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Characteristics of thalidomide and the IMiDs
lenalidomide and pomalidomide
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Table 1

Characteristics of thalidomide and the immunomodulatory compounds lenalidomide and pomalidomide.7–11
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Fig. 1. Lenalidomide has a dual mechanism of action involving a direct tumoricidal
activity that leads to multiple myeloma cell death, and an immunomodulatory
effect that keeps the tumor in remission and improves immune function. These
dual effects make lenalidomide an optimal foundation therapy for the necessary
long-term treatment of multiple myeloma. © Celgene Corporation.

The bone marrow microenvironment comprises a complex array
of physical and soluble factors that interact to promote MM cell
growth and survival, and may contribute to minimal residual
disease and the development of acquired drug resistance.19–21

Physical constituents of the bone marrow include extracellular
matrix glycoproteins and bone marrow stromal cells (BMSCs). The
extracellular matrix glycoprotein fibronectin has been shown to
control MM cell growth and survival, and plays a key role in cell-
adhesion-mediated drug resistance of MM cells.19,20 Fibronectin
adhesion activates a4b1 and a5b1 integrins, and signaling via
these integrin complexes confers resistance to several pro-apoptotic
effectors, including chemotherapeutic drugs and death receptor
activation.19,20 Adhesion of MM cells to BMSCs also induces secretion
of interleukin (IL)-6.21–23 IL-6 is known to mediate both MM cell
proliferation and the inhibition of Fas-induced apoptosis.22,24 In
a recent study using four MM cell lines, concomitant exposure
to IL-6 and fibronectin adhesion increased signal transducers
and activators of transcription (STAT) 3 phosphorylation, nuclear
translocation, and DNA binding – all of which are known to
lead to the transactivation of genes involved in proliferation,
differentiation, and survival.20 IL-6 also enhances the production
and secretion of vascular endothelial growth factor (VEGF) by MM
cells and vice versa.21–23 VEGF plays a role in tumor cell migration,
growth, and survival, and enhances microvascular density, which
correlates with disease progression and poor prognosis.13,21,22

Disruption of stromal support in myeloma is, therefore, an im-
portant treatment strategy. IMiDs® immunomodulatory compounds
have been shown to decrease the upregulation of IL-6 and VEGF
secretion induced by MM and BMSC interactions;9,23 this may
lead to disruption of stromal support and have subsequent effects
on MM cell migration, growth, and survival. A preclinical study
suggests that elotuzumab, a humanized antibody against CS1 (the
cell surface glycoprotein), can overcome cell-adhesion-mediated
drug resistance by altering extracellular-signal-regulated kinase
(ERK) 1/2 signaling of MM cells and osteoclasts.25 Furthermore,
in a recent phase I/II study, elotuzumab (5, 10, or 20mg/kg) in
combination with lenalidomide 25mg (days 1–21 of a 28-day cycle)
plus dexamethasone 40mg/week had an objective response rate
(defined as partial response [PR] and very good partial response
[VGPR]) of 82% and an overall response rate of 95% in lenalidomide-
naive patients,26 suggesting a combined beneficial effect on adverse
stromal interactions.

In addition to altering the bone marrow microenvironment,
IMiDs® immunomodulatory compounds have a direct effect on the
proliferation of MM cells via upregulation of tumor suppressor
genes.9,14,18 In a study by Gandhi et al., lenalidomide-mediated
growth inhibition was accompanied by induction of the cyclin-
dependent kinase (CDK) inhibitors p15, p16, p21, and p27, and
the early-response transcription factors Egr1, Egr2, and Egr3, in
cells derived from patients with MM.14 Lenalidomide also induced
p15, p21, Egr1, Egr2, and Egr3 expression in several MM cell
lines. Moreover, lenalidomide in combination with dexamethasone
synergistically upregulated these tumor suppressor genes, resulting
in inhibition of retinoblastoma protein phosphorylation, G0/G1 cell-
cycle arrest, and apoptosis.

Verhelle et al. investigated the effects of lenalidomide and
pomalidomide on proliferation of two myeloma cell lines (LP-1
and U266), the Namalwa lymphoma cell line, and normal
CD34+ progenitor cells.18 In cancer cell lines, both IMiDs®

immunomodulatory compounds inhibited proliferation, which was
associated with upregulation of p21 and inhibition of CDK activity,
leading to retinoblastoma hypophosphorylation and G0/G1 cell-
cycle arrest. In contrast, treatment of normal CD34+ cells with
these compounds led to p21 upregulation without CDK inhibition,
and there was significant expansion of normal CD34+ progenitor
cells. These findings may help explain the differential selective
effects of lenalidomide on malignant cells (tumoricidal effect) and
their normal counterparts (absence of suppression of bone marrow
progenitor cells). Such effects have been demonstrated in patients
with myelodysplastic syndrome where lenalidomide was shown

Davies F, Baz R. Blood Reviews 24 Suppl. 1 (2010) S13–S19
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Schematic model of cereblon (CRBN) binding
resulting in pleiotropic activity of novel drugs
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Cereblon: cellular functions
• Cereblon on chromosome 3  was first described as associated

with human cognitive functions (Cerebral protein with Lon
protease)
• Functions in the brain as an ionic channel regulator

• Highly conserved from plants to humans, broadly expressed
• Regulates AMP kinase in insulin resistance, obesity

• Forms an E3 ubiquitin ligase complex with DDB1 (Damage
Specific DNA Binding Protein 1), Cul4A (ubiquitin ligase
component of a multimeric complex involved in the 
degradation of DNA damage-response proteins), Roc1 
(regulator of cullins-1).
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Lenalidomide induces degradation of IKAROS family zinc finger 
proteins (IKZF1/3) hematopoietic-specific transcription factors
involved in the regulation of lymphocyte development
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Cereblon levels are highest in MM, 
leukemias, and neuroblastoma
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Lenalidomide-resistant multiple myeloma
cells lack cereblon
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Lenalidomide has tumoricidal activity and 
immunomodulatory effect
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Fig. 1. Lenalidomide has a dual mechanism of action involving a direct tumoricidal
activity that leads to multiple myeloma cell death, and an immunomodulatory
effect that keeps the tumor in remission and improves immune function. These
dual effects make lenalidomide an optimal foundation therapy for the necessary
long-term treatment of multiple myeloma. © Celgene Corporation.

The bone marrow microenvironment comprises a complex array
of physical and soluble factors that interact to promote MM cell
growth and survival, and may contribute to minimal residual
disease and the development of acquired drug resistance.19–21

Physical constituents of the bone marrow include extracellular
matrix glycoproteins and bone marrow stromal cells (BMSCs). The
extracellular matrix glycoprotein fibronectin has been shown to
control MM cell growth and survival, and plays a key role in cell-
adhesion-mediated drug resistance of MM cells.19,20 Fibronectin
adhesion activates a4b1 and a5b1 integrins, and signaling via
these integrin complexes confers resistance to several pro-apoptotic
effectors, including chemotherapeutic drugs and death receptor
activation.19,20 Adhesion of MM cells to BMSCs also induces secretion
of interleukin (IL)-6.21–23 IL-6 is known to mediate both MM cell
proliferation and the inhibition of Fas-induced apoptosis.22,24 In
a recent study using four MM cell lines, concomitant exposure
to IL-6 and fibronectin adhesion increased signal transducers
and activators of transcription (STAT) 3 phosphorylation, nuclear
translocation, and DNA binding – all of which are known to
lead to the transactivation of genes involved in proliferation,
differentiation, and survival.20 IL-6 also enhances the production
and secretion of vascular endothelial growth factor (VEGF) by MM
cells and vice versa.21–23 VEGF plays a role in tumor cell migration,
growth, and survival, and enhances microvascular density, which
correlates with disease progression and poor prognosis.13,21,22

Disruption of stromal support in myeloma is, therefore, an im-
portant treatment strategy. IMiDs® immunomodulatory compounds
have been shown to decrease the upregulation of IL-6 and VEGF
secretion induced by MM and BMSC interactions;9,23 this may
lead to disruption of stromal support and have subsequent effects
on MM cell migration, growth, and survival. A preclinical study
suggests that elotuzumab, a humanized antibody against CS1 (the
cell surface glycoprotein), can overcome cell-adhesion-mediated
drug resistance by altering extracellular-signal-regulated kinase
(ERK) 1/2 signaling of MM cells and osteoclasts.25 Furthermore,
in a recent phase I/II study, elotuzumab (5, 10, or 20mg/kg) in
combination with lenalidomide 25mg (days 1–21 of a 28-day cycle)
plus dexamethasone 40mg/week had an objective response rate
(defined as partial response [PR] and very good partial response
[VGPR]) of 82% and an overall response rate of 95% in lenalidomide-
naive patients,26 suggesting a combined beneficial effect on adverse
stromal interactions.
In addition to altering the bone marrow microenvironment,

IMiDs® immunomodulatory compounds have a direct effect on the
proliferation of MM cells via upregulation of tumor suppressor
genes.9,14,18 In a study by Gandhi et al., lenalidomide-mediated
growth inhibition was accompanied by induction of the cyclin-
dependent kinase (CDK) inhibitors p15, p16, p21, and p27, and
the early-response transcription factors Egr1, Egr2, and Egr3, in
cells derived from patients with MM.14 Lenalidomide also induced
p15, p21, Egr1, Egr2, and Egr3 expression in several MM cell
lines. Moreover, lenalidomide in combination with dexamethasone
synergistically upregulated these tumor suppressor genes, resulting
in inhibition of retinoblastoma protein phosphorylation, G0/G1 cell-
cycle arrest, and apoptosis.
Verhelle et al. investigated the effects of lenalidomide and

pomalidomide on proliferation of two myeloma cell lines (LP-1
and U266), the Namalwa lymphoma cell line, and normal
CD34+ progenitor cells.18 In cancer cell lines, both IMiDs®

immunomodulatory compounds inhibited proliferation, which was
associated with upregulation of p21 and inhibition of CDK activity,
leading to retinoblastoma hypophosphorylation and G0/G1 cell-
cycle arrest. In contrast, treatment of normal CD34+ cells with
these compounds led to p21 upregulation without CDK inhibition,
and there was significant expansion of normal CD34+ progenitor
cells. These findings may help explain the differential selective
effects of lenalidomide on malignant cells (tumoricidal effect) and
their normal counterparts (absence of suppression of bone marrow
progenitor cells). Such effects have been demonstrated in patients
with myelodysplastic syndrome where lenalidomide was shown

Davies F, Baz R. Blood Reviews 24 Suppl. 1 (2010) S13–S19
9



Mechanism of action of lenalidomide
Tumor cell death
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Fig. 2. Overview of the mechanism of action of lenalidomide in MM, which leads to tumor cell death and increased immune response. IFN: interferon; Ig: immunoglobulin;
IL: interleukin; MM: multiple myeloma; NK: natural killer; VEGF: vascular endothelial growth factor. © Celgene Corporation.

to not only reduce the number of malignant cells, but also to
restore bone marrow function leading to improved hemopoiesis and
transfusion independence.27

A recent study demonstrated that IMiDs® immunomodulatory
compounds increase p21 expression by a novel epigenetic
mechanism.28 Lenalidomide and pomalidomide were found to
regulate p21 expression at the transcriptional level via Egr1
and Egr2, and other GC-rich DNA transcription factors, Sp1
and Sp3. Through activation of lysine-specific demethylase 1,
the immunomodulatory compounds increased p21 expression by
reducing histone methylation and increasing histone acetylation at
the p21 promoter, thus increasing transcription factor access to the
DNA. In addition to inducing cell-cycle arrest, these compounds
have been shown to activate caspases, directly triggering tumor
cell death.14,15 In the study by Gandhi et al., lenalidomide activated

caspases 3, 8, and 9 to varying degrees in different MM cell
lines. Furthermore, lenalidomide plus dexamethasone produced
synergistic activation of caspases and induction of apoptosis. In
another study, lenalidomide-induced apoptosis was attenuated by a
caspase-8 inhibitor in MM.1S cells,15 providing further evidence for
the role of immunomodulatory compounds in caspase activation.

2.2. Clinical data

The tumoricidal actions of lenalidomide are thought to lead to
the initial high-quality clinical responses observed in patients with
MM.29–37 Table 2 summarizes data from recent studies of different
regimens for the treatment of newly diagnosed or relapsed/
refractory MM, and highlights the short time to response and high
response rates of patients treated with lenalidomide-containing

Davies F, Baz R. Blood Reviews 24 Suppl. 1 (2010) S13–S19
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Mechanism of action of lenalidomide
Increased immune response
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Mechanism of action of lenalidomide
Down-regulation of PD-1 and PD-L1 on tumor/T-cells

12Giuliani M et al. Oncotarget 2017; 8(14):24031-24044



Mechanism of action of lenalidomide
P-CD28 and PI3K, GRB-2-OS, and NF-κB activation
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Kotla V et al. Journal of Hematology & Oncology 2009, 2:36



Mechanism of action of lenalidomide
Modulation of tumor microenvironment

14Chanan-Khan AA, et al. J Clin Oncol. 2008;26(9):1544-1552.



Drug-drug interactions (DDIs) of IMiDs

• Lenalidomide
• Rapid absorption and good bioavailability
• no CYP metabolism, no dose adjustment on the basis of age, 

ethnicity, mild hepatic impairment, or drug–drug interactions.

• Pomalidomide
• Rapid absorption and good bioavailability
• Extensive hepatic metabolism by CYP1A2 and CYP3A4 (less than

2% is eliminated as parent compound). The metabolites are 26-
fold less active than pomalidomide.

• Pomalidomide dose should be reduced by 50% if co-
administered with strong CYP1A2 inhibitors (ciprofloxacin, 
fluvoxamine) and strong CYP3A/P-gp inhibitors.
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DDIs of lenalidomide and pomalidomide
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Yan Li et al. J Clin Pharmacol 2018, 58(10) 
1295–1304



Conclusions

• IMiDs have a complex mechanism of action and a
pharmacologic modelling is far from being defined.
• Preclinical and clinical studies put forward a dual

mechanism of action for lenalidomide, involving both a
direct tumoricidal activity and immunomodulation.
• Lenalidomide is not metabolised to a significant extent

and has favorable pharmacokinetics; drug-drug
interactions are unlikely to occur.
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