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Abstract

Immunomodulatory drugs (IMiDs) are thalidomide analogues, which possess pleiotropic anti-
myeloma properties including immune-modulation, anti-angiogenic, anti-inflammatory and anti-
proliferative effects. Their development was facilitated by an improved understanding in myeloma
(MM) biology and initiated a profound shift in the therapeutic approach towards MM. Despite the
diverse effects of IMiDs in vitro, the relative contribution of each effect towards their ultimate
anti-MM activity is still unclear. Based on in vitro data, it appears that anti-proliferative effects
and downregulation of crucial cytokines are their most important anti-MM attributes. Although the
co-stimulatory effects on T and NK cells have been heralded as a unique and important property
of IMiDs towards enhancing anti-MM immune activity, these in vitro effects have yet to be firmly
corroborated in vivo. Much is yet to be elucidated regarding the complex interplay of
immunomodulatory cytokines that occurs in vivo, which ultimately dictates the net effects of
IMiDs in MM—the understanding of which is necessary to facilitate optimal manipulation of
these drugs in future MM management.
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Introduction

In multiple myeloma (MM), the interplay between malignant plasma cells and their micro-
environment is crucial to tumour growth and progression. The notion that survival of
malignant cells is dependent on the microenvironment and evasion of the host’s anti-tumour
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immune response, is fundamental to the understanding of the role of the immunomodulatory
drug (IMiD) class. IMiDs are a group of compounds that are analogues of thalidomide, a
glutamic acid derivative with anti-angiogenic properties and potent anti-inflammatory
effects owing to its anti-tumour necrosis factor (TNF)a activity. Thalidomide analogues
were initially synthesized with the aim of optimizing both anti-TNFa and anti-angiogenic
properties while reducing toxicities. The two leading IMiD compounds, lenalidomide
(CC-5013; IMiD3; Revlimid) and pomalidomide (CC-4047; IMiD1; Acti-mid) were the first
to enter clinical trials in MM in 1999,1 and are now the subject of clinical evaluation in other
haematological malignancies.

The precise cellular targets and the exact mechanism of actions of IMiDs in MM remains
unclear, however preclinical studies have unveiled multiple effects including anti-
proliferative, T-cell co-stimulatory, anti-angiogenic and anti-inflammatory effects.2 Coupled
with our increased understanding of tumour immunology and the importance of tumour—
microenvironment interactions in many malignancies including MM, the discovery of this
class of drugs represents a major step forward in the progress in cancer treatment. Here, we
provide a review on the development of IMiDs, and explore their mechanisms of action,
with a particular focus on immune modulation including their effects on regulatory T cells
(Tregs), disruption of plasma cell (PC)-microenvironment interactions, and direct anti-
tumour effects.

Development of thalidomide analogues

Thalidomide (a-N-phthalimido-glutarimide), is a synthetic derivative of glutamic acid,
which was infamous for causing birth defects when used as an antiemetic in pregnancy in
the late 1950s and early 1960s. Despite its withdrawal from most markets at this point, it
was serendipitously found to be effective in the treatment of erythema nodosum leprosum, a
cutaneous inflammatory complication of leprosy characterized by high levels of serum
TNFa.2 Thalidomide’s ability to inhibit TNFa production by activated human monocytes
was subsequently shown in 1991.4 Apart from this anti-inflammatory property, thalidomide
was also found to have anti-angiogenic® and immunomodulatory properties including T-cell
co-stimulation, and activation of NK cells.® This resulted in a surge of interest in
thalidomide as a potential anti-cancer therapy upon a con-current appreciation of the role of
angiogenesis and tumour—microenvironment interaction in tumour growth. As such, a
formal medicinal chemistry programme was then initiated by the Celgene Corporation to
search for analogues with increased potency but less toxicity compared with thalidomide.
The two first-in-class IMiDs were lenalidomide and pomalidomide. Both are derived by
adding an amino group to the fourth carbon of the phthaloyl ring of thalidomide.
Pomalidomide essentially has a combined chemical structure of thalidomide and
lenalidomide (Figure 1).

The initial focus and primary selection of these thalidomide analogues was based on the
degree of their inhibition of TNFa production by activated human peripheral blood
mononuclear cells (PBMC).” These thalidomide analogues, called IMiDs (Celgene’s class of
immunomodulatory compounds) are not only up to 50000-fold more potent at TNFa.
inhibition in vitro compared with thalidomide, they are also much more potent than
thalidomide in their ability to co-stimulate T cells.8:? In the context of T-cell co-stimulation,
unlike monocytes, IMiDs conversely increase TNFa.® As such, the immunomodulatory
effects of IMiDs may vary in different diseases depending on the type of cell stimulated.

As anti-tumour agents, the emphasis in the development of lenalidomide and pomalidomide
focused not only on their immunomodulatory activities, but also on their ability to disrupt
tumour—microenvironment interactions and their improved direct tumour anti-proliferative
activity compared with thalidomide (Table 1).

Leukemia. Author manuscript; available in PMC 2014 February 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Quach et al.

Page 3

IMiDs and immune modulation in multiple myeloma Multiple myeloma induces immune

paresis

Survival of myeloma cells, as with other tumours, is partially facilitated by the impaired
endogenous immune surveillance against tumour antigens1® (Figure 2). Several mechanisms
may contribute to myeloma cell ‘tolerance’, including myeloma-derived cytokines such as
transforming growth factor (TGF)-$ (which suppresses B cells and T cells via inhibition of
IL-2 autocrine pathways!?), inadequate antigen presentation,2 resistance to NK cell lysis,
and defective T, B and NK cells.13:14 Impairment in both humoral and cellular immunity in
MM is associated with impaired B-cell differentiation and antibody responses, 1415 reduced
T-cell numbers specifically CD4* T cells,16:17 abnormal Th1/Th2 CD4+ T-cell ratio, 16
impaired cytotoxic T-cell responses,8 dysfunction of NK12 and NKT20 cells, and defective
dendritic cell (DC) function. Expression of co-stimulatory molecules on DC for example,
are reduced in patients with MM and are completely absent in progressive disease.1
Impairment of T-cell activation by DC is also mediated by MM-induced production of
TGFB,14 1L-10,14 IL-621 and VEGF,22 ultimately leading to poor antigen presentation and
suboptimal tumour-specific immune response. In addition, dysregulation of regulatory T
cells (Tyeg) have been reported, although the role of Tyeq in the pathophysiology of MM
remains unclear.17.23

Tregs are a group of immuno-suppressive T cells responsible for the maintenance of
peripheral tolerance, and have been implicated in the suppression of tumour immunity.24
They are CD4™ T cells expressing high levels of CD25, and with nuclear expression of
transcription factor forkhead box P3 (FOXP3).25 Tregs have been shown to inhibit tumour-
specific T-cell functions as well as the cytolytic effects of NK and CD8" T cells26:27 Their
expansion correlates to poor prognosis in some solid tumours.28 However, the situation is
less clear in lymphoproliferative disorders including MM.17:29 Unlike solid tumours,
decreased Tyeq have been associated with refractory disease, large cell transformation and
poor prognosis in follicular and Hodgkin’s lymphoma.39:31 Conflicting reports are seen for
MM patients. Some studies showed lower numbers and function of Foxp3 + Tyegs in MM
patients compared with healthy volunteers.17:23 This would also appear to correlate with the
notion that high IL-6 levels may downregulate Tyeg activity.32 However, other studies have
reported increased CD4 + CD25" Foxp3 + Treg with inhibitory functions in MM
patients.33:34 Possible confounding factors in these studies include the fact that Tregs Were
activated ex vivo before functional assessments, and uncertainty as to whether results are
confounded by the in vitro expansion of Tregs. Another caveat is that Tyegs quantification are
in percentages rather than absolute numbers, which may be misleading when there is a
marked reduction in CD4+ T cells, as may occur in MM.17 Furthermore, it is unclear
whether any or all of the MM patients included in these studies were on treatment at the time
of Treg assessments. Clearly, although normal Tiegs are important in the homoeostasis of
immune response following specific immunity, how their modulation effects myeloma
outcome remains uncertain. In any case, tumour-specific immune evasion represents one key
aspect in PC pathogenesis and proliferation, and an understanding of this may be critical in
facilitating the optimal use of IMiDs.

Immune modulation by IMiDs

In vitro studies have shown that IMiDs augment both the adaptive and innate immune
system via the co-stimulation of T cells and augmentation of NK and NKT cells. However,
the ultimate in vivo effects of IMiDs in MM may be more complex than that presented
below, depending on the types of stimulus and cytokine milieu present at the disease site.

Leukemia. Author manuscript; available in PMC 2014 February 12.
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IMiDs co-stimulate T cells

T-cell activation requires an antigen-specific T-cell receptor signal in conjunction with co-
stimulation provided by professional antigen-presenting cells. Thalidomide and IMiDs are
only able to stimulate T cells that have been partially activated by either anti-CD3 or DC;
their presence abrogates the requirement of a secondary co-stimulation signal from APCs to
allow T cell activation.3>36 In the presence of thalidomide, partially activated CD3 + T cells
selected from human PBMC had pronounced proliferation and enhanced production of Thl
type cytokines, IL-2 and IFNy compared with control.6:3% By contrast, Th2-type cytokines,
IL-4 and 1L-10 were downregulated.® Although it was initially shown that thalidomide-
induced co-stimulation occurred preferentially in CD8+ T cells, later reports showed that
both CD8+ and CD4+ T cells were equally stimulated.3> Compared with thalidomide,
lenalidomide is 50-2000 times more potent in inducing T-cell proliferation, and 300 to
>1200 times more potent in augmenting T-cell IL-2 and IFNy production.2:3%:37
Pomalidomide appears more potent than lenalidomide with regards to T-cell co-
stimulation,®38 and similarly increases Thi type cytokines while displaying inhibitory
effects on Th2-type cytokines.3? The clinical relevance of the higher in vitro potency of
pomalidomide compared with lenalidomide is unclear, given that the former is given at a
much lower dose in the clinical setting (maximal-tolerated dose 2 mg p.o. daily), resulting in
a plasma drug concentration 10-100 times lower compared with lenalidomide when this is
given at a dose of 25 mg p.o. daily.40

Importantly, the T-cell co-stimulatory effects of IMiDs were confirmed in an in vivo setting,
whereby IMiDs were shown to enhance tumour-specific Thl-type immune response
following tumour cell vaccination. Using an autologous colorectal cancer and an allogeneic
melanoma murine model, it was demonstrated that tumour cell vaccination provided partial
immunity from a subsequent live challenge with tumour cells, and that this protection was
strongly enhanced by the incorporation of pomalidomide into the vaccination protocol.3?
The presence of pomalidomide was associated with enhanced tumour-specific generation of
IFN-y and 1L-2 from both CD4 and CD8T cells (mainly CD4 +).3? At this point it should be
noted that there is a difference between the metabolism of thalidomide between humans and
rodents; active hydroxylated thalidomide metabolites are produced in humans, but not in
rodents, possibly explaining the greater in vivo efficacy of thalidomide in humans.4!
Conversely, metabolism of lenalidomide and pomalidomide, does not appear to contribute to
species differences in their pharmacological activity.

In MM, the degree of which IMiDs can improve the inherent immunoparesis is not clear,
and dissecting out this issue is compounded by the common use of the immunosuppressant
dexamethasone in combination with thalidomide or lenalidomide in the treatment of MM.
Certainly, T and B lymphocytes remain significantly depressed in MM patients who
responded to lenalidomide—dexamethasone combination,*2 and there is emerging evidence
that NK cell function declines with treatment.#344 Whether this can be attributed solely to
the concomitant use of dexamethasone, or whether the inherent dysfunctional T, B and NK
cells in MM patients have a contributory role, is currently unclear.

The precise targets and mechanism by which IMiDs induce T-cell proliferation and
activation is unknown. The mechanism of T-cell co-stimulation by the IMiDs involves
enhanced transcriptional activity of activated protein-1 (AP-1), a key driver for IL-2
production.®-38 Pomalidomide was shown to enhance the DNA-binding activity of AP-1 but
not nuclear factor (NF)-kB, Octomer-1 (OCT-1), or nuclear factor of activated T cells.*>
Treatment of T cells by lenalidomide also results in increased tyrosine phosphorylation of
CD28 on T cells,3°:36:46 and activation of the PI3K-signalling pathway and the nuclear
translocation of the transcription factor nuclear factor of activated T cells -2,35:36.46
Recently, the T-cell signalling adapter protein CD3-epsilon-associated protein has been
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shown to be required for lenalidomide-induced IL-2 upregulation in both primary human T
cells and the Jurkat cell line.4” This increased transcription and production of IL-2 in turn,
promotes NK cell proliferation and function, thus also enhancing the activity of the innate
immune system,3%:36.46

IMiDs alter FOXP3 + regulatory T cells

Interestingly, despite increased IL-2, it has been suggested that IMIDs inhibit IL-2-mediated
generation of Tyegs. In a recent study, when a PBMC population was maintained in IL-2 over
a period of 7 days, the addition of lenalidomide (IC5¢ 10M) or pomalidomide (IC5q 1 M)
in the incubation significantly decreased the proportion/number of Tyegs in the population,
compared with untreated controls. This was associated with a downregulation of the Tyegs
transcription factor, FOXP3, by up to 50% among the purified Tyeq population. Similar
observations were seen with regard to Tyeg suppressor function. In contrast to their
derivatives, thalidomide had no effect on Tyeq.48

Perceivably, IMiDs-mediated Tyeq suppression may help to promote tumour-specific
immunity and improve tumour control. However, this concept does not explain reports of a
relative increase in Tyeg NUmbers towards normal values in MM patients who are responding
to treatment with lenalidomide or thalidomide, where previous values were markedly
suppressed.17:34 One explanation is that the effects of lenalidomide in vitro are likely to be
considerably less complex than that seen in vivo, in which IL-6 can inhibit Tyegs in the
setting of progressive disease, and in which the complex cytokine milieu needs to be taken
into consideration.32 Furthermore, as Treg are actively sequestered within the tumour
microenvironment by chemokines including stromal-derived factor-1a (SDF-1a.),° their
peripheral blood quantification during disease states may not be representative of total Tyeg
numbers. A recent report of the ability of lenalidomide to downregulate CXCR4, a receptor
for SDF-1a, provides another feasible explanation to the mobilization of Tyegs from the
tumour micro-environment into the periphery, thus accounting for their increased numbers
in the setting of a treatment with IMiDs. Future studies assessing the ‘absolute’ quantity and
function of Tyegs in both bone marrow/tumour microenvironment and peripheral blood, in an
in vivo setting, in patients treated with IMiDs are clearly required. Ideally this should be
measured in patients naive to previous immunomodulatory drugs, with observations made
before and after subsequent treatment with these agents.

IMiDs enhances NK and NKT cells

The effects of IMiDs on the innate immune system, via enhancement of y8T cells, NK cells,
and NKT cell function have been well documented.3546:50 NKT cells are T lymphocytes
which bear NK cell surface markers and recognizes glycolipid antigens (such as a-GalCer)
in the context of the major histocompatibility class I-like CD1d molecules.?® Their anti-
tumour effects involve direct cytotoxic properties, IFNy production and activation of NK
cells and DC. Normally, DCs loaded with the NKT ligand a-GalCer can activate and expand
NKT cells; the addition of lenalidomide not only increases the degree of DC-induced NKT
cell expansion, but also NKT cell secretion of IFNv.52 NKT cell expansion in turn, partially
accounts for the activation and proliferation of NK cells associated with IMiDs®3 and
perhaps also CD4 and CDS8T cells.

NK cells have an important role in innate immunity, in killing both tumour and virus-
infected cells. Thalidomide, lenalidomide and pomalidomide can increase NK cell
proliferation with subsequent enhanced death of MM cell lines and primary patient cancer
cells in the presence of 1L-2;3° however, only lenalidomide and pomalidomide (but not
thalidomide) have been shown to enhance antibody-dependent cellular cytotoxicity (ADCC)
and natural cytotoxicity of NK cells in addition to their increase in proliferation.*6:>4 ADCC

Leukemia. Author manuscript; available in PMC 2014 February 12.
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is a process whereby immunoglobulins attached to tumour antigens activate Fc-y receptors
on NK cells. This cross-linking triggers tumour cell cytotoxicity via perforin and granzymes
released by NK cells, as well as tumour cell apoptosis induced by death ligands: FasL (Fas
ligand) and TRAIL (tumour necrosis factor-related apoptosis-inducing ligand) that are
expressed on some NK cell populations. The enhanced NK cell ADCC in the presence of
lenalidomide and pomalidomide corresponds to increased NK cell FasL and granzyme B
(but not perforin) expression.>

Through ADCC augmentation, IMiDs also enhance the cytotoxicity effects of monoclonal
antibodies (of IgG1 isotype) including anti-CD40mAb (SGN-40)°° and anti-CD20mAb
(rituximab). lenalidomide’s augmentation of NK cell-specific death of rituximab-coated
CD20 + cell lines was shown to be associated with increased NK cell expression of IL-8,
MCP-1 and GM-CSF and decreased IL-6 expression.>* More recently, however,
lenalidomide was shown to downregulate CD20 surface antigens in chronic lymphocytic
leukaemia resulting in a net diminished rituximab-mediated ADCC.56 Thus, lenalidomide’s
net effects on ADCC are at present not fully understood and may be disease specific. It is
interesting to note that the in vitro augmentation of ADCC on NK cells by IMiDs requires
both antibody (Ab) binding to Fc-vy receptors on NK cells, as well as the presence of
IL-2.46:55 The presence of either IL-2R Ab, or cyclosporin-A have previously been shown to
abrogate IMiDs-induced NK cell-mediated cytotoxicity, thus showing that IMIDs-induced
proliferation and activation of NK cells is indeed IL-2 dependent.4

Overall, in vitro studies so far support that IMiDs stimulate T cell and NKT cell production
of IL-2 and IFNY, resulting in potentiation of NK-cell proliferation and cytotoxicity (Figure
3). NK cells in turn produce T-cell- and DC-recruiting cytokines including monocyte
chemotactic protein (MCP-1) and granulocyte macrophage colony-stimulating factor (GM-
CSF) in response to Ab-coated target cells.>” This results in further chemotactic attraction of
tumour-specific T cells in the presence of IMiDs.

IMiDs and the microenvironment in multiple myeloma Tumour—microenvironment
interactions in multiple myeloma

Apart from immune evasion, plasma cell (PC)-bone marrow stromal cells (BMSC)
interactions are now recognized as critical to PC survival. The initial homing of malignant
PCs to the BM is mediated via the interaction between the chemokine SDF (stromal-derived
growth factor)-1a within the BM and the chemokine receptor CXCR4 on PCs.%8 SDF-1a,
upregulates PC adhesion to BMSC via modulation of adhesion molecules including VLA-4
(very late antigen) and LFA-1 (leukocyte function-associated antigen) on PC and VCAM-1
(vascular cell adhesion molecule) and ICAM-1 (intercellular adhesion molecule) on BMSC.
PC adhesion to ECM proteins is mediated via syndecan-1 (CD138) and VLA-4 on PC to
collagen and fibronectin. These interactions not only entrench PCs securely in the
microenvironment, but also results in NF-xb activation and the production of cytokine and
adhesion molecules necessary for PC growth.

NF-xB is a transcription factor that has important growth and anti-apoptotic roles in both
normal and malignant cells.5® In MM, NF-xB activation induced by PC-BMSC binding
results in both the upregulation of intracellular adhesion molecules® and transcription of a
myriad of cytokines including: vascular endothelial growth factors (VEGF), basic fibroblast
growth factors (BFGF), TGF-B, TNFa, insulin like growth factor-1, interleukin (IL)-10 and
IL-6, which all cooperate to promote PCs proliferation.®1 Importantly, IL-6, a critical growth
factor for normal B-cell and PC development, is further upregulated by VEGF, TGFp and
TNFa.52:63 This in turn promotes production, from BMSC, of further TNFa and the
angiogenic factors VEGF and BFGF in a dose-dependent manner. Overall, PC-BMSC-
induced cytokines provide a positive feedback loop for further PC growth and survival.

Leukemia. Author manuscript; available in PMC 2014 February 12.
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A number of signalling pathways that are involved with the above process have been
elucidated. Binding of the above cytokines to their respective receptors on PCs triggers a
number of proliferative/anti-apoptotic signalling pathways including MAPK (Ras/Raf/
mitogen-activated protein kinase), JAK (Janus kinase)/STAT (signal transducers and
activators of transcription), IKK (I1xB kinase)-a/NF-xf and P1-3K (phosphatidylinositol-3
kinase)/Akt pathways.64-66 These signalling cascades culminate in increased transcription of
anti-apoptotic molecules including cyclin D1, Bcl-2 family members, and caspase inhibitors
such as FLIP (FLICE inhibitor protein) and clAP-2 (cellular inhibitor of apoptosis protein
2). They also promote the autocrine secretion of VEGF and IL-6 from PC, which in turn
further upregulate cytokine production and adhesion molecules expression from BMSCs.57
These bi-directional PC-BMSC interactions ultimately result in a vicious cycle with ongoing
cytokine production and PC proliferation (Figure 4).

IMiDs mediate disruption of myeloma cell-microenvironment interactions

Disruption of the MM-microenvironment interactions by IMiDs have a major role in their
anti-myeloma activity and is mediated via several mechanisms including anti-angiogenesis,
anti-inflammatory effects, modulation of cytokine production and downregulation of
adhesion molecules.

IMiDs possess anti-angiogenic properties

The relative importance of anti-angiogenesis in MM treatment is uncertain. Although
increased micro-vascular density correlates with MM progression, reduction in micro-
vascular density and plasma VEGF levels are not always seen with thalidomide response in
relapsed MM.®8 All IMiDs have anti-angiogenic activity although it is generally considered
that thalidomide has predominant anti-angiogenic activity whereas lenalidomide and
pomalidomide have far greater immune enhancing effects.9 It is interesting to note that the
anti-angiogenic effects of thalidomide are mediated through its hydroxylated metabolites,”?
the formation of which are species specific, and are seen in humans and rabbits but not in
rats. This possibly accounts for the lesser in vivo sensitivity to thalidomide-induced
teratogenicity in rats compared with rabbits and humans. It appears that anti-angiogenesis
occurs via the modulation of chemotactic factors involved in endothelial cell migration
including TNFa, VEGF and BFGF from BMSCs rather than a direct inhibition of endothelial
cell proliferation.69 Certainly, when MM cell lines were allowed to adhere to BMSC, an
increased secretion in VEGF and BFGF (from both MM cells and BMSC) were seen, that
was abrogated by the addition of thalidomide or pomalidomide in the in vitro culture
system.53 IMiDs-induced anti-angiogenesis appeared to correlate with a reduction in Akt
phosphorylation in response to both VEGF and BFGF,’! suggesting the interference of the
PI3K/Akt-signalling pathway as a mode of action. Importantly, the ability to inhibit VEGF
and BFGF production by IMiDs is likely to have multiple effects beyond that of anti-
angiogenesis as these growth factors have multiple other biological effects including
upregulation of pro-inflammatory cytokines, including 1L-6 production by BMSC.62:72

IMiDs possess anti-inflammatory properties

The relative contribution of anti-inflammatory properties of IMiDs towards their anti-
myeloma activity is uncertain. Many cytokines inhibited by IMiDs have dual pro-
inflammatory and pro-myeloma properties. For example, cyclo-oxygenase (COX)-2 is
involved in the pathogenesis of various cancers including myeloma.”3:74 COX-2 catalyses
arachidonic acids into various pro-inflammatory prostaglandins (PG), one of which is PG-E,
which promote tumour angiogenesis and IL-6 production.”® Indeed COX-2 inhibitors may
have a potential therapeutic role in MM as they can induce apoptosis in MM cell lines.”#:76
Thalidomide, lenalidomide and pomalidomide are all able to inhibit the expression of
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COX-2, but not COX-1 enzymes, in stimulated PBMCs.”” These drugs shorten the half-life
of COX-2 mRNA in a dose-dependent manner, with a net reduction in PGE, production.
IMiDs-mediated reduction in COX-2 expression is dependent on IMiDs-induced increase in
IL-10 because addition of anti-IL-10 neutralizing antibody counteracted IMiD-mediated
inhibition of COX-2.

Outside the context of anti-myeloma activity, IMiDs have other broad anti-inflammatory
properties including: inhibition of macrophage inflammatory protein-a and GM-CSF® and
downregulation of TNFa production from LPS-stimulated monocytes.3” Compared with
thalidomide, inhibition of TNFa was 2000-fold more potent with lenalidomide and 20000-
fold more potent with pomalidomide’8 (Table 1). IMiDs therefore have significant
therapeutic potential in inflammatory conditions including Crohn’s and rheumatoid
arthritis.”®

IMiDs downregulate adhesion molecules

Adhesion molecules that facilitate PC-BMSC interactions, are upregulated by TNFa.
Inhibition of TNFa by IMiDs ultimately inhibit a positive feedback loop, which upregulates
expression of cell surface adhesion molecules on both BMSC and PC, including LFA-1,
ICAM-1, VCAM-1 and VLA-4.5080 |mportantly, the downregulation of PC adherence to
BMSCs results in reduction in pro-survival cytokines produced by BMSCs. In this respect,
IMiDs can overcome the cellular adhesion-mediated drug resistance by malignant PCs.81

IMiDs possess anti-osteoclastogenic properties

Although the clinical evidence for the protective effects of IMiDs on MM-related bony
disease is not strong, there is emerging data regarding their anti-osteoclastogenesis potential
in vitro. Indeed the direct inhibition of osteoclasts maturation by IMiDs have been
demonstrated in a dose-dependent manner.82 Inhibition of osteoclast-mediated bone
resorption was associated with a reduction in the osteoclast expression of Cathepsin K—a
protease involved in the bony matrix degradation, and aVp3-integrin, a marker of OCL
differentiation.83 These are probably a result of downregulation of important transcription
factors including PU.1, which is important in the formation of osteoclast precursors.82:84
Unlike proteasome inhibitors, IMiDs have not been shown to stimulate osteoblasts.8°

Direct anti-tumour effects of IMiDs

Apart from modulation of the microenvironment and immune response, IMiDs also exert
direct anti-proliferative effect on PC via inhibition of the cyclin-dependent kinase pathway,
activation of Fas-mediated cell death, and downregulation of anti-apoptotic proteins. In one
study, the inhibition of MM cell proliferation by various IMiDs occurred at IC50 of 0.1-1.0
1M, which are readily achievable in serum levels.86 Dexamethasone synergises the anti-
proliferative effects of IMiDs whereas the addition of exogenous IL-6, a specific inhibitor of
dexamethasone-induced apoptosis, mitigated the inhibition of DNA synthesis.8® The IMiD-
treated cell lines in this study were demonstrated to be in G1 cell cycle arrest with
subsequent apoptosis. In most tumour cell lines examined thus far, lenalidomide induces
expression of the cyclin-dependent kinase inhibitors p21, p27 and p15, the early growth
response genes Egr-1, 2 and 3, and SPARC (Secreted protein acidic and rich in cysteine).43
The upregulation of p21 by lenalidomide in MM and lymphoma cells results in the
inhibition of cyclin-dependent kinase activity and reduced phosphorylation of the
retinoblastoma proteins, thereby causing cell cycle arrest in GO/G1 phase. SPARC
upregulation was observed in lenalidomide-treated erythroblasts from MDS patients with
del5q cytogenetic abnormality,8 as well as in IMiD-treated MM cells. The involvement of
various tumour suppressor genes in the mechanism of IMiD-induced cell cycle arrest and
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apoptosis suggests that the anti-proliferative activity of IMiDs is dependent upon changes in
gene expression.

After long-term treatment of MM cells with IMiDs, it was demonstrated that IMiDs
treatment downregulated the activity of the transcription factor, NF-xB in myeloma cell
lines. This in-turn resulted in reduced expression of anti-apoptotic proteins including clAP2
(cellular inhibitor of apoptosis protein 2)8 and FLIP (FLICE inhibitor protein).89 These
anti-apoptotic proteins were previously shown to inhibit caspase-8 activation,?%-91 and
indeed, both lenalidomide, pomalidomide, and to a lesser extent, thalidomide were able to
induce caspase-8 in both MM cell lines and patients’ MM cells (Figure 5). Activation of
caspase 3, 8 and 9 was observed in various MM cell lines? suggesting a degree of
heterogeneity in the tumour cell response to IMiDs. The caspase-8-dependence of IMiD-
induced cell death was shown by the fact that addition of specific caspase 8 inhibitor, but not
caspase-9 inhibitor, attenuated the apoptosis in one cell line (MM.1S). As expected, IMiDs
synergises the pro-apoptotic effect in MM cells when combined with other activators of
caspase-8, including Fas and TRAIL/Apo2L. Synergism in apoptosis was also demonstrated
when IMiDs were used in combination with dexamethasone and proteasome inhibitors,
using the latter’s predominantly caspase-9-dependent apoptotic activity (Figure 5), and this
synergy has also been demonstrated in the clinical setting.

The introduction of IMiDs has coincided with the beginning of a major shift in the
understanding of effective anti-cancer treatments. Anti-cancer therapy is moving towards a
three-pronged approach: induction of direct tumour cell apoptosis, interference with the
tumour cell-microenvironment interactions, and enhancement of anti-tumour immune
response. The multifaceted actions of IMiDs (Table 1) explain their efficacy as single agents
or as combination partners in which capitalization on synergistic antitumour mechanisms is
possible, not only against MM but other malignancies including MDS, CLL and potentially
in a range of solid tumours. As anti-myeloma agents, perhaps the most important mechanism
of actions of IMiDs are their anti-proliferative effects and their disruption of MM-BMSC
interactions, as many have irrefutably shown their ability to downregulate crucial cytokines
and growth factors necessary for myeloma growth. Naturally, the immunomodulatory
properties of IMiDs, as shown in vitro could also be important and distinguishes the IMiDs
as uniquely positioned to enhance immune-mediated anti-tumour activity. However, these
changes have not been firmly correlated with clinical outcome or fully corroborated with in
vivo changes in patients receiving these drugs—in which complex cytokine and cellular
interactions may well dictate the ultimate immune effects of IMiDs. Although anti-
angiogenesis is a potent property of IMiDs, the importance of this attribute in anti-MM
activity may be of lesser importance. No clinical studies to date have examined the bone
marrow anti-angiogenic effects of lenalidomide or pomalidomide in MM patients, although
in del5g MDS patients who respond to lenalidomide therapy, a decrease in bone marrow
micro-vascular density has been reported.

Despite our improved understanding of some of the mechanisms of action of IMiDs, many
questions remain unanswered. For example, are the diverse effects of IMiDs necessarily
always cooperative in their anti-tumour actions in an in vivo setting, and do these agents
have divergent effects in different disease setting? The fact that dose response in different
disease settings varies, implies that this may be the case. Ultimately, MM remains an
incurable disease. Future advances in the use of these agents in MM will aim to optimize the
‘three pronged approach’ by exploring synergies between IMiDs, other novel therapeutic
agents and conventional chemotherapies.
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Figure 1.

Chemical structure of thalidomide and its analogues, lenalidomide (CC-5013) and
pomalidomide (CC-4047). The two first-in-class immunomodulatory drugs were
lenalidomide and pomalidomide. Both are derived by adding an amino group to the fourth
carbon of the phthaloyl ring of thalidomide. Pomalidomide essentially has a combined
chemical structure of thalidomide and lenalidomide.
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Figure 2.

Multiple Myeloma induces immunoparesis. Plasma cell derived cytokines including
transforming growth factor (TGF)-B, interleukin (IL)-10, IL-6 and VEGF mediate
suppression of B and T lymphocytes, and impair T-cell co-stimulation by dendritic cells
(DC), ultimately leading to poor tumor-specific immune response.
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Summary of the immunomodulatory effects of immunomodulatory drugs. BMSC: bone
marrow stromal cells; APC: antigen-presenting cells; IL: interleukin; TGF: transforming
growth factor; TNF: tumor necrosis factor; VEGF: vascular endothelia growth factor;
ADCC: antibody-dependent cellular toxicity; MHC: major histocompatibility complex;
TCR: T cell receptor; NF-xB: Nuclear factor kappa B; P13k: phosphoinositide 3-kinase;
NFAT: nuclear factor of activated T cell; IFN: interferon; NK: natural Killer.
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Figure4.

Disruption of plasma cell-microenvironment interactions by immunomodulatory drugs.
Anti-myeloma activity is mediated via downregulation of adhesion molecules, cytokine
modulation, anti-angiogenesis, anti-osteoclastogenesis, as well as having direct anti-
proliferative effects on malignant plasma cells.
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Inhibition of caspase-8 by IMiDs. TNF: tumor necrosis factor, TRAIL: TNF-related

apoptosis-inducing ligand; FasL: Fas ligand; NF-xB: Nuclear factor kappa B; IL:interleukin;
IGF: insulin-like growth factor.
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Table 1

Summary of the major mechanisms of action of ImiDs
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Effect

Mechanism

Relative potency+ = potency factor of 10

Thalidomide Lenalidomide

Pomalidomide

Immune modul ation

CD4+ and CD8+
T-cell co-stimulation

Tregs suppression

Th1 cytokine production

NK and NKT cell activation

Antibody-dependent cellular
cytotoxicity (ADCC)

T-cell co-stimulation is associated + ++++
with:

- Increased tyrosine
phosphorylation of CD28
on T cells and activation of
P13-K-signalling pathway.

- Enhanced transcriptional
activity of activated
protein (AP)-1, a key
driver for IL-2 production.

Lenalidomide and pomalidomide - +
inhibits Treg expansion and FOXP3

expression on Treg but do not affect

Treg survival and apoptosis.

No effects are seen on Tregs’
expression of 1L-10 and TGFp.

The co-stimulation effect of IMiDs on + ++++
T cells and NKT cells result in an

increased production of Thl-type

cytokines, IL-2 and IFNy.

IMiDs enhances the degree of DC- + ++++
induced NKT cell expansion, and NKT
cell secretion of IFNy.

ImiDs-induced NK cell activation is
mediated via an increase in IL-2 (from
T-cell co-stimulation).

Enhanced NK cell ADCC in the - ++++
presence of lenalidomide and

pomalidomide corresponds to

increased NK cell FasL and granzyme

B, but not perforin expression.

Interference with tumour micro—environment interactions

Anti-angiogenesis

Anti-inflammatory properties

IMiDs inhibits endothelial sprout +H++ +++
formation and vessel migration in vitro
models.

Anti-angiogenesis occurs via
modulation of chemotactic factors
involved in endothelial cell migration
including TNFa, VEGF and BFGF
secreted by BMSC, rather than direct
inhibition of endothelial cell
proliferation.

Thalidomide, lenalidomide and + ++++
pomalidomide downregulate TNFa

from LPS-stimulated monocytes,

shorten the half life of COX-2 mRNA

in a dose-dependent fashion, which

resulted in net reduction in PGE,.
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Effect

Mechanism

Relative potency+ = potency factor of 10

Thalidomide Lenalidomide Pomalidomide

Downregulation of adhesion
molecules

Anti-osteoclastogenic properties

Direct anti-tumour effects

Anti-proliferative activity

. The exact ligand-mediator or
signalling pathway involved with this
is uncertain.

. IMiDs downregulate expression of
surface adhesion molecules on both
plasma cells and PBMC, partially via
the downregulation of TNFa.

. IMiDs downregulate osteoclastogenic
mediators production from BMSC,
including IL-6, TNFa, MIP1-a and
RANKL.

. IMiDs directly inhibit osteoclast
maturation.

. IMiDs inhibit Wnt/B-catenin signalling
pathway, which is associated with
osteoblastogenesis, via the activation
of DKK1, a negative regulator of Wnt
signalling.

. IMiDs induce cyclin-dependent kinase
(CDK) inhibitors: p21, p27 and p15,
which result in inhibition of CKD
activity causing cell cycle arrest in the
G0/G1 phase of the cell cycle.

. IMiDs induce changes in expression of
early growth response genes (Erg)-1, 2
and SPARC (Secreted protein acidic
and rich in cysteine).

. IMiDs downregulate NF«xB with
subsequent reduction in expression of
anti-apoptotic proteins including
clAP2 and FLIP.

. IMiDs variably inhibit caspase 3, 8 and
9.

+ +++ +++
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