCiDs (Selective Cytokine
Inhibitory Drugs)[33,34]. The IMiDs demonstrated potent inhibition of TNF- a, as well as
inhibition of proinflammatory and apoptotic chemokines such as cyclooxygenase-2 (COX-2),
IL-1B, TGF-B, and IL-6 from activated monocytes, along with no evidence of teratogenicity
or mutagenesis pre-clinically [35]. These compounds are potent stimulators of LPS induced
IL-10, as well as costimulators of T cells that have been partially activated by the T-cell
receptor, in the CD8+ subset [33,36]. Similar to thalidomide, IMiDs showed marked increases
in IL-2 and interferon-gamma secretion and upregulation of CD40L expression on anti-CD3
stimulated T cells, resulting in activation of natural killer cells, and thus improving host
immunity against tumor cells. These compounds do not inhibit phosphosdiesterase type 4
(PDE4), a phosphodiesterase isoenzyme found in human myeloid and lymphoid lineage cells
[37] that functions to maintain cCAMP at low intracellular levels, resulting in modulation of
LPS-induced cytokines [26]. Representatives of this class are CC-5013 (lenalidomide),
CC-4047 (Actimid), and ENMD-0995, which will be discussed in further detail.

In contrast, the compounds in the class of thalidomide analogues known as SelCids have been
shown to potently inhibit PDE 4. Although the SelCids have also been shown to inhibit TNF-
alpha production and have affected a modest increase in 1L-10 production by LPS-induced
PBMC, little effect on T cell activation or IL6 was demonstrated. Early reports showed that
one of the SelCID analogues (SelCID-3) was consistently effective at reducing tumor cell
viability in a variety of solid tumor lines [38]. However, the most promising role of the SelCID
compounds appears to be as anti-inflammatory agents. As such, these drugs are currently under
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investigation for treatment of inflammatory conditions, such as Crohn’s disease. Therefore,
this review will focus mainly on the IMiDs, since this class of compounds is in the forefront
of anticancer drug discovery and development.

Additional analogues of thalidomide have been synthesized, based on its metabolites.
Preliminary screening, using the rat aortic ring assay, showed promising inhibition of
microvessel outgrowth by seven of the 118 analogues, four from the N-substituted class and
three from the tetrafluorinated class [39]. Of these analogues, N-substituted analogue CPS11
and tetrafluorinated analogues CPS45 and CPS49 has been investigated for in vitro therapeutic
efficacy in several neoplasms[40,41].

2. IMiDs — NOVEL THALIDOMIDE ANALOGUES AS ANTICANCER AGENTS

The search for thalidomide analogues with increased immunomodulatory activity and an
improved safety profile led to the testing of amino-phthaloyl-substituted thalidomide
analogues. These 4-amino analogues, in which an amino group is added to the fourth carbon
of the phthaloyl ring of thalidomide (see Table 1 and Fig.(1)), brought about the class termed
“IMiDs”. The bioactivities of the IMiDs follow the parent drug thalidomide closely, but with
some increase in potency. Fig.(2) summarizes the multifaceted effects of thalidomide and its
analogues.

IMiDs as Immunomodulators

The potent inhibition of TNF-alpha using IMiDs was first demonstrated in LPS-induced
PBMCs hoth in vitro and in vivo[34,42]. It has been shown that relative to the parent drug
thalidomide, the analogues inhibited TNF-alpha more potently, as well as inhibiting LPS-
induced monocyte IL1-beta and IL12 production, and enhanced the production of interleukin
10 (IL-10). The IMiDs had only partial inhibitory effect on IL-6. When tested in vivo, the amide
analogues protected 80% of LPS-treated mice against death from endotoxin-induced shock
[42]. Among the earliest studies done on IMiDs had been on multiple myeloma (MM) cell
lines. This provided a pathobiologic rationale for the use of IMiDs since TNF-alpha is present
locally in the bone marrow microenvironment and induces NF-kappa B-dependent up-
regulation of adhesion molecules on both MM cells and bone marrow stromal cells, resulting
in increased adhesion[43]. This represents an attractive target for IMiDs in this disease entity.
Although TNF-alpha has been shown to only modestly trigger the actual proliferation of MM
cells, the subsequent activation of NF-kappa B, a transcription factor that confers significant
survival potential in a variety of tumors, also stimulate IL-6 , another important survival signal,
in bone marrow stromal cells[44], both of which are potential targets of the IMiDs.

IMiDs as Pro-apoptotic agents

Hideshima et. al. first demonstrated that thalidomide and its analogues induce tumor cell
apoptosis, evidenced by increased sub-Gcells or induction of p21 and related Ggrowth arrest
[45]. The IMiDs inhibited the proliferation of chemoresistant MM cells by 20% to 35%, and
of Dexamethasone-resistant MM cells by 50%][43]. Enhanced caspase-8 activation, increased
sensitivity to Fas induction, reduced expression of cellular inhibitor of apoptosis protein-2, and
potentiation of the activities of other apoptosis inducers such as TNF-related apoptosis-
inducing ligand (TRAIL), has been demonstrated with the IMiDs[46]. This antiproliferative
effect was demonstrated in a chromosome 5 deleted (5g-) deletion cell line of Myelodysplasia
(MDS) and other hematologic malignancies where the inhibitory concentration of 50% (IC50)
was higher for the IMiDs as compared to thalidomide, with induced GO/G1 cell cycle arrest,
inhibited Akt and Gabl phosphorylation, and inhibited the ability of Gab1 to associate with a
receptor tyrosine kinase [47].
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IMiDs as T cell costimulators

Thalidomide and the immunomodulatory drugs induced proliferation of MM patients’ T cells
and interleukin-2 and interferon-gamma production in vitro, but were not cytotoxic to MM
cells[33]. These drugs enhanced natural killer cell-mediated lysis of autologous tumor cells
[48]. The increase in IL2 and IFN-gamma also upregulates the CD40L expression on T cells
when IMiDs were added to anti-CD3 stimulated T cells[33]. Although a greater costimulatory
effect on the CD8+ T cell subset compared to the CD4+ T cell subset has been observed in one
study [34], another showed similar co-stimulation for CD4+ and CD8+ T lymphocytes which
correlated with TNFR2 inhibition[49]. This T cell costimulatory effect of the IMiDs may be
paradoxical to the suppression of ligand-stimulated release of apoptotic and inflammatory
cytokines (i.e., TNF-alpha), and the effects of the IMiDs therefore, similar to thalidomide,
results in the clinically divergent effects with regard to specific pathways involved during an
inflammatory response or clinical condition [35,50].

IMiDs as Angiogenesis inhibitors

Invitro assays have demonstrated the antiangiogenic activities of the IMiDs, [4,51,52] believed
to be secondary to the inhibition of secretion of two angiogenic cytokines, vascular endothelial
growth factor (VEGF) and fibroblast growth factor (FGF) from both tumor and stromal cells
[4,5]. Using a human umbilical artery explant assay, the IMiD analogues exhibited a 100-fold
increased antiangiogenic potency as compared to thalidomide; [35,51,53] albeit, thalidomide
requires metabolism in order to have activity in this model. In addition, the IMiD compounds
have been shown to inhibit endothelial cell migration and adhesion perhaps due to
downregulation of endothelial cell integrins[51]. The antiangiogenic activity of the IMiDs
bears important significance in the pathophysiology of hematologic malignancies, like MM,
where treatment with thalidomide and IMiDs inhibited the upregulation of VEGF and IL-6
from co-cultures of bone marrow stromal and MM cells[54]. However, the therapeutic utility
of the IMiDs may not be limited to hematologic malignancies, based on this antiangiogenic
activity.The following sections will discuss the preclinical and clinical development of the
three leading IMiD drugs: lenalidomide, CC-4047, and ENMD-9095.

2.1. LENALIDOMIDE (CC-5013)

CC-5013, lenalidomide (a. -(3-aminophthalimido) glutarimide; Revlimid®)) is an
immunomodulatory analogue that has demonstrated higher potency than thalidomide in the
HUVEC (human umbilical vein endothelial cells) proliferation and tube formation assays
[55]. The proliferation inhibition responded in a dose-dependent manner with increasing
concentrations of the drug. Anti-migratory effects as well as tumor growth inhibition in vivo
have also been demonstrated [56]. Metabolism studies with lenalidomide have shown no effect
on cytochrome P-450 activity, and no phase | and Il metabolism by human liver microsomes
or supersomes was detected[53]. In rats and monkeys demonstrated, 50% of lenalidomide is
excreted unchanged, and the other 50% is metabolized to hydrolysis metabolites, including N-
acetyl and glucose conjugates. In humans, lenalidomide is rapidly absorbed following oral
administration, and about 67% is excreted unchanged in urine in less than 24 hours, with a
mean half-life of 8 hours. Lenalidomide was well tolerated in healthy volunteers with only
minor adverse immunologic events noted[53]. In a phase | study of lenalidomide in individuals
with MM, multiple doses did not alter the pharmacokinetic profile, with a time of maximum
concentration (Tmax) of 1 hour or 1.5 hours on day 1 and day 28 of each dose level (5, 10, 25,
50 mg/day)[57]. Initially patented by Muller et. al for its ability to inhibit TNF-a [58],
lenalidomide has entered clinical trials in a variety of hematologic and solid tumors.
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Multiple Myeloma

Phase I and 11 studies have found promising results with the use of lenalidomide in the treatment
of MM, and indicated responses in patients who were refractory to other prior treatment
modalities.(See Table 2) In a Phase | dose escalation study (doses of 5, 10, 25, and 50 mg/day)
using lenalidomide in 27 refractory and heavily pretreated (median of 3 prior treatments with
60% of patients having undergone autologous stem cell transplant) patients, no dose-limiting
toxicity was observed during the first 28 days and myelosuppression developed after day 28
in all 13 patients at a dose of 50 mg/day, subsequent dose reduction to 25 mg/day was well-
tolerated and was considered the maximum tolerated dose (MTD) [57]. Adverse events
included rash, fatigue and lightheadedness but noticeably absent significant neuropathy or
somnolence was observed. Seventy-one percent of the 24 patients had at least 25% reduction
in paraproteins and stable disease (less than 25% reduction in paraproteins) was observed in
8% of patients. A similar schedule of lenalidomide in another phase I study showed a > 50%
reduction in paraprotein in 30% (3 patients), with doses of 25 mg or above [59].

These encouraging findings led to a Phase 1l trial that initially enrolled 70 patients with 35
patients randomized to each of two cohorts; cohort 1 was to receive 15mg twice a day dose
and cohort 2 was to receive 30 mg daily dose of lenalidomide [60]. Patients were treated on
days 1-21, and subsequent courses began on day 28. However, an interim analysis of cohort 1
showed increased myelosuppression, despite similar response rates, and the twice daily arm
closed to accrual and an additional 30 patients were added to the 30mg daily arm to further
define the efficacy of daily dosing. Among the 107 patients available for response, the overall
response rate (including complete response, partial response and minor response) to
lenalidomide was 25% (see Table 2), while stable disease was achieved in 42% of both cohorts
combined. The median overall survival (OS) for the twice-daily and once-daily arm was
comparable at 27 and 28 months, respectively, and the responses were durable (about 20
months). Noteworthy is the myelosuppressive effect which is comparable in both cohorts (69%
Vs 61% neutropenia for the twice-daily vs daily arm, respectively), but the time to achieve
myelosuppression was shorter for the twice daily arm. The incidence of grade 3 neuropathy
was 23% (8 of 35) in the twice-daily arm vs. 10% (7 of 67 patients) in the once-daily arm.

These promising results led to two large Phase |11 double-blind trials, one in North America
(MM-009 trial), and the other in Europe (MM-010 trial), that compared lenalidomide plus
dexamethasone versus dexamethasone plus placebo. In the MM-010 trial, 351 patients were
treated with dexamethasone 40 mg daily on days 1-4, 9-12, and 17-20 every 28 days and were
randomized to receive either lenalidomide 25 mg daily orally on days 1-21 every 28 days or
placebo[61]. With a study duration of 18 months, the median time to progression (TTP) for
patients treated with the combination of lenalidomide plus dexamethasone was 13.3 months
compared to 5.1 months for patients treated with dexamethasone and placebo (p < 0.000001).
The overall response rate (ORR) was greater in patients who received lenalidomide plus
dexamethasone than in patients who were given dexamethasone alone (58% vs. 22%; p <
0.001). Lenalidomide with dexamethasone was tolerable, with similar frequencies of grade 3
or 4 infections between treatment groups, but greater frequency of grade 3 or 4 neutropenia
adverse events reported in patients given combination therapy than in patients treated with
dexamethasone alone (16.5% vs. 1.2%), and 8.5% incidence of thromboembolic events in the
combined lenalidomide/dexamethasone arm versus 4.5% in the dexamethasone arm. These
results were updated with almost similar findings of response rate of 59% in the combination
arm versus 24% with dexamethasone alone[62]. The MM-009 also had a similar finding, with
longer median TTP of 11.1 months for the combination arm versus 4.7 months for the
dexamethasone arm [63]. These aforementioned studies were done in MM patients who had
relapsed or were otherwise refractory to thalidomide or previous regimens, and studies looking
at frontline treatment of MM using lenalidomide has also shown promising results, including
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a phase Il trial which utilized a schedule of lenalidomide 25 mg daily on days 1 to 21 of a 28-
day cycle, along with dexamethasone orally 40 mg daily on days 1 to 4, 9 to 12, and 17 to 20
of each cycle [64]. Overall objective response was 91% (31 of 34 patients), with 2 (6%)
achieving complete response (CR) and 11 (32%) meeting criteria for both very good partial
response (VGPR) and near complete response, defined as a decrease in serum monoclonal
protein level by 50% or greater and a decrease in urine M protein level by at least 90% or to a
level less than 200 mg/24 hours, confirmed by 2 consecutive determinations at least 4 weeks
apart. This data has recently been updated and among the subset of patients (21 of the 34
patients) who went on to receive lenalidomide and dexamethasone as primary therapy, without
undergoing stem cell transplant, the ORR was 67% [65].

In summary, lenalidomide has emerged from clinical testing for MM in the relapsed setting,
to front-line chemotherapy for newly diagnosed MM as induction regimen, with response rates
exceeding 90%. Lenalidomide is also being combined with other agents in MM, such as
bortezomib [66]. Currently, a phase 111 trial comparing lenalidomide plus high-dose
dexamethasone versus lenalidomide plus low-dose dexamethasone as first line therapy in
newly diagnosed MM has accrued 445 patients, and final results of this Eastern Cooperative
Oncology Group trial (E4A03), is being awaited [67].

Myelodysplasia

Similar to the preclinical data on the response seen in 5g- deletion cell lines, List et. al. showed
that among 148 patients with low or intermediate-risk MDS characterized by del5g31 and
treated with 10 mg/d for 21 days every month, 55% had a complete cytogenetic response, and
29% achieved a complete morphologic remission[68]. In addition, transfusion requirement
decreased in 76% of patients while 67% became red-cell- transfusion-independent. The
response to lenalidomide was rapid (median of 4.6 weeks), and sustained; and the median
duration of transfusion independence had not been reached after a follow-up of 104 weeks
[69]. This trial was pivotal in gaining lenalidomide FDA approval in the treatment of low and
intermediate risk MDS characterized by del5g31 [70]. This work also resulted in the issue of
a patent for the use of this agent in the treatment and management of myelodysplastic
syndromes [71].

Prostate Cancer

The involvement of angiogenesis in prostate cancer has been demonstrated by increased
microvessel density, which has been shown as a predictor of tumor stage [72,73]. Encouraging
early studies using thalidomide in prostate cancer led to several studies utilizing thalidomide
alone or in combination with chemotherapy in androgen-independent prostate cancer (AIPC)
[12,74]. An open-label phase 1l randomized trial comparing low-dose (200 mg/day) and high-
dose (up to 1200 mg/day) thalidomide was completed in 63 patients (50 patients in the low-
dose arm, and 13 patients in the high-dose arm) and showed 28% reduction in the serum prostate
specific antigen (PSA) of > 50%. The low-dose arm showed sustainable response of >150 days
in 4 patients with a >50% decrease in PSA [12]. In contrast, patients on the high-dose arm
showed no PSA reduction but had adverse effects of sedation and fatigue that limited further
dose escalation beyond 200mg/day in 30% of the patients.

The favorable results of this study led to another randomized phase 11 study that added docetaxel
to thalidomide for the treatment of AIPC. As angiogenic activity is thought to be greatest when
the tumor burden is low, the combination of cytotoxic chemotherapy (that functions to reduce
tumor size) with a cytostatic agent that would stabilize disease, was hypothesized to be

synergetic [75]. This study accrued 59 patients and was given weekly docetaxel with or without
thalidomide, 200 mg at bedtime, in patients with chemotherapy-naive metastatic AIPC.

Docetaxel, 30 mg/m? intravenously, was administered every 7 days for 3 weeks, followed by
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a 1-week rest period [74]. 35% (6 of 17) of the patients receiving docetaxel alone and 53% (19
of 36) of those receiving docetaxel and thalidomide have had a PSA decline of at least 50%.
Thrombotic events have been seen in the combination arm. Updated analysis of this trial
showed an improvement in the 18-month survival in the combination arm vs. docetaxel alone
arm (69.3% versus 47.2%, P < 0.05), with a median survival time of 25.9 months in the
combination arm versus 14.7 months in the single agent arm [76,77].

A recently concluded Phase 111 study of 159 Gonadotropic-releasing Hormone (GnRH)
analogue naive patients at 7 centers with rising PSA following definitive local treatment for
prostate cancer but no radiographic evidence of disease (D0) were enrolled on a double blinded
randomized clinical trial of intermittent hormonal therapy (unpublished data). After 6 months
of a GnRH analogue alone (leuprolide or goserelin), patients received either thalidomide 200
mg daily or placebo. When the PSA rose to 5 ng/dl or baseline (whichever was lower) patients
who still had no radiographic evidence of disease commenced another 6 months of hormonal
therapy then crossed over to the opposite oral treatment. Results of this trial will be upcoming.

To this end, lenalidomide was examined in patients with refractory solid tumors [78]. Forty-
five patients were enrolled, 36 of which patients had prostate cancer. The objectives of the
study were to determine the maximum-tolerated dose (MTD), characterize the side-effects,
and characterize pharmacokinetics (PK) in patients with solid tumors. Dose levels used were
5 mg, 10mg, 15mg, 20mg, 25mg, 30mg, 35mg and 40mg. The dosing schedule was modified
from daily to 21 out of 28 days dosing. Therapy had been well tolerated with mostly grade 1
or 2 side-effects and 2 patients with grade 4 neutropenias, 1 patient each with hemolysis and
arrythmia. Furthermore, no differences observed between dose levels for either oral clearance
values (p = 0.47) or the apparent volume of distribution (V) values (p = 0.23), and at a dose
range of 35mg/day, CC-5013 exhibited linear PK [79].

2.2. ACTIMID (CC-4047)

CC-4047 is a costimulatory thalidomide analogue that can prime protective, long-lasting,
tumor-specific, Thl-type responses in vivo [80].

A phase | study using CC-4047 studied 24 relapsed or refractory MM patients that were treated
with a dose-escalating regimen of oral CC-4047[81]. CC-4047 treatment was associated with
significantly increased serum interleukin (IL)-2 receptor and 1L-12 levels, which is consistent
with activation of T cells and monocytes and macrophages. Clinical activity was also noted in
67% of patients, with greater than 25% reduction in paraprotein noted, 13 patients (54%)
experienced a greater than 50% reduction in paraprotein, and four (17%) of 24 patients entered
complete remission. The treatment-related thrombosis incidence was 12.5%, similar to
treatment with thalidomide alone in MM[82]. Similar to CC-5013, the dose-limiting toxicity
was myelosuppression, with neutropenia occurring in 6 patients within 3 weeks of starting
therapy. The maximum tolerated dose (MTD) was 2 mg/d. Based on the different activity
profile of this agent, as compared to CC-5013, Phase Il studies are currently being planned for
treatment of myelofibrosis and sickle cell anemia [83].

2.3. ENMD-0995 (S-3-Amino-phthalimido-glutarimide, S-SAPG)

ENMD-0995 is a small molecule analogue of thalidomide that is the S(-) enantiomer 3-amino
thalidomide. Thalidomide is a racemic glutamic acid analogue, consisting of S(-) and R(+)
enantiomers that interconvert under physiological conditions [5]. The S(-) form potently
inhibits release of TNF-alpha from peripheral blood mononuclear blood cells[84], whereas the
R(+) form seems to act as a sedative[85]. This 3-amino derivative of thalidomide was
demonstrated to have improved angiogenesis inhibitor activity that in animal models has shown
no evidence of the toxic side effects as reported for the thalidomide molecule. Patent
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applications were filed with claims directed to a method of treating undesired angiogenesis
using 3-amino thalidomide and other compounds [86]. As such, the S(-) enantiomer
ENMD-0995, has been tested preclinically to inhibit angiogenesis more potently than
thalidomide in a murine corneal micropocket model [52]. ENMD-0995 has entered Phase |
clinical trial with 6 patients that followed an initial dosing regimen of 20 mg/day, but was
reduced to 10 mg every other day when excessive myelosuppression was seen in the first cohort
[87]. Despite this myelosuppressive toxicity, all 6 patients had a decrease in M-spike seen with
very good partial response (VGPR)(>90% decrease in M spike). ENMD-0995 has therefore
shown anti-MM activity. In 2002, ENMD-0995 was granted Orphan Drug designation from
the Food and Drug Administration for the treatment of patients with MM. EntreMed, Inc., the
manufacturer of ENMD-0995, announced the licensing of the company’s thalidomide analogue
programs to Celgene Corporation in 2003.

3. CPS49 AND OTHER THALIDOMIDE ANALOGUES

Previous studies have demonstrated that thalidomide metabolites are responsible for its
antiangiogenic functions. One of the products of cytochrome P450 2C19 isozyme
biotransformation of thalidomide, 5’-OH-thaliomide, retains some antiangiogenic activity
[88-90]. On the basis of the structure of these metabolites, several classes of thalidomide
analogues were synthesized. The rat aortic ring assay was used to screen the analogues for their
antiangiogenic activity [39]. Seven analogues from the N-substituted and tetrafluorinated
classes significantly inhibited microvessel growth in this assay. Fig.(3). Antiangiogenic
activity was subsequently confirmed by human umbilical vein endothelial cell (HUVEC)
proliferation and tube formation experiments. One N-substituted analogue, CPS11, and two
tetrafluorinated analogues, CPS45 and CPS49, consistently exhibited the highest potency and
efficacy inall three assays. The initial patent application for these compounds, as well as related
analogues, was filed in 2002, and subsequently licensed to Celgene, Inc. [91]. Based on
promising in vitro and ex vivo findings, the therapeutic potentials of these agents were
subsequently evaluated in vivo. Severely combined immunodeficient (SCID) mice bearing
subcutaneous human prostate cancer xenografts were treated with these analogues, at the
determined MTD for daily dosing. Though CPS49 was the most potent, all three analogues
significantly inhibited PC3 tumor growth. In addition, both CPS45 and CPS49 significantly
reduced PDGF-AA levels in these tumors, while CPS49 also decreased the intratumoral
microvessel density (MVD) [40].

CPS11 and CPS49 were also evaluated for their anti-MM activity in vitro[41]. Compared to
CPS11, CPS49 exhibited a wider activity spectrum and higher potency against MM cell lines.
Importantly, pretreatment of bone marrow stromal cells (BMSCs) with CPS11 or CPS49
abrogated their ability to induce proliferation of MM cells, confirming their ability to target
tumor cells in the bone marrow microenvironment. This effect was more prominent for CPS49,
consistent with its down regulation of IL-6, VEGF and IGF secreted by BMSCs after binding
to MM cells. Ongoing studies in animal models of MM will evaluate these analogues in vivo.

Recently, CPS45 and CPS49 were discovered to activate nuclear factor of activated T cells
(NFAT) transcriptional pathways while simultaneously repressing nuclear factor-xB (NF-xB)
via a rapid intracellular amplification of reactive oxygen species (ROS) [92]. The ROS
generation is associated with a rapid increase in intracellular calcium, an equally rapid
dissipation of the mitochondrial membrane potential, and the caspase-independent cell death.
This cytotoxicity is highly selective for most lymphoid leukemia cell lines, compared to resting
PBMCs. Considering that leukemia refractory to chemotherapy shows elevated ROS and has
a higher susceptibility to cytotoxic compounds inducing ROS, CPS45 and CPS49 are ideal
candidates for in vivo animal studies for leukemia and lymphoma, which are currently
underway.
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4. LIMITATIONS

Although much has been learned regarding the mechanisms of action of thalidomide and its
analogues, the precise mechanisms and specific molecular targets of these agents remain to be
identified. Improving toxicity while retaining the bioactivity observed with thalidomide is of
paramount importance in the development of new thalidomide analogues. It has become clear
that very simple modifications in chemical structure can significantly change the mechanism
of action, and all thalidomide analogues cannot be considered to have activity profiles similar
to that of the parent compound. For those analogues that do exhibit activity in certain models,
such as the multiple assays to assess anti-angiogenic activity, the exact molecular target remains
unclear. As such, despite their chemical structure, these compounds are best considered as new,
novel drugs, rather than as true analogues of thalidomide.

5. CURRENT AND FUTURE DEVELOPMENTS

Thalidomide has re-surfaced in the field of oncology, despite its troubled history as a teratogen.
The increasing realization of its potential clinical utility in different neoplasms make the study
of thalidomide and its analogues very promising. The development of the IMiDs is an example
of how active research efforts contribute to the synthesis of new thalidomide analogues that
provide improved efficacy and/or reducing toxicity. While the IMiDs have shown encouraging
results in both animal models and have successfully entered clinical trials, efforts are still
underway to improve the toxicity profile as well as understanding further and identifying
specific molecular targets that would also help delineate the neoplasms for which it may exhibit
clinical potency. Understanding of the in vivo metabolism of thalidomide has led to the
synthesis of novel thalidomide analogues, such as the N-substituted and tetrafluorinated classes
of thalidomide analogues, many which have shown encouraging antiangiogenic activity in both
ex vivo and in vitro assays. Several of these analogues have also shown significant anti-tumor
activity in preclinical prostate cancer xenograft models. These preclinical data support the
further development and evaluation of novel thalidomide analogues as antiangiogenic and anti-
cancer therapeutic agents.

6. CONCLUSIONS

The promising results seen in clinical trials with the use of IMiDs lenalidomide and CC-4047
warrants continued clinical development of thalidomide analogues and increase research
efforts in identification of potential targets in different neoplasms. Future generation of IMiDs,
as well as substituted class of thalidomides, show encouraging antiangiogenic effects in
preclinical testing and will be validated by further clinical investigations. Despite the success
of these agents in certain types of neoplasms, the specific molecular mechanisms and targets
are still incompletely understood. Understanding of the precise mechanisms of action will help
in the rational design of better thalidomide analogues, optimizing clinical applications, and
ultimately translating into beneficial activity in specific neoplasms.
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Fig. (1) . Chemical structure of thalidomide, lenalidomide, and CC-4047
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Fig (2). Mechanism of anti-angiogenic and immunomodulatory actions of IMiDs

Mechanisms of anti-angiogenic and immunomodulatory functions of IMiDs.
Immunomodulatory drugs (IMiDs), like thalidomide metabolites upon oxidation, inhibits
interleukin 1 g or TNF-alpha — induced activation of IxK, which prevents dissociation of
IkBa from NF«B , precluding its nuclear translocation and induction of genes that function in
metastasis, angiogenesis, cellular proliferation, inflammation, and protection from apoptosis.
IMiDs and thalidomide metabolites also function in T cell activation as its T cell costimulatory
function, enhancing T cell proliferation. The activated T cells release interleukin-2 (IL-2) and
interferon-gamma (IFN-y), which activate the Natural Killer cells (NK cells)

Recent Pat Anticancer Drug Discov. Author manuscript; available in PMC 2007 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Aragon-Ching et al. Page 17

0

N o
NH

o o

Thalidomide

‘ N-substituted class ‘ ‘ Tetrafluorinated class ‘
E o]
2 <j > F,
f 0
N o F. Et M NOF
~ AT Y
[o] 0‘{ \—on F s £

0 g

Fig. (3) . The analogues CPS11, CPS45 and CPS49
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Table 1
Thalidomide and its analogues and properties
Thalidomide} Lenalidomide] CC-4047]
TNF-alpha inhibition| + ++ ++
T cell costimulation + ++ ++

PDE4 inhibition

Legend: TNF = Tumor necrosis factor; PDE4 = Phosphodiesterase 4
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Table 2
Selected clinical trials using lenalidomide in relapsed Multiple Myeloma

Page 19

Investigator

Phase]

No. of Datients]

Response

Adverse events (Grade 3or 4)

Richardson et. al.[57] |

27

17 of 24 pts (71%) with at least 25%
reduction in paraproteins; 11 of 24 pts
(46%) response from Thal failures;2 of 24
pts (8%) with stable disease; ORR: 71%

13 pts with neutropenia for
50mg/d dose

Richardson et. al.[60] 1l

70

ORR=25%; Median OS in 30mg daily: 28
mos and 15mg BID : 27 mos; Median PFS
30mg daily: 7.7 mos and 15 mg BID: 3.9
mos (p=0.2)

Time to myelosuppresion
shorter in 15mg BID: 1.8 mos
vs 30mg daily: 5.5 mos
(p=0.05); Neuropathy in 15mg
BID:23% vs. 30mg daily:10%]|

Dimopoulos et. al.[61] 11

351

Median TTP Len/Dex: 13.3 mos vs Dex/

placebo:5.1 mos( p < 0.000001);ORR for

Len/Dex 58% vs. Dex/placebo 22%; p <
0.001).

Neutropenia 16.5% vs. 1.2%

Legend: pts = patients; ORR= overall response rate; OS = Overall survival; mos=months; PFS= progression free survival; TTP = Time to progression;
Len = Lenalidomide (CC-5013); Dex = Dexamethasone; BID = twice a day

Recent Pat Anticancer Drug Discov. Author manuscript; available in PMC 2007 November 1.



