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TIMELINE

The evolution of thalidomide
and its IMiID derivatives as

anticancer agents

J. Blake Bartlett, Keith Dredge and Angus G. Dalgleish

Thalidomide was originally used to treat
morning sickness, but was banned in the
1960s for causing serious congenital birth
defects. Remarkably, thalidomide was
subsequently discovered to have anti-
inflammatory and anti-angiogenic properties,
and was identified as an effective treatment
for multiple myeloma. A series of
immunomodulatory drugs — created by
chemical modification of thalidomide — have
been developed to overcome the original
devastating side effects. Their powerful
anticancer properties mean that these drugs
are now emerging from thalidomide’s
shadow as useful anticancer agents.

Thalidomide (a-(N-phthalimido)glutarimide)
— asynthetic glutamic-acid derivative — was
manufactured and marketed by the German
pharmaceutical company Chemie Grunenthal
during the mid-1950s (Box 1; TIMELINE). It isa
non-barbiturate drug with sedative and anti-
emetic activity and was found to be useful
because of an apparent lack of toxicity in
human volunteers. These properties led to it
being marketed as the safest available sedative
of its time. It rapidly became popular as a drug
to counter the effects of morning sickness in
Europe, Australia, Asia and South America,
although it did not receive Food and Drug
Administration (FDA) approval in the United
States because of concerns about neuropathy
— tingling hands and feet after long-term
administration — that were associated with its

use. It was withdrawn from the other markets
in early 1961 after two clinicians — William
McBride in Australia and Widukind Lenz
in Germany — reported independently that
thalidomide use was associated with birth
defects2 A report associating thalidomide use
with neuropathies was also reported at around
this time®. Unfortunately, this withdrawal was
too late to prevent the birth of between 8,000
and 12,000 babies with severe developmental
deformities, which include the stunted-
limb development that is characteristic of
‘thalidomide babies’

In 1965, following a serendipitous discov-
ery by Israeli dermatologist Jacob Sheskin, it
was reported that thalidomide was remark-
ably effective at improving lesions, fever and
night sweats in patients with erythema
nodosum leprosum (ENL) — a potentially
life-threatening inflammatory complication
of lepromatous leprosy®. After finding
thalidomide in the clinic and remembering
that it was a sedative, Sheskin administered it
to a patient who was having trouble sleeping
and — remarkably — the next morning the
patient’s inflammation was significantly
reduced. This discovery was investigated in a
study that was coordinated by the World
Health Organization in thousands of men
who had ENL and showed that a vast major-
ity had complete remission within a couple of
weeks of starting thalidomide treatment®.
This was the catalyst that eventually led to the
use of thalidomide as an immunomodulatory

and anti-inflammatory drug®®. However,
thalidomide was only given FDA approval for
the treatment of acute ENL in 1998, after fur-
ther investigations found an immunological
basis for this effect®. Even then, its use was
limited by very strict guidelines.

Itis now clear that despite its teratogenicity
(Box 1), which caused the birth defects, thalido-
mide is useful in treating several clinical condi-
tions for which there are few or no alternative
treatment options. An early appreciation of the
immunosuppressive properties of thalidomide
in several animal models led to its use in vari-
ous conditions that are associated with
immune activation. Initial, but mainly anecdo-
tal, reports from the early 1980s onwards indi-
cated that thalidomide was effective in the
treatment of several autoimmune disorders.
However, because the use of thalidomide was
necessarily restricted, large-scale studies were
not undertaken until much later. Instead, the
results of various small uncontrolled studies
were published and these seemed to demon-
strate the efficacy of thalidomide in the treat-
ment of patients with autoimmune disorders
such as rheumatoid arthritis’®, cutaneous
lesions of systemic lupus erythematosus and
Behcet’s disease'**2, The immunosuppressive
properties of thalidomide also led to its use in
the treatment of chronic graft-versus-host dis-
ease associated with allogeneic bone-marrow
transplantation®*-*°,

As thalidomide initially seemed to show
promise for the treatment of these conditions,
it was quickly used in further studies in small
cohorts of patients with various untreatable
ailments. From these investigations, it has
become apparent that thalidomide is not
merely an immunosuppressant, but that it has
other clinically useful properties. Each new
property that has been discovered has led to
thalidomide being used in different spectra of
disease. As a result, thalidomide is now an
option for a diverse range of clinical applica-
tions and is again a profitable drug, with sales
that amount to over $200 million per year in
the United States and rising.

Mechanisms of thalidomide action

Thalidomide inhibits monocyte-derived
TNF-a. The key finding that explained, at
least in part, the potent anti-inflammatory
activity of thalidomide came in 1991, when it
was discovered that thalidomide inhibited
the synthesis of tumour-necrosis factor-a
(TNF-a) by activated monocytes'® — the
MRNA becomes less stable. TNF-a is a pro-
inflammatory cytokine that is an important
regulator of the inflammatory cascade and is
a useful therapeutic target in inflammatory
disease, particularly if activated monocytes
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have an important role in pathogenesis (FIG. 1).
There is also evidence that thalidomide might
inhibit TNF-a that is derived from other cel-
lular sources that have been activated by
inflammatory stimuli, such as microglia and
Langerhans cells’*8. The fact that thalidomide
inhibits TNF-a explains its therapeutic effect
in patients with ENL, as they have extremely
high levels of TNF-a in their blood and in
dermatological lesions. Most importantly, this
finding led to the initial use of thalidomide in
several, small open-label studies in which
increased TNF-a production is associated
with disease®®, such as AIDS-related Kaposi’s
sarcoma and cachexia, rheumatological dis-
ease, Crohn’s disease, cerebral malaria, multi-
ple sclerosis, psoriasis, sepsis, tuberculosis and
some cancers®%.

Thalidomide inhibits angiogenesis. The next
crucial discovery that uncovered the clinical
potential of thalidomide came in 1994, when
thalidomide was found to inhibit angiogenesis
— the formation of new blood vessels, which is
acrucial process in the growth and metastasis
of solid tumours. Judah Folkman was one of
the first researchers to associate angiogenesis
with tumour development in the early 1970s
and it was from his laboratory that the
inhibitory effect of thalidomide on angiogene-
sis was demonstrated. He believed that the
classical congenital defects that are caused by
thalidomide treatment — abnormal limb
development — were caused by the inhibition
of blood-vessel growth in the developing fetal
limb bud. Using a rabbit cornea micropocket
assay, it was demonstrated that thalido-
mide could, in fact, inhibit basic fibroblast
growth factor (bFGF)-induced angiogenesis?.
However, despite this study, it is worth noting
that the link between the teratogenic properties
of thalidomide and its anti-angiogenic activity

Box 1 | The chemistry of thalidomide

PERSPECTIVES

Thalidomide consists of a racemic mixture of S(=) and R(+) enantiomers (isoforms) —
molecules with identical chemical composition that are mirror images of one another and that
can not be superimposed (see figure). In nature, compounds often exist as enantiomers,
although generally only one form is physiologically useful. In the case of thalidomide, there
seems to be a segregation of activities between these different forms. Of particular interest in
terms of potential clinical application has been the association of the S(-) enantiomer with the
teratogenic effects of thalidomide, which are responsible for the abnormalities that occur during
embryonic development, whereas the R(+) isoform seems to be responsible for sedation. This
indicated that purification of the R(+) isoform, although less effective as a TNF-a inhibitor and
anti-angiogenic agent, could provide a safer drug and could have prevented the earlier tragic
events. However, the rapid interconversion of the two isomers under physiological conditions, as

demonstrated in humans in vivo, proved that
purification is not a feasible option.
Furthermore, although the two isoforms of
thalidomide were initially shown to have
different teratogenic effects in rodent
models, differences were not observed in the
New Zealand rabbit model that is
traditionally used to measure drug toxicity.

remains unproven. Other groups have more
recently demonstrated that thalidomide
mediates inhibitory effects on mesenchymal
proliferation in the limb bud? and induces
embryonic oxidative stress?. Irrespective of
these findings, the anti-angiogenic properties
of thalidomide sparked a huge interest in its
use for the treatment of cancer.

T-cell co-stimulatory activity of thalidomide.
Yet another activity of thalidomide was
demonstrated in 1998, when it was shown
that thalidomide is able to co-stimulate
T cells that have been partially activated by
the T-cell receptor (TCR; FiG.2)%. Co-stimu-
lation is the crucial process by which a sec-
ond signal is delivered to naive T cells, which
facilitates their activation and the subsequent
generation of an antigen-specific effector

Timeline | Chronology of thalidomide and IMiD development
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response. It is mediated by interactions
between members of the B7 family of pro-
teins on antigen-presenting cells and the
CD28 co-stimulatory molecule that is
expressed on the surface of T cells. This
interaction, in conjunction with the primary
TCR-mediated signal, prevents the induction
of immunological tolerance (or anergy),
which would occur in the presence of the
TCR alone.

The co-stimulatory activity of thalido-
mide isimportant as it could be used as an
immunological adjuvant to promote an oth-
erwise ineffective immune response. For
example, it could provide an alternative
approach for treating patients with cancer by
enhancing their response to tumour anti-
gens. However, it should be noted that the
immunomodulatory effects of thalidomide

Thalidomide is
synthesized by
Chemie Grunenthal.

Thalidomide use is associated
with neuropathy and birth defects
and is subsequently withdrawn.

Use in graft-versus-
host disease.

Thalidomide shown to
possess anti-angiogenic
properties.

Thalidomide shown to co-stimulate

T cells. Food and Drug Administration
(FDA) approval in the United States for
thalidomide use in patients with ENL.

The IMiD CC-5013 shown to be
effective in treating MM. IMiDs
shown to enhance cancer
vaccine responses in vivo.

1988

1991

1994 1996

1998

2000

2002 2003

Introduced in
Germany as
a sedative.

First report showing effectiveness
in patients with erythema
nodosum leprosum (ENL).

Thalidomide shown to inhibit
lipopolysaccharide-induced
tumour-necrosis factor-a
(TNF-a) expression.

Design of thalidomide
analogues with improved anti-
TNF-a properties — the birth
of the immunomodulatory
drugs (IMiDs).

Reports of the effectiveness
of thalidomide in multiple
myeloma (MM). First clinical
IMID programme initiated.

CC-5013 gets FDA fast-track approval
for MM and myelodysplastic
syndromes. CC-5013 is shown to
have antitumour activity in patients with

solid tumours. CC-4047 has activity in
patients with MM.
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Figure 1 | Tumour-necrosis factor-a has numerous targets. Tumour-necrosis factor-o (TNF-a) is mainly produced by monocytes and macrophages, but is
also produced by other cell types, in response to a large number of stimuli and physiological conditions. TNF receptors are expressed on most cell types, which
respond to TNF-a by activating a range of transcription factors and gene products. Effects on TNF-a bioactivity, therefore, directly influence a diverse range of cell
activities. IFN, interferon; IL, interleukin; INOS, inducible nitric-oxide synthase. Figure adapted with permission from Ref. 57 [J (1997) Elsevier Science Publishers.

are variable, and depend on the type of
immune cell that is activated, as well as the
type of stimulus that the cell receives.
Therefore, the effects of thalidomide on a par-
ticular cohort of patients are likely to depend
on their disease state and immunological
status. For example, thalidomide-mediated
inhibition of the key pro-inflammatory and
regulatory cytokines TNF-a and inter-
leukin-12 (I1L-12; rRer. 25) during microbial
stimulation of monocytes could be countered
by thalidomide-mediated augmentation of
the same cytokines during T-cell activation.
This differential response might explain
the clinically diverse effects of thalidomide,
which include beneficial activity in some
autoimmune conditions that are associated
with increased T helper 1 (T,,1)-type cellular
immunity and some cancers that are associ-
ated with lack of tumour-specific T, 1-type
cellular immunity. Therefore, thalidomide
can no longer be referred to simply as a
TNF-a inhibitor, as T-cell co-stimulation is
likely to explain the unexpected increase in
TNF-a production that is observed in certain
clinical settings?.

Thalidomide: an anticancer agent

The main impetus for using thalidomide to
treat patients with cancer came with the
discovery of its anti-angiogenic potential.
This also happened to coincide with the
emerging concept that treatment could
be aimed at the infrastructure that supports
the growth of the tumour, rather than
targeting tumour cells directly. Similarities
between the angiogenic process in the
promotion of tumour growth and in
chronic inflammation also lent further
support for a possible role for thalidomide
as an anti-inflammatory agent in the treat-
ment of cancers. In particular, the anti-
TNF-a effects of thalidomide were thought
to be relevant, as TNF-a seems to have a
role in angiogenesis by upregulating
the expression of endothelial integrin,
which is crucial for this process?. Finally,
it is well established that the increase of
TNF-a in the serum of patients with cancer
is often associated with advanced disease, so
using thalidomide to reduce these levels
might prove to be beneficial in the treatment
of patients.

Thalidomide and multiple myeloma

In the past few years, thalidomide has begun to
impact on the treatment of multiple myeloma
(MM; BOX 2). This is an incurable B-cell malig-
nancy in which increased bone-marrow
microvessel density (MVD) is associated with
poor prognostic outcome, providing the ratio-
nale for treatment with thalidomide.
Remarkably, an initial report published in
1999 indicated that thalidomide was an effec-
tive treatment in 30-40% of patients with
advanced and refractory MM? and showed
that, of the 84 patients treated, there was an
overall clinical response rate of 32%.
Moreover, 10% of patients had complete, or
near complete, remissions. Partial remission
— defined by a >50% decrease in serum or
urine monoclonal protein, an established
prognostic indicator — was achieved in 25%
of patients. The authors of this study were
unable to show an association between the
clinical response to thalidomide and a
decrease in bone-marrow MVD. However,
very recent data showing decreased MVD only
in patients who responded to thalidomide
does support the theory that angiogenesis is a
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therapeutic target in MM?. Subsequent
studies have confirmed these initial clinical
findings and indicate that thalidomide
treatment leads to a 25-33% response rate
in patients with refractory MM, and also
has significant response rates in patients at
other stages of disease®. More recently,
thalidomide treatment in combination with
the chemotherapeutic agent dexametha-
sone has been shown to act synergistically
and induce even greater partial response
rates of 60—70%, even when patients have
been unresponsive to either agent alone®.
Addition of cyclophosphamide seems to
improve the response rates still further®,
Since this discovery, thalidomide has
also been evaluated in clinical trials as a
treatment for various solid tumours with a
varying degree of success. There are pub-
lished reports of efficacy in the treatment
of patients with solid tumours such as
advanced renal cancer®, metastatic prostate
cancer®, high-grade glioma® and metasta-
tic melanoma®. More complete overviews
of thalidomide use in patients with solid
tumours can be found elsewhere®"%,

Development of IMiDS
Clearly, even in patients with advanced can-
cer, the use of thalidomide could present sig-
nificant problems due to its teratogenic side
effects. This requires intense patient moni-
toring during thalidomide administration.
Therefore, it is hardly surprising that not
long after the discovery of the anti-angio-
genic properties of thalidomide, and given its
obvious clinical benefits, attempts were made
to synthesize thalidomide analogues that had
fewer side effects than the parent compound.
Immunomodulatory drugs (IMiDs) are
a series of compounds that were developed
by using the first-generation IMiD thalido-
mide as the lead compound in a drug-
discovery programme. The thalidomide
structural backbone was used as a template
by chemists to design and synthesize com-
pounds with increased immunological and
anticancer properties, but lacking the toxic-
ity associated with the parent compound®.
Initially, the rationale for developing the
second-generation IMiDs in the mid 1990s
was to improve the inhibition of TNF-a#4
and, with this aim, a series of amino-
phthaloyl-substituted thalidomide ana-
logues were generated“?. The 4-amino
analogues — in which an amino group is
added to the fourth carbon of the pthaloyl
ring of thalidomide — were found to be up
to 50,000 times more potent at inhibiting
TNF-a than the parent compound in vitro.
Extensive preclinical testing, involving

a Activation of naive T cells requires co-stimulation
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Figure 2 | Co-stimulatory activity of thalidomide. a | Antigen-presenting cells (APCs) activate T cells by
presenting major histocompatibility complex (MHC)-bound peptides to the T-cell receptor (TCR). Effective
T-cell activation also requires interaction between accessory molecules, such as B7 on the APC and
CD28 on the T cell, which provides the secondary signals that are necessary for activation to occur and
prevents T-cell anergy (non-responsiveness). b | Thalidomide and immunomodulatory drugs (IMiDs) seem
to enhance TCR-mediated signalling both in the absence and presence of these secondary signals,

thereby enhancing immune responses.

pharmacology, pharmacokinetics and toxi-
city, has led to the identification of CC-
5013 (Revimid) and CC-4047 (Actimid) for
testing in clinical trials (F1G. 3).
Third-generation IMiDs developed from
the ongoing research programme are now in
preclinical testing and will be investigated in

Box 2 | Multiple myeloma

clinical trials if modifications to the second-
generation compounds are necessary.
Furthermore, as the emphasis during pre-
clinical testing has changed from the
anti-TNF-a activity of the IMiDs to their
anti-angiogenic and immunomodulatory
activities, it is possible that third-generation

Multiple myeloma (MM) is a B-cell malignancy that is incurable at present. It is characterized by
the clonal proliferation of malignant cells in the bone marrow that leads to the production of a
monoclonal immunoglobulin. MM accounts for approximately 1-2% of all cancers and cancer
deaths, and afflicts 14,000-15,000 patients annually in the United States alone. The current
median survival rate for symptomatic patients is 3-5 years. High-dose chemotherapy —
typically melphalan and prednisolone — combined with transplantation of haematopoietic
stem cells increases the rate of complete remission and extends event-free and overall survival.
However, little progress in developing effective treatment regimens has been made over the past
few decades; relapse rates are very high and there are few salvage therapies available.
Thalidomide treatment was initiated in MM because this condition correlates with prominent
bone-marrow vascularization, which is associated with poor prognosis. In addition, plasma
levels of various pro-angiogenic molecules, such as basic fibroblast growth factor and vascular
endothelial growth factor, are increased in patients with active MM. Therefore, anti-angiogenic
drugs, such as thalidomide, are viable therapeutic options.
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Figure 3 | Structure of thalidomide and the
IMiDs CC-5013 and CC-4047. The thalidomide
structure (a) was modified by adding an amino
(NH,-) group at the 4 position of the phthaloy!
ring to generate the IMiDs CC-5013 and
CC-4047 (b). For CC-5013, one of the carbonyls
(C = O) of the 4-amino-substituted phthaloyl ring
has been removed.

CC-4047

IMiDs could have greater anticancer activity
and/or enhance immune responses. Because
of the structural similarity with thalido-
mide, the IMiDs possess the same properties
that are of potential benefit to patients with
cancer — prevention of angiogenesis and
co-stimulation of T cells.

IMiD functions

Angiogenesis. Recent results have confirmed
that the IMiDs, in particular the clinical lead
compounds CC-5013 and CC-4047, are anti-
angiogenic*#, However, as with thalido-
mide, the mechanism(s) remains elusive.
Data from in vitro experiments indicate that
IMiDs vary in their ability to inhibit
endothelial-cell proliferation. Indeed, the oral
administration of CC-5013 is able to inhibit
tumour growth in a mouse model of colorec-
tal cancer despite having no effect on
endothelial-cell proliferation in vitro. Of
particular interest is the observation that
CC-5013 seems to be non-teratogenic when
tested in the sensitive New Zealand rabbit
preclinical model, which is the only animal
model in which thalidomide-associated
teratogenicity can be detected.

T-cell co-stimulation. IMiDs are far more
potent than thalidomide at co-stimulating
T-cells that have been partially activated via
the TCR*. Furthermore, co-stimulation
applies equally to CD4* and CD8* T cells. The
potency of IMiD-induced co-stimulation
seems to increase when TNF receptor 2 trans-
port to the cell membrane is inhibited. The
implications of this are unclear, although this
is likely to affect T-cell homeostasis. More
recently, IMiDs have been shown to trigger

the phosphorylation of CD28 and also to
enhance the activity of the AP-1 transcription
factor*s4’. However, the precise mechanism(s)
that is involved in IMiD-mediated T-cell
co-stimulation remains to be elucidated.

There is now clear evidence to indicate
that the co-stimulatory properties of IMiD
analogues in vitro can translate to beneficial
antitumour responses in vivo. It has been
demonstrated that CC-4047 is able to
enhance a partially effective cancer vaccine
and enable the generation of a long-term
protective antitumour response*. Protection
seems to be mediated by the induction of
protective T, 1-type cellular immunity as,
although CD8* cells were activated, there
were more CD4* cells responding to the
tumour cells that comprised the vaccine.
Some protection is also seen when CC-4047
is co-administered with a tumour vaccine
shortly after live-tumour challenge in mice.
However, a booster regimen seems to be
required. This more closely mirrors the
clinical situation, the aim of which is to
treat an established tumour and protect
against the formation of new tumours and
the regrowth of residual tumour after
surgical resection.

There is also emerging evidence that
IMiDs can activate the innate component
of the immune system. For example,
CC-5013 seems to augment the cytotoxicity
of natural-killer cells, leading directly to lysis
of MM cells®. Furthermore, CC-4047 seems
to have a potent augmentary effect on CD28-
negative yd T cells that have been stimulated
with their natural bacterial antigen isopen-
tenyl pyrophosphate, (J.B.B., unpublished

observations). These cells are also able to
directly lyse tumour cells, augment the early
expression of cytokines in response to bacter-
ial infection and help the development of the
adaptive immune response.

Direct antitumour activity of IMiDs
Surprisingly, the IMiDs were found to share
another important anticancer property —
the ability to directly induce growth arrest
and caspase-dependent apoptosis of
tumour cells®. Initial preclinical data
showed that CC-5013 possesses direct anti-
myeloma activity in the absence of acces-
sory immune cells®®%%, Primary human MM
cells derived from the bone marrow of
patients resistant to chemotherapy were
shown to be susceptible to IMiD-induced
growth arrest. This could be overcome by
the exogenous addition of the pro-inflam-
matory cytokine IL-6, indicating that inhi-
bition of IL-6 is likely to be involved in the
mechanism that regulates this effect.
Importantly, other mechanistic details have
begun to emerge, including effects on apop-
totic pathways®2. Furthermore, IMiD activ-
ity is able to potentiate the effects of TRAIL
(TNF-related apoptosis-inducing ligand),
dexamethasone and proteasome inhibitors
that are used as anti-myeloma therapies at
present. There is also strong evidence that
IMiDs can interfere in interactions between
myeloma cells and bone-marrow stromal
cells, which seem to be crucial for MM-cell
growth and survival, and prevent the
upregulation of I1L-6 and vascular endothe-
lial growth factor, which is involved in
angiogenesis® (FIG. 4).

\ 2 A
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production | TNF-a
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Figure 4 | Antitumour activity of IMiDs in multiple myeloma. Immunomodulatory drugs (IMiDs)
induce growth arrest and/or apoptosis in multiple myeloma (MM) cells and inhibit adhesion of MM cells to
bone-marrow stromal cells. Stromal-cell expression of vascular endothelial growth factor (VEGF) and
basic fibroblast growth factor (bFGF) is reduced by IMiDs, which decreases angiogenesis. Expression of
interleukin-6 (IL-6) and tumour-necrosis factor-a (TNF-a) by the stromal cells is also reduced, which
inhibits growth of MM cells. The IMiDs also enhance T-cell stimulation and proliferation. The activated

T cells release IL-2 and interferon-y (IFN-y), which activate natural-killer (NK) cells (which might also be

activated directly) and causes MM-cell death.
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Table 1 | Current clinical studies of IMiDs

Drug
CC-5013

CC-5013

CC-5013
CC-5013
CC-5013

CC-5013

CC-4047

CC-5013

CC-5013
CC-5013

CC-4047

CC-5013

CC-5013
CC-5013

CC-5013

CC-5013

CC-5013
& Dex versus
Dex alone

CC-5013
& Dex versus
Dex alone

Indication
Relapsed MM (n = 27)

Metastatic malignant
melanoma and other
advanced solid tumours
(n=20)

Refractory solid tumours
(n=24)

Reccurrent high-grade
glioma (n = 80)

Refractory metastatic
cancer (n = 30)

Refractory solid tumours
and/or lymphoma
(n=3-30)

Advanced MM (n = 18)

Relapsed/refractory MM
(n=60)

Relapsed/refractory MM
(n=100)

Refractory MM (n = 200)

Metastatic hormone-
refractory prostate cancer
(n=136)

MDS with cytogenetic
abnormality (n = 36)

MDS with 5q cytogenetic
abnormality (n = 90)

MDS (n = 136)

MDS (n = 25)

Metastatic malignant
melanoma (n = 274)

Refractory MM (n = 302)

Newly diagnosed MM
(n= 500)

Centre

Dana-Farber Cancer
Institute, USA

St George’s Hospital
Medical School, UK

Wake Forest University,
USA

NCI, Bethesda, USA
NCI, Bethesda, USA

NCI, Bethesda, USA

Guy’s and St Thomas's,
UK

Multicentre (USA) based
at the Dana—Farber
Institute, USA

University of Arkansas,
USA

Multicentre, USA

University of Colorado
and Baylor College of
Medicine, Texas, USA

NCI and Memorial
Sloan-Kettering Cancer
Center, USA

Multicentre, USA
Multicentre, USA

Multicentre, USA

Multicentre (USA,
Europe, Australia)

Multicentre
(USA, Canada)

NCI and Southwest
Oncology group, USA

Phase
I

171

1/

I
(soon
Phase

1)

Stage
Completed

Completed

Completion

due April 2005

Started early
2002

Started early
2002

Started 2003

Completed

Completion
in early 2004

Completion
in 2004

Completion
in Dec. 2005

Completion
in mid-2005

Unknown

Completion
in May 2004

Completion
in Sept. 2004

Completed

Completion
in June 2004

Completion

at end of 2005

Completion
4 years from
start date

Comments and references

First published report in MM*. A dose-escalating
study with 24 evaluable patients. Best responses in
terms of reduction in serum M-protein in evaluated
patients were >50% in 7/24 (30%), >25-50% in
10/24 (42%) and <25% in 2/24 (8%) patients. The
maximum-tolerated dose was 25 mg/day. Grade 3
myelosuppression was apparent in patients
treated with 50 mg/day. No somnolence or
neuropathy observed.

First published report in solid tumours®. Seventeen
evaluable patients. One partial response and two clear
objective responses. Evidence of T-cell activation and
increased serum IL-12, GM-CSF and TNF-a. No
serious adverse effects were observed.

Still recruiting. No data reported.
Still recruiting. No data reported.
Still recruiting. No data reported.

Still recruiting. No data reported.

Study showed anti-myeloma activity and an
acceptable safety profile®. CC-4047 was given in a
dose-escalating regimen (1 mg/day up to

10 mg/day). All patients improved clinically. The
M-protein response on trial was <25% reduction in
8/18 (44%), >25-50% in 7/18 (39%) and >50% in
3/18 (17%). The maximum-tolerated dose was

2 mg/day because of neutropaenia at the higher doses.

Unpublished data presented at the 2003 American
Society of Hematology meeting indicates that so far
39/46 evaluable patients (85%) with progressive
disease experienced a reduction or stabilization in
their M-protein levels.

Still recruiting. No data reported.

Still recruiting. No data reported.

Still recruiting. No data reported.

Still recruiting. No data reported.

Still recruiting. No data reported.

Still recruiting. No data reported.

Completed. 64% of 25 patients needed at
least 50% fewer blood transfusions after
CC-5013 treatment. Also, 8/8 patients

with 5g- syndrome lost all sign of cells with the
telltale 5g-chromosomal deletion.

Still recruiting. No data reported.

Still recruiting. No data reported.

Not yet recruiting.

Data compiled from www.clinicaltrials.gov and www.celgene.com. Dex, dexamethasone; GM-CSF, granulocyte-macrophage colony-stimulating factor; IL-12, interleukin-12;
IMiDs, immunomodulatory drugs; MDS, myelodysplastic syndromes; MM, multiple myeloma; M-protein, monoclonal protein; NCI, National Cancer Institute; TNF-a,
tumour-necrosis factor-a.
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Figure 5 | The potential mechanisms of IMiD-mediated antitumour activity. a | A large untreated solid tumour contains an established blood supply —
angiogenesis within tumours can also contribute to metastasis, depending on the nature of the tumour. Antigen-presenting cells, such as dendritic cells, ingest
and process tumour antigens. However, immunosuppressive factors that are produced by tumour cells prevent subsequent priming and activation of CD4* and
CD8* T cells in the lymph nodes, leading to immunological tolerance/anergy. In addition, cells of the innate immune system, such as macrophages, yd T cells and
natural-killer (NK) cells, are also suppressed by these factors and are ineffective at killing tumour cells. b | Inmunomodulatory drugs (IMiDs) directly kill certain
types of tumour cells or induce cell-cycle arrest. They also possess potent anti-angiogenic activity in vitro and this is likely to contribute to their antitumour effects
in vivo. IMIDS help to minimize metastasis by reducing the expression of pro-angiogenic cytokines, such as vascular endothelial growth factor, decreasing blood-
vessel density and affecting cell-adhesion molecules. Finally, IMiDs co-stimulate T cells and enhance antitumour immunity, which is mediated by T-helper-1-type
cytokines, such as interferon-y and interleukin-2. T-cell co-stimulation might overcome T-cell unresponsiveness and block tumour-cell-induced
immunosuppressive factors, allowing tumour-specific immune cells to destroy the tumour cells. IMiDs also co-stimulate yd T cells and enhance other innate
immune cells such as NK cells, which can enhance tumour-cell death.
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Clinical development of the IMiDs

The clinical development of the IMiDs has
been rather spectacular considering clinical
trials only began in 2000. The rapid emer-
gence of the IMiDs from the shadow of
thalidomide is indicative of the potential for
these compounds to treat conditions — in
particular some cancers — for which there
are few alternative therapeutic options.
CC-5013 is the lead IMiD being tested and
CC-4047 is also in clinical development.
These two compounds vary in the extent of
their co-stimulatory activity in vitro; CC-4047
is the more potent T-cell co-stimulator,
although they seem to have similar anti-angio-
genic activity. Variations in other factors, such
as pharmacokinetics and drug stability in
plasma, mean that CC-5013 and CC-4047
have different activity profiles and these are
likely to suit different disease types.

The first completed clinical trial of CC-
5013 in relapsed and refractory MM patients
was published in 2002 (ReF. 54; TABLE 1). NO
significant side effects such as those typified
by thalidomide treatment — somnolence,
constipation or neuropathy — were seen in
any patient. Interestingly, five of seven
patients who progressed during CC-5013
monotherapy then responded after CC-5013
plus dexamethasone, indicating that combi-
nation therapy could be effective. The initial
trial data indicated that further investigation
of this compound was warranted and, in
October 2001, CC-5013 was granted orphan-
drug status by the FDA. By mid-2002,
CC-5013 had entered Phase 11 studies in other
haematological cancers and, by early 2003,
CC-5013 had entered Phase I11 clinical trials
for metastatic malignant melanoma and
MM. In February 2003, based on initial
reports of efficacy, the FDA granted fast-track
status to CC-5013 for the treatment of
relapsed or refractory MM. Fast-track status is
designated to compounds that might provide
a significant improvement in the safety or
effectiveness of the treatment for a serious or
life-threatening disease. The use of CC-5013 is
now gathering momentum, with several other
CC-5013 studies now recruiting for patients
with glioma, leukaemia, lymphoma and solid
neoplasms (TABLE 1). The first published study
of CC-5013 in patients with solid tumours
indicates that it also has clinical activity in
patients with advanced and heavily pre-
treated metastatic malignant melanoma and
other solid cancers®. The primary objective of
this Phase | study was to assess the safety and
tolerability of CC-5013 and, in this regard,
there were no serious adverse effects attrib-
uted to treatment. Also, analyses of serum
cytokines and peripheral-blood cell-surface

markers showed conclusive evidence for
immune activation in all of the patients who
were tested.

In April 2003, fast-track status was also
granted for its use in the myelodysplastic
syndromes (MDS). These are a spectrum of
malignant disorders of blood-cell produc-
tion that can eventually lead to acute
leukaemia, which affect over 250,000 peo-
ple worldwide. At present, there is no FDA-
approved agent for the treatment of MDS.
However, it has become evident that
CC-5013 is highly effective at restoring red-
blood-cell production in this group of
patients. In fact, CC-5013 is the first ther-
apy that improves red-blood-cell produc-
tion in patients with MDS-related anaemia,
so they no longer have to rely on blood
transfusions. Even more remarkable is the
effect of CC-5013 on patients with 5g- syn-
drome (a type of MDS), in which treatment
seems to rid the patient of the effects of the
5g-chromosomal deletion that defines the
condition.

The IMiD CC-4047 has also been used to
treat patients with relapsed and refractory
MM, where it has been shown to have an
acceptable safety profile in a Phase I/11 trial®®.
This study highlighted that CC-4047 also has
antitumour activity and an acceptable toxic-
ity profile and should be evaluated in future
Phase Il studies in haematological and solid-
tumour malignancies. In the first quarter of
2003, a Phase Il study in metastatic hor-
mone-refractory prostate cancer was started.
The aim of this study is to evaluate the safety
and preliminary efficacy of CC-4047 for
treatment of this cancer.

Future directions

Thalidomide is now recognized as a clinically
effective drug because of its anti-angiogenic
and anti-inflammatory properties. This has
provided the rationale for developing struc-
tural IMiD analogues with increased potency.
The development of these compounds is
rather unusual because at the same time as
they are entering Phase 111 clinical trials,
much effort is being undertaken to define the
cellular targets and determine how they actu-
ally work, thereby reversing the natural drug-
discovery process. The IMiDs represent a class
of compound that is anti-angiogenic, has
direct antitumour effects and is both anti-
inflammatory (during monocyte/macrophage
activation) and T-cell co-stimulatory (during
partial T-cell activation; F1G.5). The IMiDs —
in particular the two lead compounds CC-
5013 and CC-4047 — have entered the clinic
for the treatment of various cancers, includ-
ing MM, MDS and malignant melanoma.

PERSPECTIVES

Initial clinical data indicate that IMiDs are
effective in the treatment of advanced cancers
and in patients who have received extensive
previous treatment that has been unsuccessful.

These compounds entered the cancer field
as anti-angiogenic drugs. However, single-
agent anti-angiogenic therapy has so far
proved disappointing and it is now widely
believed that, to be effective, anti-angiogenic
treatment — especially in the context of can-
cer — will regulate chronic, life-long therapy
to maintain disease control. It is now known
that thalidomide and its IMiD derivatives
also possess direct antitumour and co-stimu-
latory activity; this combination perhaps
explains their efficacy as single agents.
However, judicious combination therapy
with IMiDs and cytotoxic agents or other
anticancer agents could lead to additive or
synergistic interactions and also reduce the
possibility of chemical resistance. Further
investigation of the use of these compounds
in combination with existing therapies, such
as the chemotherapeutic agent dexametha-
sone (now underway in two key Phase I11 tri-
als) is also beginning to gain momentum and
early data are encouraging.

A possible role in enhancing protective
antitumour immunity might produce an
adjuvant effect in the context of a vaccination
regimen. This is supported by pre-clinical
in vivo data, but has yet to be explored in
patients. Also, the ability of IMiDs to activate
innate immune responses might be crucial to
the generation of effective adaptive anti-
tumour responses in vivo, although this area
remains relatively unexplored.

Although there is only limited data con-
cerning clinical efficacy of the IMiDs in the
literature, results are starting to emerge that
support their continued clinical development.
Both preclinical and initial clinical studies are
encouraging, but there is still much to learn
about the mechanisms of action of these
compounds and the cellular targets that char-
acterize their activities. Even so, the IMiDs
clearly represent an exciting new generation
of anticancer drugs. Definitive evidence of
clinical efficacy in Phase Il studies is eagerly
awaited and will hopefully be available by the
end of 2004.

Keith Dredge and Angus G. Dalgleish are at the
Department of Cellular & Molecular Medicine, St
George’s Hospital Medical School, Cranmer
Terrace, London, SW17 ORE, UK.

J. Blake Bartlett (previously J. Blake Marriott) is at
Celgene Corporation, 7 Powder Horn Drive,
Warren, New Jersey 07059, USA.

Correspondence to J.B.B.
e-mail: bbartlett@celgene.com

doi:10.1038/nrc1323

NATURE REVIEWS | CANCER

VOLUME 4 | APRIL 2004 | 321



PERSPECTIVES

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

2il,

22.

23.

24.

McBride, W. G. Thalidomide and congenital
abnormalities. Lancet 2, 1358 (1961).

Lenz, W. Thalidomide and congenital abnormalities.
Lancet 1, 45 (1961).

Fullerton, P. M. & Kremer, M. Neuropathy after intake
of thalidomide. Br. Med. J. 2, 855-858 (1961).
Sheskin, J. Thalidomide in the treatment of lepra
reactions. Clin. Pharmacol. Ther. 6, 303-306 (1965).
lyer, G. C. et al. WHO co-ordinated short-term double-
blind trial with thalidomide in the treatment of acute lepra
reactions in male lepromatous patients. Bull. World
Health Organ. 45, 719-732 (1971).

Marriott, J. B., Muller, G. & Dalgleish, A. G. Thalidomide
as an emerging immunotherapeutic agent. Immunol.
Today 583, 538-540 (1999).

Raje, N. & Anderson, K. Thalidomide — a revival story.

N. Engl. J. Med. 341, 1606-1609 (1999).

Hales, B. Thalidomide on the comeback trail. Nature
Med. 5, 489-490 (1999).

Sampaio, E. P. et al. The influence of thalidomide on the
clinical and immunologic manifestation of erythema
nodosum leprosum. J. Infect. Dis. 168, 408-414 (1993).
Gutierrez-Rodriguez, O. Thalidomide. A promising new
treatment for rheumatoid arthritis. Arthritis Rheum. 27,
1118-1121 (1984).

Atra, E. & Sato, E. |. Treatment of the cutaneous lesions
of systemic lupus erythematosus with thalidomide. Clin.
Exp. Rheumatol. 11, 487-493 (1993).

Hamza, M. H. Treatment of Behcet’s disease with
thalidomide. Clin. Rheumatol. 5, 365-371 (1986).
McCarthy, D. M., Kanfer, E. J. & Barrett, A. J.
Thalidomide for the therapy of graft-versus-host disease
following allogeneic bone marrow transplantation.
Biomed. Pharmacother. 43, 693-697 (1989).

Heney, D. et al. Thalidomide treatment for chronic graft-
versus-host disease. Br. J. Hematol. 78, 23-27 (1991).
Vogelsang, G. B. et al. Thalidomide for the treatment of
chronic graft-versus-host disease. N. Engl. J. Med. 326,
1055-1058 (1992).

Sampaio, E. P, Sarno, E. N., Galilly, R., Cohn, Z. A. &
Kaplan, G. Thalidomide selectively inhibits tumour
necrosis factor a production by stimulated human
monocytes. J. Exp. Med. 173, 699-703 (1991).
Lokensgard, J. R. et al. Effect of thalidomide on
chemokine production by human microglia. J. Infect. Dis.
182, 983-987 (2000).

Deng, L., Ding, W. & Granstein, R. D. Thalidomide inhibits
tumour necrosis factor-a production and antigen
presentation by langerhans cells. J. Invest. Dermatol.
121, 1060-1065 (2003).

Szlosarek, P. W. & Balkwill, F. R. Tumour necrosis factor a:
a potential target for the therapy of solid tumours. Lancet
Oncol. 4, 565-573 (2003).

Wettstein, A. R. & Meagher, A. P. Thalidomide in Crohn’s
disease. Lancet 350, 1445-1446 (1997).

D’Amato, R. J., Loughnan, M. S., Flynn, E. & Folkman, J.
Thalidomide is an inhibitor of angiogenesis. Proc. Nat!
Acad. Sci. 91, 4082-4085 (1994).

Tabin, C. J. A developmental model for thalidomide
defects. Nature 396, 322-323 (1998).

Parman, T., Wiley, M. J. & Wells, P. G. Free radical-mediated
oxidative DNA damage in the mechanism of thalidomide
teratogenicity. Nature Med. 5, 582-585 (1999).

Haslett, P. A, Corral, L. G., Albert, M. & Kaplan, G.
Thalidomide costimulates primary human T lymphocytes,
preferentially inducing proliferation, cytokine production,
and cytotoxic responses in the CD8* subset. J. Exp.
Med. 187, 1885-1892 (1998).

258

26.

27

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Moller, D. R. et al. Inhibition of IL-12 production by
thalidomide. J. Immunol. 159, 5157-5161 (1997).
Wolkenstein, P. et al. Randomised comparison of
thalidomide versus placebo in toxic epidermal necrolysis.
Lancet 352, 1586-1589 (1998).

Ruegg, C. et al. Evidence for the involvement of
endothelial cell integrin a, 3, in the disruption of the
tumour vasculature induced by TNF and IFN-y. Nature
Med. 4, 408-414 (1998).

Singhal, S. et al. Antitumour activity of thalidomide in
refractory multiple myeloma. N. Engl. J. Med. 341,
1565-1571 (1999).

Kumar, S. et al. Effect of thalidomide therapy on bone
marrow angiogenesis in multiple myeloma. Leukemia 18,
624-627 (2004).

Juliusson, G. et al. Frequent good partial remissions from
thalidomide including best response ever in patients with
advanced refractory and relapsed myeloma. Br. J.
Hematol. 109, 89-96 (2000).

Weber, D. Thalidomide and its derivatives: new promise
for multiple myeloma. Cancer Control 10, 375-382 (2003).
Garcia-Sanz, R. et al. The oral combination of
thalidomide, cyclophosphamide and dexamethasone
(ThaCyDex) is effective in relapsed/refractory multiple
myeloma. Leukemia 19 Feb 2004
(doi:10.1038/sj.leu.2403322).

Stebbing, J. et al. The treatment of advanced renal cell
cancer patients with high dose oral thalidomide. Brit. J.
Cancer 85, 953-958 (2001).

Gordon, R. et al. Current status of thalidomide and its
role in the treatment of metastatic prostate cancer. Crit.
Rev. Oncol. Hematol. 46, S49-S57 (2003).

Fine, H. A. et al. Phase Il trial of the antiangiogenic agent
thalidomide in patients with recurrent high grade gliomas.
J. Clin. Oncol. 18, 708-715 (2000).

Eisen, T. et al. Continuous low dose thalidomide: a
phase Il study in advanced melanoma, renal cell, ovarian
and breast cancer. Br. J. Cancer 82, 812-817 (2000).
Fanelli, M. et al. Thalidomide: a new anticancer drug?
Exp. Opin. Investig. Drugs 12, 1211-1225 (2003).
Kumar, S., Witzig, T. E. & Rajkumar, S. V. Thalidomide as
an anti-cancer agent. J. Cell. Mol. Med. 6, 160-174
(2002).

Marriott, J. B., Muller, G. W., Stirling, D. & Dalgleish, A. G.
Immunotherapeutic and anti-tumour potential of
thalidomide analogues. Exp. Opin. Biol. Ther. 1, 675-682
(2001).

Muller, G. W. et al. Structural modifications of
thalidomide produce analogs with enhanced tumour
necrosis factor inhibitory activity. J. Med. Chem. 39,
3238-3240 (1996).

Marriott, J. B. et al. CC-3052: a water soluble analog of
thalidomide and potent inhibitor of activation-induced
TNF-a production. J. Immunol. 161, 4236-4243 (1998).
Muller, G. W. et al. Amino-substituted thalidomide
analogs: potent inhibitors of TNF-a production. Bioorg.
Med. Chem. Lett. 9, 1625-1630 (1999).

Lentzsch, S. et al. S-3-Amino-phthalimido-glutarimide
inhibits angiogenesis and growth of B-cell neoplasias in
mice. Cancer Res. 62, 2300-2305 (2002).

Dredge, K. et al. Potent anti-angiogenic activity across
distinct classes of thalidomide analogues is independent
of immunomodulatory activity. Br. J. Cancer 87,
1166-1172 (2002).

Marriott, J. B. et al. Thalidomide and its analogues have
distinct and opposing effects on TNF-a and TNFR2
during costimulation of both CD4* and CD8"* T cells. Clin.
Exp. Immunol. 130, 75-84 (2002).

46.

47.

48.

49.

50.

il

7,

53.

54.

55.

56.

57.

LeBlanc, R. et al. Inmunomodulatory drug costimulates
T cells via the B7-CD28 pathway. Blood 103, 1787-1790
(2004).

Schafer, P. H. et al. Enhancement of cytokine production
and AP-1 transcriptional activity in T Cells by thalidomide-
related immunomodulatory drugs. J. Pharmacol. Exp.
Ther. 305, 1222-1232 (2003).

Dredge, K. et al. Protective anti-tumour immunity induced
by a costimulatory thalidomide analogue in an autologous
vaccination model of colorectal cancer is mediated by
increased Th1-type immunity. J. Immunol. 168,
4914-4919 (2002).

Davies, F. E. et al. Thalidomide and
immunomodulatory derivatives augment natural killer
cell cytotoxicity in multiple myeloma. Blood 98,
210-216 (2001).

Hideshima, T. et al. Thalidomide and its analogs
overcome drug resistance of human multiple myeloma
cells to conventional therapy. Blood 96, 2943-2950
(2000).

Hideshima, T. & Anderson, K. C. Molecular mechanisms
of novel therapeutic approaches for multiple myeloma.
Nature Rev. Cancer 2, 927-937 (2002).

Mitsiades, N. et al. Apoptotic signalling induced by
immunomodulatory thalidomide analogues in human
multiple myeloma cells: therapeutic implications. Blood
99, 4525-4530 (2002).

Gupta, D. et al. Adherence of multiple myeloma
cells to bone marrow stromal cells upregulates
vascular endothelial growth factor secretion:
therapeutic applications. Leukemia 15, 1950-1961
(2001).

Richardson, P. G. et al. Inmunomodulatory drug
CC-5013 overcomes drug resistance and is well
tolerated in patients with relapsed multiple myeloma.
Blood 100, 3063-3067 (2002).

Bartlett, J. B. et al. A phase | study to determine the
safety, tolerability and immunostimulatory activity of
thalidomide analogue CC-5013 in patients with
metastatic malignant melanoma and other advanced
cancers. Br. J. Cancer 90, 955-961 (2004).

Schey, S. A., Jones, R. W., Raj, K. & Streetley M. A phase |
study of an immunomodulatory drug (CC-4047), a
structural analogue of thalidomide, in relapsed/refractory
multiple myeloma. Exp. Hematol. 30, 280 (2002).

Eigler, A., Sinha, B., Hartmann, G. & Endres S. Taming
TNF: strategies to restrain this proinflammatory cytokine.
Immunol. Today 18, 487-492 (1997).

Competing interests statement
The authors declare competing financial interests: see web
version for details.

&) Online links

DATABASES

The following terms in this article are linked online to:
Cancer. gov: http://cancer.gov/

colorectal cancer | glioma | melanoma | multiple myeloma |
myelodysplastic syndromes | prostate cancer | renal cancer
LocusLink: http://www.ncbi.nlm.nih.gov/LocusLink/
CD28 | IL-12 | IL-6 | TNF-a | TRAIL | vascular endothelial
growth factor

OMIM: http://www.ncbi.nlm.nih.gov/entrez/query.
fcgizdb=OMIM

Behcet's disease | systemic lupus erythematosus

Access to this interactive links box is free online.

322 | APRIL 2004 | VOLUME 4

www.nature.com/reviews/cancer



	MDS.pdf
	Challenges in the Management of MDS
	BackgroundMyelodysplastic Syndromes
	Background Information (cont’d)
	French-American-British (FAB) Classification
	World Health Organization (WHO) Classification
	International Prognostic Scoring System (IPSS)
	IPSS (cont’d)
	National Comprehensive Cancer Network (NCCN) Treatment Guidelines: Supportive Care
	NCCN Guidelines: Low-Intensity Therapy
	NCCN Guidelines: High-Intensity Therapy
	Challenges in the Management of MDS
	The Use of CC-5013 (Revimid) in MDS
	CC-5013 (Revimid)Product Profile
	CC-5013 Mechanism of Action
	Mechanism of Action in MDS
	CC-5013 Effect on Malignant Myeloid Progenitors
	Phase I/II Study of CC-5013: List et al 2003
	Phase I/II Study of CC-5013: Cytogenetic and Pathologic Response
	Phase I/II Study of CC-5013: Toxicity
	Quality of Life/Cost Implications of CC-5013
	Quality of Life/Cost Implications of CC-5013 (cont’d)
	Accelerated Trials REVIMIDTM (CC-5013): Phase II Multicenter
	Pivotal Trials REVIMIDTM (CC-5013): Phase III   Special Assessment Protocol (SPA)
	Summary and Conclusions
	CC-5013 (Revimid) in MDS: Summary and Conclusions
	CC-5013 (Revimid) in MDS: Summary and Conclusions (cont’d)




