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Simple Summary: Due to the complex mechanism of actions, immunomodulatory drugs (IMiDs)
are one of the primary drug classes used to treat multiple myeloma (MM). IMiDs are the backbone
of treatment for both newly diagnosed, post-transplant maintenance, and relapsed/refractory MM.
The standard of care is a combination of IMiDs, corticosteroids (e.g., dexamethasone) with either
a proteasome inhibitor or a monoclonal antibody. Future management will include a quadruplet
of all four drug classes. Recent clinical trials have shown that another class of cereblon inhibitors
in development, Cereblon E3 ligase modulators (CELMoDs), have significant activity in MM even
when refractory to approved IMiDs.

Abstract: Over the past two decades, the improvement in our understanding of the biology of MM
and the introduction of new drug classes, including immunomodulatory drugs (IMiDs), proteasome
inhibitors (PI), and monoclonal antibodies (MoAb), have significantly improved outcomes. The
first IMiD introduced to treat MM was thalidomide. The side effects observed during treatment
with thalidomide initiated work on the synthesis of IMiD analogs. Subsequently, lenalidomide and
pomalidomide were developed, both with different safety profiles, and they have better tolerability
than thalidomide. In 2010, the cereblon (CRBN) protein was discovered as a direct target of IMiDs.
By binding to CRBN, IMiDs change the substrate specificity of the CRBN E3 ubiquitin ligase complex,
which results in the breakdown of internal Ikaros and Aiolos proteins. Most clinical trials conducted,
both in newly diagnosed, post-transplant maintenance and relapsed/refractory MM, report a benefi-
cial effect of IMiDs on the extension of progression-free survival and overall survival in patients with
MM. Due to side effects, thalidomide is used less frequently. Currently, lenalidomide is used at every
phase of MM treatment. Lenalidomide is used in conjunction with other agents such as PIs and MoAb
as induction and relapsed therapy. Pomalidomide is currently used to treat relapsed/refractory MM,
also with PIs and monoclonal antibodies. Current clinical trials are evaluating the efficacy of IMiD
derivatives, the CRBN E3 ligase modulators (CELMoDs). This review focuses on the impact of IMiDs
for the treatment of MM.

Keywords: cereblon E3 ligase modulators; immunomodulatory drugs; multiple myeloma; therapy

1. Introduction

Multiple myeloma (MM) is a clonal plasma cell (PC) malignancy still considered incur-
able with current treatments. MM is manifested as an uncontrolled expansion of malignant
PCs in the bone marrow, almost always corresponding with the production of a monoclonal
(M) protein in the serum and/or urine. MM accounts for 1.8% of all malignancies and

Cancers 2021, 13, 4666. https://doi.org/10.3390/cancers13184666 https://www.mdpi.com/journal/cancers

https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://doi.org/10.3390/cancers13184666
https://doi.org/10.3390/cancers13184666
https://doi.org/10.3390/cancers13184666
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cancers13184666
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers13184666?type=check_update&version=3


Cancers 2021, 13, 4666 2 of 18

10–15% of hematologic malignancies [1]. Until the end of the 20th century, the standard
induction therapy for MM consisted of corticosteroids alone, melphalan/prednisone, or
the combination of vincristine, doxorubicin, and dexamethasone (VAD). High-dose mel-
phalan with autologous stem cell transplantation (ASCT) was employed as consolidation
for transplant-eligible patients after induction therapy. The median overall survival (OS) of
patients with MM at this time was only 2–3 years. Subsequently, the introduction of im-
munomodulatory drugs (IMiDs), proteasome inhibitors (PIs), and monoclonal antibodies
(MoAbs) have improved treatment outcomes and extended the median OS 5–15+ years
depending on the stage of the disease and genetic abnormalities [2–4].

Immunomodulatory drugs are oral drugs used to treat MM and have unique mecha-
nisms of action, including anti-cancer and anti-inflammatory effects, and affect the human
immune system [5]. The introduction of IMiDs presenting a pleiotropic mechanism of
action fits well with the current approach to anti-myeloma therapy, which has a triple effect:
inducing direct apoptosis against malignant tumor cells, interfering with the interaction
of the tumor with bone marrow stromal cells, and the increase in the anti-tumor immune
response [6].

Despite the similarity in chemical structure, IMiDs differ in their side effect profile
and, interestingly, show only moderate cross-reactivity, allowing for sequential treatment.
For this reason, these drugs are used at all stages of the treatment of MM.

Currently, these drugs are considered standard of care for induction therapy for
transplant-eligible and transplant-ineligible patients, maintenance therapy after ASCT, and
treatment of relapsed/refractory MM (RRMM).

Thalidomide (α-N-phthalimido-glutarimide) is a derivative of glutamic acid and was
synthesized in 1954. Initially, it was used as a sedative and barbiturate antiemetic. In 1957,
thalidomide was approved for treatment in the first trimester for pregnancy-associated nau-
sea, but unfortunately, it was associated with birth defects (phocomelia) as cereblon (CRBN)
receptors are present in the limbs of developing fetuses [7–9]. Thalidomide was later used
in inflammatory diseases such as leprosy (erythema nodosum leprosum) and Behçet’s
syndrome. Subsequently, thalidomide, due to its anti-angiogenic activity, was postulated
to be effective for the treatment of MM disease with extensive bone marrow angiogenesis,
and it was proven effective in MM due to its anti-angiogenic and immunomodulatory
effects [10]. More than 20 years have passed since the initial publication describing the
effectiveness of thalidomide in the treatment of MM [11].

As thalidomide is not a cytotoxic agent and has potential in vitro synergy with other
drugs, including dexamethasone, many combinations of thalidomide have been developed
for the treatment of MM. The side effects (teratogenic and sedative effects and development
of peripheral neuropathy) observed during treatment with thalidomide promoted the
development of thalidomide analogs with more significant immunomodulatory activity
and better safety profile [12]. As a result, a chemical structure modification was undertaken
that led to the development of lenalidomide and pomalidomide.

Lenalidomide (CC-5013) is the 4-amino-glutamyl analogue of thalidomide. Unlike
thalidomide, lenalidomide is not sedative, and the incidence of sensory axonal neuropathy
is less frequent, but still possible [13,14].

In the United States, in 2006, the Food and Drug Administration (FDA) approved
lenalidomide in combination with dexamethasone (Rd) for the treatment of RRMM. In
2015, lenalidomide was approved for the treatment of newly diagnosed MM (NDMM).
Between 2015 and 2019, five triple-drug regimens containing lenalidomide were approved
for the treatment of RRMM: bortezomib/lenalidomide/dexamethasone (VRd), carfil-
zomib/lenalidomide/dexamethasone (KRd), ixazomib/lenalidomide/dexamethasone
(Ixa-Rd), elotuzumab/lenalidomide/dexamethasone (Elo-Rd), and daratumumab/
lenalidomide/dexamethasone (Dara-Rd). In 2017, lenalidomide was approved for mainte-
nance therapy after ASCT.

Pomalidomide (CC-4047) is the 4-amino-2- (2,6-dioxopiperidin-3-yl) isoindole-1,3-
dione which has direct antiproliferative, pro-apoptotic, and anti-angiogenic effects. It has
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a modulating effect on bone resorption and the immune system [15]. The United States
FDA approved pomalidomide in 2013 for the treatment of patients with RRMM who had
received at least two prior therapies, including lenalidomide and bortezomib. Currently,
the FDA has approved pomalidomide for the treatment of RRMM in combination with
dexamethasone (Pd) and Pd in combination with isatuximab (Isa-Pd), daratumumab (Dara-
Pd), and elotuzumab (Elo-Pd).

A new group of thalidomide analogs are the CRBN E3 ligase modulators (CELMoDs),
which leads to the degradation of Ikaros and Aiolos [16].

Talking into account chemical structure, both IMiDs and CELMoDs contain glutarim-
ide rings and isoindolinone rings. In the chemical structure of CELMoDs, there are phenyl
and morpholino moieties that allow interaction with CRBN. [17,18]. The chemical structure
of the drugs IMiDs and CELMoDs is shown in Figure 1. The family of CELMoDs include
iberdomide, avadomide, CC-92480, and CC-885.
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Figure 1. Chemical structure of immunomodulatory drugs (a) and Cereblon E3 ligase modulators (b).

2. Mechanism of Action of Immunomodulatory Drugs and Cereblon E3 Ligase
Modulators in the Treatment of Multiple Myeloma

The IMiDs and CELMoDs share common, but at the same time, slightly different,
mechanisms of action leading to differentiated cellular effects. These differences arise
from the presence, amount, and preference for essential substrate proteins, including
transcription factors.

The mechanism of action of IMiDs in MM cells was initially thought as an anti-
angiogenesis process [19]. Subsequently, thalidomide and its analogs were found to
exert direct and indirect anti-tumor activity through immunomodulation. Lenalidomide
and pomalidomide show more significant immediate anti-tumor effect than thalidomide
in vitro [20,21]. Additionally, these drugs modulate the interaction of MM cells with their
microenvironment [22].

In 2010, the anti-myeloma activity of IMiDs was discovered to work through the
inhibition of CRBN, a protein that dictates the substrate specificity of the CRL4CRBN E3
ubiquitin ligase [9,23,24].

The IMiDs, by binding CRL4CRBN E3 ligase, cause ubiquitination and degradation of
disease-related proteins. The components of the CRL4CRBN E3 ligase and its activity are
important for the anti-myeloma activity of IMiDs [25]. The key neosubstrates in PCs are
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Ikaros (IKZF1) and Aiolos (IKZF3) [26,27]. These transcription factors (TFs) regulate cell
fate in normal lymphopoiesis and PCs development [28]. Both Ikaros and Aiolos increase
interferon regulatory factor 4 (IRF4) and c-MYC, which form a positive autoregulatory
loop that is necessary for PCs’ proliferation. These four TFs are called the axis of Ikaros.
The IMiDs lead to the rapid degradation of Ikaros and Aiolos through CRBN-dependent
ubiquitination, leading to the downregulation of IRF4 and c-MYC [29]. As mentioned above,
IMiDs, in addition to their direct anti-myeloma effect, have an indirect anti-myeloma effect,
reducing the secretion of pro-inflammatory cytokines, including tumor necrosis factor-
alpha (TNF-α) interleukin (IL)-1, IL-6, 12, and IL-16. The consequence of the reduction in
these cytokines is the inhibition of the proliferation and migration of neoplastic PCs and
apoptosis [30]. Lenalidomide and pomalidomide, compared to thalidomide, more strongly
induce apoptosis of neoplastic PCs by activating tumor suppressor genes, including p21,
an inhibitor of cyclin-dependent kinase (CDK). Inhibition of CDK activity arrests the cell
cycle in the G0/G1 phase and apoptosis of the PC [22]. IMiDs enhance co-stimulation
of T lymphocytes, which leads to increased secretion of interferon γ (IFN-γ) and IL-
2, a proliferation of clonal T lymphocytes, and activation of NK lymphocytes [31]. In
preclinical studies, lenalidomide and pomalidomide were 300–1200 times more potent
than thalidomide at co-stimulating T cells [32,33]. Both lenalidomide and pomalidomide
increase the action of NK cells in destroying PC. Lenalidomide further activates NKT
cells [34,35]. The main mechanisms of action of IMiDs are presented in Figure 2.
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IFN-γ: Interferon γ; IL: Interleukin; IMiD: Immunomodulatory drug; NK: Natural killer; Tregs: Reg-
ulatory T cells; TNF-α: Tumor Necrosis Factor α; and VEGF: Vascular Endothelial Growth Factor.

Cereblon E3 ligase modulators, compared to IMiDs, are characterized by a higher
affinity for CRBN and cause a stronger degradation of Ikaros and Aiolos, which is associated
with a stronger anti-myeloma and immunomodulatory effect [36,37]. This is the most
important difference between these groups of drugs. The potency of CELMoDs may
explain their more significant activity at lower levels of CRBN, or in cases of resistance to
IMiDs, due to mutations in CRBN.

CELMoDs bind specifically to CRBN, thus influencing the activity of E3 ubiquitin
ligase and targeting specific substrate proteins, causing them to ubiquitinate. This action
degrades some transcription factors, which are proteasome-mediated transcriptional re-
pressors. The consequence of this action is immunomodulation, including the activation of
T lymphocytes and the degradation of proteins that play an important role in the prolifer-
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ation of cancer cells. The mechanism of action of CRL4CRBN E3 ubiquitin ligase and its
effects through CRBN-based small molecules are presented in Figure 3.
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These CELMoDs, Iberdomide and CC-92480, have 10–20 times greater affinity for CRBN
and degrade Ikaros and Aiolos more strongly than lenalidomide and pomalidomide [36,37].

3. Immunomodulatory Drugs in Newly Diagnosed Multiple Myeloma

Decisions regarding the treatment of NDMM depend on age, performance status,
comorbidities, and patient and physician preferences [38]. In Europe, induction therapy
followed by ASCT is used for the first-line treatment for patients up to 65–70 years of age;
in the United States, there is no specific upper age limit for consideration of ASCT. Patients
who are not eligible for ASCT are treated with standard doses of drugs [38].

In the first-line treatment, thalidomide and lenalidomide are used in transplant eligible
and ineligible patients.

3.1. Thalidomide
3.1.1. Thalidomide for the Treatment of Newly Diagnosed Multiple Myeloma in Patients
Eligible for ASCT

The introduction of thalidomide improved the treatment outcomes of patients with
MM. Thalidomide in combination with bortezomib and dexamethasone (VTD) is a standard
induction regimen in transplant-eligible patients with NDMM. A number of randomized
clinical trials have confirmed the superior efficacy of VTD over other drug combinations
used in pre-ASCT induction treatment [39,40].

In a phase 2 trial, total therapy 3 (TT3), Barlogie et al. used VTD in combination with
cisplatin/doxorubicin/cyclophosphamide/etoposide (VTD-PACE) as induction before,
and consolidation after, ASCT. After 24 months, 83% of patients achieved near-complete
response (nCR). The estimated 2-year event-free survival and OS were 84% and 86%,
respectively [41].

Of particular importance are the results of the phase 3 study by Cavo et al., which
compared VTD versus thalidomide and dexamethasone (TD) used in induction before
ASCT. After induction treatment, a complete response (CR) or nCR was achieved by 33.1%
and 13.7%, respectively (p < 0.0001), while the 3-year progression-free survival (PFS) was
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significantly longer in the VTD group (60% vs. 48%, respectively; p = 0.042) [39]. In
addition, a randomized phase 3 trial by the Intergroupe Francophone du Myelome (IFM)
compared VTD with bortezomib, cyclophosphamide, and dexamethasone (VCD) as pre-
ASCT induction therapy, and demonstrated an overall response rate (ORR) of 92.3% vs.
83.4% (p = 0.01), respectively, and ≥ VGPR was 66.3% vs. 56.2%, respectively (p = 0.05) [40].

In 2019, the CASSIOPEIA trial, a randomized phase 3 trial comparing the quadru-
plet consisting of daratumumab (a human anti-CD38 monoclonal antibody) with VTD
(Dara-VTD) with the triplet VTD demonstrated a CR or better in 39% vs. 26%, respectively
(p < 0.0001) [42]. The results of the CASSIOPEIA study contributed to the Dara-VTD proto-
col being the recommended induction treatment for ASCT-eligible patients in Europe [43].

The results of selected studies evaluating the use of thalidomide in the treatment of
NDMM patients eligible for ASCT are summarized in Table 1.

Table 1. Results of randomized studies in newly diagnosed multiple myeloma.

Trial/Author Regimen Patients, n ORR, % ≥VGPR, % Median PFS,
mo or %

Median OS,
mo or %

Transplant eligible
Thalidomide-based

Cavo et al. [39]
TD 238 87 31 NR; 60% at 36 mo NR; 88% at 36 mo

VTD 236 96 62 NR; 48% at 36 mo NR; 90% at 36 mo

Moreau et al. [40]
VCD 169 83 56 NR NR
VTD 169 92 66 NR NR

CASSIOPEIA [42]
Dara-VTD 543 92 83 NR; 93% at 18 mo NR

VTD 542 90 78 NR; 85% at 18 mo NR
Lenalidomide-based

ENDURANCE [44] VRd 542 84 65 34.4 NR; 84% at 36 mo
KRd 545 87 74 34.6 NR; 86% at 36 mo

Transplant ineligible
Thalidomide-based

Palumbo et al. [45] MPT 167 69 45 21.8 45.0
MP 164 48 15 14.5 47.6

Palumbo et al. [46] VMPT-VT 254 89 59 35.3 NR; 61% at 60 mo
VMP 257 81 50 24.8 NR; 51% at 60 mo

Lenalidomide-based

Rajkumar et al. [47] RD 223 79 NR NR NR; 75% at 24 mo
Rd 225 68 NR NR NR; 87% at 24 mo

SWOG S0777 [48]
Rd 261 79 53 29 69

VRd 264 90 75 41 NR; 69% at 60 mo

FIRST [49]
Rd (cont) 535 81 48 26 59

Rd18 541 79 47 21 62
MPT 547 67 30 22 49

MM-015 [50]
MPR-R 152 77 77 31 NR; 70% at 36 mo

MPR 153 68 68 14 NR; 62% at 36 mo
MP 154 50 50 13 NR; 66% at 36 mo

ECOG E1A06 [51]
MPT-T 154 75 25 21 52.6
MPR-R 152 70,4 32 19 47.7

MAIA [52]
Rd 369 82 57 34 NR

Dara-Rd 368 93 81 NR; 60% at 48 mo NR

Abbreviations: CR: Complete response; Dara-Rd: Daratumumab, lenalidomide, dexamethasone; Dara-VTD: Daratumumab, bortezomib,
thalidomide, dexamethasone; Elo-Rd: Elotuzumab, lenalidomide, dexamethasone; KRd: Carfilzomib, lenalidomide, dexamethasone;
mo: Months; MP: Melphalan, prednisone; MPT: Melphalan, prednisone, thalidomide; MPT-T: Melphalan, prednisone, thalidomide,
thalidomide-maintenance; MPR: Melphalan, prednisone, lenalidomide; MPR-R: Melphalan, prednisone, lenalidomide, lenalidomide-
maintenance; n: Number; N/A: Not applicable; NR: Not reached; ORR: Overall response rate; OS: Overall survival; PFS: Progression
free survival; RD: Lenalidomide, high dose dexamethasone; Rd: Lenalidomide, low dose dexamethasone; Rd (cont): Lenalidomide,
dexamethasone (continuous); Rd18: Lenalidomide, dexamethasone (18 cycles); TD: Thalidomide, dexamethasone; VCD: Bortezomib,
cyclophosphamide, dexamethasone; VGPR: Very good partial response; VMP: Bortezomib, melphalan, prednisone; VMPT-VT: Bortezomib,
melphalan, thalidomide, prednisone, bortezomib, thalidomide-maintenance; VRd: Bortezomib, lenalidomide, dexamethasone; and
VTD: Bortezomib, thalidomide, dexamethasone.

3.1.2. Thalidomide for the Treatment of Newly Diagnosed Multiple Myeloma in Patients
Ineligible for ASCT

The efficacy of thalidomide in the treatment of transplant-ineligible patients with
NDMM has been assessed in six randomized clinical trials comparing the then standard of
care combination of melphalan and prednisone (MP) with the triplet of MP and thalidomide
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(MPT) [45,46,53–56]. All of the studies demonstrated that the MPT group had a significant
improvement in PFS, and four studies reported an improvement in OS. In a meta-analysis
of 1685 patients randomized to these studies, the addition of thalidomide to MP protocol
had a significant effect on OS (HR, 0.83; p = 0.004). In the studied groups, MPT showed
better PFS (HR, 0.68; p < 0.0001), and OS was 32.7 months vs. 39.3 months, respectively [57].
The use of MPT has been replaced by other more effective and less toxic treatments.

A randomized phase 3 study by GIMEMA evaluated the efficacy of a four-drug
combination of VMP plus thalidomide (VMPT) followed by bortezomib/thalidomide
maintenance treatment (VMPT-VT) compared to VMP alone in NDMM patients not eligible
for ASCT; the PFS was significantly better in the VMPT-VT group [58].

The results of selected studies evaluating the use of thalidomide in the treatment of
NDMM patients ineligible for ASCT are summarized in Table 1.

3.2. Lenalidomide
3.2.1. Lenalidomide for the Treatment of Newly Diagnosed Multiple Myeloma in Patients
Eligible for ASCT

The incorporation of lenalidomide and dexamethasone as induction therapy in transplant-
eligible NDMM have shown response rates between 68–91% [47,59]. Ultimately, the efficacy
of Rd led to the combination with PI, bortezomib (VRD), one of the most frequently used
induction treatments for patients with NDMM. In phase 3 trials, VRD has resulted in CR
ranging from 23–33% of patients [60–62]. A direct comparison of Rd versus VRd was
evaluated in the randomized phase 3 SWOG S0777 clinical trial [48]. VRd was statistically
superior in regard to PFS, 41 months versus 29 months, respectively (p = 0.003), and the
median OS, NR vs. 69 months, respectively (p = 0.011) [48].

Currently, VRd is now considered the gold standard for induction treatment in the US
and many countries outside of Europe [60,63,64]. Of note, the European Medicines Agency
(EMA) does not approve VRD for induction treatment pre-ASCT.

Carfilzomib, the second-generation PI, has also been evaluated in combination with
Rd (KRd) as induction therapy for NDMM, either with twice weekly or once weekly carfil-
zomib [44,65,66]. In a phase 2 study, after using four cycles of KRd, before ASCT, the ORR
was 97%, including a CR of 16%; at 60 months, the PFS was 72%, and the OS was 84% [66].
Due to high ORR in phase 2 trials, a head-to-head phase 3 trial of VRD versus KRD in non-
transplant eligible patients was completed (ENDURANCE) [44]. There were no statistically
significant differences in PFS and OS in this study; however, the depth of response and
rapidity of response favored the KRd arm. Peripheral neuropathy was higher in the VRd
arm, whereas cardiac/pulmonary/renal toxicities were higher in the KRd arm. The GRIF-
FIN trial, a randomized phase 2 trial compared VRD to daratumumab/VRD (Dara-VRD)
demonstrated a 24 months PFS of 89.8% vs. 95.8% (p = NS) [67]. In nonrandomized clinical
MANHATTAN trial, daratumumab/KRd (Dara-KRd, carfilzomib weekly) 100% of patients
achieved ≥ VGPR, and 71% patients were MRD-negative. After 12 months, PFS and the OS
rates were 98% and 100%, respectively [68]. The phase 2 FORTE trial compared KRd with
followed ASCT (KRd_ASCT), 12 cycles of KRd(12), and carfilzomib, cyclophosphamide,
and dexamethasone (KCd) with followed ASCT (KCd_ASCT). In the final analysis, the me-
dian PFS in the analyzed groups was NR, 57 months, 53 months, respectively (KRd_ASCT
vs. KCd_ASCT: HR, 0.53; p < 0.001; KRd_ASCT vs. KRd12: HR, 0.64; p = 0.023; KRd12 vs.
KCd_ASCT: HR, 0.82; p = 0.262). The 3-year OS was 90% with KRd_ASCT and KRd12 vs.
83% with KCd_ASCT [69].

The results of selected studies evaluating the use of lenalidomide in the treatment of
NDMM patients eligible for ASCT are summarized in Table 1.

3.2.2. Lenalidomide in the Treatment of Newly Diagnosed Multiple Myeloma in Patients
Ineligible for ASCT

The FIRST trial was a randomized three-arm study in transplant-ineligible NDMM
patients: Rd (continuation until progression), Rd-18 (18 cycles), and MPT. Median PFS
for the three groups was 26, 21, and 21.9 months, respectively [70]. When comparing the
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continuous Rd arm with the MPT arm, an improvement in the 4-year OS rate was observed.
There was no difference in Rd-18 versus MPT. In the final analysis, the median OS in the
analyzed groups was 59.1 months, 62.3 months, and 49.1 months, respectively (Rd(cont) vs.
MPT: HR, 0.78; p = 0.0023) [49].

A direct comparison of melphalan, prednisone, and lenalidomide (MPR) followed
by lenalidomide maintenance (MPR-R) versus MPR versus MP was evaluated in the
randomized MM-015 phase 3 clinical trial [50]. The median PFS was significantly longer
with MPR-R (31 months) than with MPR (14 months; HR, 0.49; p < 0.001) or MP (13 months;
HR, 0.40; p < 0.001).

Two randomized phase 3 trials, ECOG E1A06 and HOVON87/NMSG18, have com-
pared MPT treatment with melphalan/prednisone/lenalidomide (MPR) in NDMM patients
ineligible for ASCT. In ECOG, E1A06 administered thalidomide or lenalidomide mainte-
nance treatment after 12 cycles of either MPT (MPT-T) or MPR (MPR-R) [51]. There were
no statistically significant differences in response rates and medians of PFS and OS. In the
HOVON study, after nine cycles of induction with either MPT or MPR was followed by
maintenance treatment with thalidomide or lenalidomide [71]. As in ECOG E1A06, there
were no significant differences in ORR, PFS, and OS. More recently, the phase 3 MAIA
study compared Rd vs. Dara-Rd in first-line treatment in transplant-ineligible patients [72].
In the study update, PFS was superior with Dara-Rd (median PFS: 34 vs. NR, respectively
(HR, 0.54; p < 0.001) [52].

The results of selected studies evaluating the use of lenalidomide in the treatment of
NDMM patients ineligible for ASCT are summarized in Table 1.

4. Immunomodulatory Drugs in Maintenance Therapy after ASCT
4.1. Thalidomide

Thalidomide maintenance treatment has been studied in a number of phase 3 trials [73–75]
and meta-analyses [76,77]. All of the reported trials showed that thalidomide improved PFS,
but there was no apparent effect on the improvement of OS. The International Myeloma
Working Group (IMWG) meta-analysis has shown that thalidomide maintenance therapy
reduces the risk of progression or death by 35% [78]. The side effects that lead to treatment
discontinuation are a limiting factor in using thalidomide for maintenance therapy [73–76].
In addition, the Myeloma IX trial found that, in high cytogenetic risk, thalidomide had a
negative impact on outcomes [78].

4.2. Lenalidomide

Currently, lenalidomide is considered the standard of care for maintenance therapy
after ASCT. Phase 3 randomized trials comparing maintenance lenalidomide to observation
all demonstrated a beneficial effect of lenalidomide in prolonging PFS. However, only one
of these trials showed an OS benefit (and not a primary endpoint). In the meta-analysis of
the CALGB, IFM, and GIMEMA, Myeloma IX found that lenalidomide used in maintenance
therapy significantly improved OS even though only one of these trials showed an OS ben-
efit independently [79]. The value of lenalidomide used as monotherapy as maintenance
therapy has been demonstrated in other pivotal studies [80]. In IFM 2009, lenalidomide
maintenance treatment for one year after VRd plus ASCT induction vs. prolonged VRd
increased the incidence ≥ VGPR (78% vs. 69% to 85% vs. 76%, respectively) [81]. Simi-
larly, the ongoing phase 2 trial lenalidomide-elotuzumab as maintenance treatment after
ASCT showed an improved response in 33% of patients, with 20% conversion to CR [82].
The randomized studies of Myeloma XI, EMN02/HO95, and RV-MM-EMN-441 demon-
strated significantly higher conversion rates from MRD-positive to MRD-negative status of
approximately 27–48% lenalidomide maintenance therapy [79,83–85].

Lenalidomide in maintenance therapy after ASCT is considered a standard of care [43].
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5. Immunomodulatory Drugs in the Treatment of Relapsed/Refractory
Multiple Myeloma
5.1. Thalidomide

Thalidomide is currently rarely used for the treatment of RRMM. In the initial phase 2
study, thalidomide, as a single agent, at doses ranging from 50 mg to 800 mg/day, resulted
in an ORR of approximately 30%, including a CR in 16% of patients [86]. In a phase 3
study, Kropff et al. compared treatment with thalidomide 100 mg, 200 mg, and 400 mg/day
with dexamethasone [87]. The median time to progression was 6.1 months (thalidomide
100 mg/day), 7.0 months (thalidomide 200 mg/day), 7.6 months (thalidomide 400 mg/day)
and 9.1 months (dexamethasone), respectively. ORR and OS were similar in all groups.
In contrast, the median duration of response was significantly longer in the thalidomide
groups [85].

Thalidomide, in combination with dexamethasone, induces ORR in 41–65% of RRMM
patients. The most frequently reported AEs were constipation, somnolence, peripheral
polyneuropathy, and thrombosis [88,89].

5.2. Lenalidomide

The current ESMO guidelines recommend Rd or Rd-based triplet (e.g., Dara-Rd, KRd,
Ixa-Rd, or Elo-Rd) in two patient groups: lenalidomide sensitive patients in the first line,
and patients sensitive and refractory to bortezomib in the first-line therapy [43]. Although
there is no official definition of early versus late MM relapses, it is currently recommended
to use lenalidomide in early relapses (as second-line therapy).

The phase 3 ASPIRE study comparing KRd with Rd reported significantly pro-
longed PFS in the KRd arm (median PFS: 26.3 months vs. 17.6 months, respectively;
p = 0.0001). In the most recent update, KRd was shown to also OS (median OS: 48.3 months
vs. 40.4 months, respectively, p = 0.0045) [90]. In the final analysis of the phase 3
TOURMALINE-MM1 trial comparing Ixa-Rd to Rd, the median OS in the analyzed groups
was 53.5 months and 51.6 months, respectively (HR, 0.94; p = 0.495). Treatment with
Ixa-Rd demonstrated a benefit in subgroups, including patients with del(17p) (HR, 0.916),
high-risk cytogenetics (HR, 0.870), and expanded high-risk cytogenetics (HR, 0.862). [91].

In the most recent update of the phase 3 POLLUX study comparing Dara-Rd with
Rd, Dara-Rd significantly prolonged PFS (median PFS: 44.5 months vs. 17.5 months,
respectively, HR, 0.44; p < 0.0001). ORR was 92.9% vs. 76.4%, respectively (p < 0.001)
and MRD negativity was 30.4% vs. 5.3%, respectively (p < 0.0001) [92]. Finally, in the
phase 3 ELOQUENT-2 study comparing Elo-Rd to Rd, Elo-Rd reduced the risk of dis-
ease progression or death by 27% (median PFS 18.5 months vs.14.9 months, respectively,
p = 0.0014) [93].

The results of selected studies evaluating the use of lenalidomide in the treatment of
RRMM are summarized in Table 2.

Table 2. Results of randomized studies in relapsed/refractory multiple myeloma.

Trial/Author Regimen Patients, n ORR, % ≥VGPR, % Median PFS, mo Median OS,
mo or %

Lenalidomide-based

ASPIRE [90]
KRd 396 87.1 70 26 48.3

Rd 396 66.7 40 17,6 40.4

TOURMALINE-MM1 [91]
Ixa-Rd 360 78 48 20.6 N/A

Rd 362 72 39 14.7 N/A

POLLUX [92]
Dara-Rd 286 93 80.4 44.5 NR

Rd 283 76.4 49.3 17.5 NR

ELOQUENT-2 [93]
Elo-Rd 321 79 36 18.5 43.7

Rd 325 66 30 15 39.6
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Table 2. Cont.

Trial/Author Regimen Patients, n ORR, % ≥VGPR, % Median PFS, mo Median OS,
mo or %

Pomalidomide-based

NIMBUS [94]
Pd 302 31 7 4 12.7

Dex 153 10 1 1.9 8.1

Baz et al. [95]
PCD 34 65 12 9.5 N/A

Pd 36 39 14 4.4 16.8

OPTIMISMM [96]
PVd 281 82 52.7 11.2 NR

Vd 278 50 18.3 7.1 NR

APOLLO [97]
Dara-Pd 151 69 51 12.4 NR

Pd 153 46 20 7 NR

ICARIA-MM [98]
Isa-Pd 154 60 32 11.5 NR; 72% at 12 mo

Pd 153 35 9 6.5 NR; 63% at 12 mo

ELOQUENT-3 [99]
Elo-Pd 60 53 20 10.3 NR

Pd 57 26 9 4.7 NR

Abbreviations: Dara-Pd: Daratumumab, pomalidomide, dexamethasone; Dara-Rd: Daratumumab, lenalidomide, dexamethasone; Dex: Dex-
amethasone; Elo-Pd: Elotuzumab, pomalidomide, dexamethasone; Elo-Rd: Elotuzumab, lenalidomide, dexamethasone; Ixa-Rd: Ixazomib,
lenalidomide, dexamethasone; Isa-Pd: Isatuximab, pomalidomide, dexamethasone; KRd: Carfilzomib, lenalidomide, dexamethasone;
mo: Months; n: Number; N/A: Not applicable; NR: Not reached; ORR: Overall response rate; OS: Overall survival; PCD: Pomalidomide,
cyclophosphamide, dexamethasone; Pd: Pomalidomide, dexamethasone; PFS: Progression free survival; PVd: Pomalidomide, bortezomib,
dexamethasone; Rd: Lenalidomide, dexamethasone; Vd: Bortezomib, dexamethasone; and VGPR: Very good partial response.

5.3. Pomalidomide

Pomalidomide is used to treat RRMM both in combination with dexamethasone (Pd)
and in Pd-based triple protocols, e.g., Dara-Pd, Isa-Pd, elotuzumab (Elo-Pd), carfilzomib
(KPd), bortezomib (PVd). In the EHA-ESMO guidelines, pomalidomide is recommended
for use in the second-line therapy in combination with bortezomib and dexamethasone to
treat patients sensitive to bortezomib, as well as used in the first line for those sensitive and
resistant to lenalidomide. In the third line of treatment, it is recommended to use poma-
lidomide in triples based on Pd, in combination with, e.g., cyclophosphamide, isatuximab,
daratumumab, or elotuzumab [43].

A number of phase 3 trials have shown the efficacy of pomalidomide in RRMM. The
NIMBUS study compared Pd with high dose dexamethasone in patients with RRMM: the
median PFS and OS were statistically longer in the group of patients treated with Pd [94,100].
In the STRATUS trial, 32.6% of patients achieved at least partial response (PR) after treatment
with Pd, the median PFS was 4.6 months, and the median OS was 11.9 months [101]. Further
studies looked at the efficacy and safety of Pd in combination with a third anti-MM drug.
Pomalidomide, in combination with dexamethasone, induces ORR in about 30% of RRMM
patients with a median PFS of about 4.5 months, while adding a third drug to Pd increases
the ORR to 50–85% with the median PFS of 9.5–12.5 months [94–106].

In a phase 1/2 study, Larocca et al. in the protocol, pomalidomide in combination with
cyclophosphamide and prednisone defined a maximum tolerated dose of pomalidomide
of 2.5 mg/day with an ORR of 51% [102]. Baz et al. studied pomalidomide in combination
with cyclophosphamide and dexamethasone (PCD). ORR was 64.7%, with a median PFS of
9.5 months [95]. The use of the PCD regimen in the first relapse of MM treated with the
VRd protocol in patients qualified for ASCT, after four treatment cycles, 85% of patients
achieved at least PR, and this treatment may be a bridge for salvage ASCT [103].

In the randomized phase 3 OPTIMISMM trial, pomalidomide, bortezomib, and dex-
amethasone (PVd) was superior to bortezomib and dexamethasone (Vd). The median
PFS was 11.2 vs. 7.1 months, respectively (p < 0.0001), and ORR was 82.2% vs. 50.0%,
respectively (p < 0.001) [96,104]. The use of Pd in combination with other PIs, carfilzomib
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(KPd) or ixazomib (Ixa-Pd) are also effective methods of treatment for heavily treated
RRMM patients. The overall response rate was 50% and 48%, respectively, and the median
PFS was 7.2 and 8.6 months, respectively. [105,106].

Adding an anti-CD38 monoclonal antibody (MoAb) has been studied in combination
with Pd in phase 3 trials: APOLLO trial compared daratumumab plus Pd (Dara-Pd) versus
Pd; the median PFS was 12.4 months vs. 6.9 months, respectively (p = 0.0018). Overall
response rate was 69% vs. 46%, with VGPR or better in 51% vs. 20% (p < 0.0001) [97].
The ICARIA-MM study compared Isa-Pd versus Pd; Isa-Pd reduced the risk of disease
progression and death by 40%; the median PFS was 11.5 months vs. 6.5 months, respectively
(p = 0.001) and ORR was 60.4% vs. 35.3%, respectively (p < 0.0001) [98]. Finally, the anti-
SLAMF7 MoAb, elotuzumab was studied in the phase 3 ELOQUENT-3 study elotuzumab
to Pd (Elo-Pd) versus Pd; the median PFS was 10.3 months vs. 4.7 months [99].

The results of selected studies evaluating the use of pomalidomide in the treatment of
RRMM are summarized in Table 2.

6. The New Generation of Immunomodulatory Drugs—Cereblon E3
Ligase Modulators

Cereblon E3 ligase modulators (CELMoDs) are analogs of thalidomide. The family of
CELMoDs in clinical trials include iberdomide (CC-220), avadomide (CC-122), CC-92480,
and CC-885.

6.1. Iberdomide (CC-220)

In preclinical studies, iberdomide in combination with bortezomib has been shown to
cause more significant degradation of Ikaros and Aiolos and more profound apoptosis than
the other IMiDs used in combination with bortezomib. Iberdomide synergistically increases
the activity of daratumumab [107]. In a phase 1 study in healthy volunteers, 6 mg daily
was considered a safe dose of iberdomide [108]. The safety, tolerability, pharmacokinetics,
and initial efficacy of increasing the dose of iberdomide alone or in combination with
dexamethasone, with and without daratumumab in RRMM are being assessed in an
ongoing phase 1/2 clinical trials. Based on preliminary results from a study with an
ascending dose of 0.3 to 1.3 mg of iberdomide in combination with dexamethasone, the
ORR was 29%, and the clinical benefit rate was 45%. The most frequently reported severe
AEs were neutropenia (29%), infections (25%), and thrombocytopenia, generally lower
than that observed with lenalidomide or pomalidomide (12%) [109].

In the phase 1/2, CC-220-MM-001 trial compared iberdomide in combination with
dexamethasone and daratumumab (Iber-Dd) or bortezomib (Iber-Vd) in RRMM: the Iber-
Dd cohort ORR was 35%, and the Iber-Vd cohort ORR was 50%. Most frequent grade 3–4
treatment-emergent AEs were neutropenia (50%), leukopenia (22%), and anemia (22%)
with Iber-Dd; and neutropenia (20%) and thrombocytopenia (20%) with Iber-Vd [110].

In another phase 1/2 study, Lonial et al. investigated the safety and efficacy of Iber-Dd,
Iber-Vd, and iberdomide in combination with carfilzomib and dexamethasone (Iber-Kd) in
RRMM: the ORR was 41%, 58%, and 57%, respectively [111]. The most frequently observed
AEs in the Iber-Dd group were: neutropenia (63% of patients), leukopenia (28%), and
anemia (28%); in the Iber-Vd group: neutropenia (29%) and thrombocytopenia (25%); and
in Iber-Kd group: neutropenia (43%).

6.2. Avadomide (CC-122)

Avadomide is a CELMoD that has a conserved glutarimide in its structure to bind
CRBN. Avadomide is currently being investigated in non-Hodgkin’s lymphoma, MM,
and chronic lymphocytic leukemia/small lymphocytic lymphoma. In a phase 1 study, the
maximum tolerated dose (MTD) of avadomide is 3.0 mg/day on the 28-day program. The
most common AEs were fatigue (44%), neutropenia (29%), and diarrhea (15%). In the study
group, two patients had MM. One of them achieved disease stabilization [112].
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6.3. CC-92480

In a phase 1 dose-escalation study of CC-92480 (NCT03374085) in heavily treated
RRMM (median prior lines of therapy: 6), the ORR was 21%, and the efficacy was dose-
and schedule-dependent. For the two 1.0 mg QD regimens (10/14 days and 21/28 days),
the response was 48% independent of resistance to prior immunomodulators [113]. The
most common grade 3 and 4 AEs were neutropenia (53%), infections (30%), anemia (29%),
thrombocytopenia (17%), and with grade 3 fatigue (9%).

7. Conclusions

Immunomodulatory drugs are a class of drugs that are used at every phase of MM
treatment. The complex mechanism of action of IMiDs produces a synergistic effect, in-
creasing the effectiveness of other drugs used to treat MM. Thalidomide has been used
to treat MM for over 20 years, and it is still part of many treatment regimens. Lenalido-
mide is currently the most widely used IMiDs in the treatment of MM for newly diag-
nosed, maintenance therapy, and RRMM. Due to the increasing number of patients with
lenalidomide-refractory MM, pomalidomide is considered essential in this patient groups.
The discovery of CRBN aided understanding of the mechanism of action of IMiDs, and led
to the development of a new class of IMiDs known as CELMoDs. The IMiDs are very small
molecules with little affinity for CRBN and no measurable affinity for the target proteins
Ikaros and Aiolos, so the direct and high-affinity interaction between substrate protein
and the ligand is unlikely to the observed ubiquitination and degradation [114]. In turn,
CELMoDs show a high affinity to CRBN, which leads to the degradation of Ikaros and
Aiolos [36]. Based on current knowledge, it appears that these drugs may play an essential
role in the treatment of MM in the future, including overcoming treatment refractory, and
may provide the basis for new treatment options.
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Weisel, K.; et al. Continuous lenalidomide treatment for newly diagnosed multiple myeloma. N. Engl. J. Med. 2012, 366,
1759–1769. [CrossRef]

51. Stewart, A.K.; Jacobus, S.; Fonseca, R.; Weiss, M.; Callander, N.S.; Chanan-Khan, A.A.; Rajkumar, S.V. Melphalan, prednisone,
and thalidomide vs melphalan, prednisone, and lenalidomide (ECOG E1A06) in untreated multiple myeloma. Blood 2015, 126,
1294–1301. [CrossRef] [PubMed]

52. Kumar, S.K.; Facon, T.; Usmani, S.Z.; Plesner, T.; Orlowski, R.Z.; Touzeau, C.; Basu, S.; Bahlis, N.; Goldschmidt, H.;
O’Dwyer, M.; et al. Updated Analysis of Daratumumab Plus Lenalidomide and Dexamethasone (D-Rd) Versus Lenalidomide
and Dexamethasone (Rd) in Patients with Transplant-Ineligible Newly Diagnosed Multiple Myeloma (NDMM): The Phase 3
Maia Study. Blood 2020, 136, 24–26. [CrossRef]

53. Wijermans, P.; Schaafsma, M.; Termorshuizen, F.; Ammerlaan, R.; Wittebol, S.; Sinnige, H.; Zweegman, S.; van Marwijk Kooy, M.;
van der Griend, R.; Lokhorst, H.; et al. Phase III study of the value of thalidomide added to melphalan plus prednisone in elderly
patients with newly diagnosed multiple myeloma: The HOVON 49 Study. J. Clin. Oncol. 2010, 28, 3160–3166. [CrossRef]

54. Hulin, C.; Facon, T.; Rodon, P.; Pegourie, B.; Benboubker, L.; Doyen, C.; Dib, M.; Guillerm, G.; Salles, B.; Eschard, J.P.; et al.
Efficacy of melphalan and prednisone plus thalidomide in patients older than 75 years with newly diagnosed multiple myeloma:
IFM 01/01 trial. J. Clin. Oncol. 2009, 27, 3664–3670. [CrossRef]

55. Facon, T.; Mary, J.Y.; Hulin, C.; Benboubker, L.; Attal, M.; Pegourie, B.; Renaud, M.; Harousseau, J.L.; Guillerm, G.;
Chaleteix, C.; et al. Melphalan and prednisone plus thalidomide versus melphalan and prednisone alone or reduced-intensity
autologous stem cell transplantation in elderly patients with multiple myeloma (IFM 99-06): A randomised trial. Lancet 2007, 370,
1209–1218. [CrossRef]

http://doi.org/10.1021/acs.jmedchem.9b01928
http://doi.org/10.1093/annonc/mdx096
http://doi.org/10.1182/blood-2012-02-408898
http://doi.org/10.1182/blood-2016-01-693580
http://doi.org/10.1111/j.1365-2141.2007.06639.x
http://www.ncbi.nlm.nih.gov/pubmed/17593024
http://doi.org/10.1016/S0140-6736(19)31240-1
http://doi.org/10.1016/j.annonc.2020.11.014
http://www.ncbi.nlm.nih.gov/pubmed/33549387
http://doi.org/10.1182/blood-2008-04-149427
http://doi.org/10.1182/blood-2009-08-237974
http://doi.org/10.1016/S1470-2045(09)70284-0
http://doi.org/10.1182/blood-2017-07-795047
http://doi.org/10.1056/NEJMoa1112704
http://doi.org/10.1182/blood-2014-12-613927
http://www.ncbi.nlm.nih.gov/pubmed/26157076
http://doi.org/10.1182/blood-2020-134847
http://doi.org/10.1200/JCO.2009.26.1610
http://doi.org/10.1200/JCO.2008.21.0948
http://doi.org/10.1016/S0140-6736(07)61537-2


Cancers 2021, 13, 4666 15 of 18

56. Beksac, M.; Haznedar, R.; Firatli-Tuglular, T.; Ozdogu, H.; Aydogdu, I.; Konuk, N.; Sucak, G.; Kaygusuz, I.; Karakus, S.; Kaya, E.; et al.
Addition of thalidomide to oral melphalan/prednisone in patients with multiple myeloma not eligible for transplantation: Results of
a randomized trial from the Turkish Myeloma Study Group. Eur. J. Haematol. 2011, 86, 16–22. [CrossRef]

57. Fayers, P.M.; Palumbo, A.; Hulin, C.; Waage, A.; Wijermans, P.; Beksac, M.; Bringhen, S.; Mary, J.Y.; Gimsing, P.; Termorshuizen, F.; et al.
Thalidomide for previously untreated elderly patients with multiple myeloma: Meta-analysis of 1685 individual patient data
from 6 randomized clinical trials. Blood 2011, 118, 1239–1247. [CrossRef]

58. Palumbo, A.; Bringhen, S.; Larocca, A.; Rossi, D.; Di Raimondo, F.; Magarotto, V.; Patriarca, F.; Levi, A.; Benevolo, G.;
Vincelli, I.D.; et al. Bortezomib-melphalan- prednisone-thalidomide followed by maintenance with bortezomib- thalidomide
compared with bortezomib-melphalan-prednisone for initial treatment of multiple myeloma: Updated follow-up and improved
survival. J. Clin. Oncol. 2014, 32, 634–640. [CrossRef]

59. Rajkumar, S.V.; Hayman, S.R.; Lacy, M.Q.; Dispenzieri, A.; Geyer, S.M.; Kabat, B.; Zeldenrust, S.R.; Kumar, S.; Greipp, P.R.;
Fonseca, R.; et al. Combination therapy with lenalidomide plus dexamethasone (Rev/Dex) for newly diagnosed myeloma. Blood
2005, 106, 4050–4053. [CrossRef]

60. Roussel, M.; Lauwers-Cances, V.; Robillard, N.; Hulin, C.; Leleu, X.; Benboubker, L.; Marit, G.; Moreau, P.; Pegourie, B.;
Caillot, D.; et al. Front-line transplantation program with lenalidomide, bortezomib, and dexamethasone combination as induc-
tion and consolidation followed by lenalidomide maintenance in patients with multiple myeloma: A phase II study by the
Intergroupe Francophone du Myélome. J. Clin. Oncol. 2014, 32, 2712–2717.

61. Rosiñol, L.; Oriol, A.; Rios, R.; Sureda, A.; Blanchard, M.J.; Hermandez, M.T.; Martinez-Martinez, R.; Moraleda, J.M.; Jarque, I.;
Bargay, J.; et al. Bortezomib, lenalidomide, and dexamethasone as induction therapy prior to autologous transplant in multiple
myeloma. Blood 2019, 134, 1337–1345. [CrossRef] [PubMed]

62. Cavo, M.; Gay, F.; Beksac, M.; Pantani, L.; Petrucci, M.T.; Dimopoulos, M.A.; Dozza, L.; van der Holt, B.; Zweegman, S.;
Oliva, S.; et al. Autologous haematopoietic stem-cell transplantation versus bortezomib-melphalan-prednisone, with or without
bortezomib-lenalidomide-dexamethasone consolidation therapy, and lenalidomide maintenance for newly diagnosed multiple
myeloma (EMN02/HO95): A multicentre, randomised, open-label, phase 3 study. Lancet Haematol. 2020, 7, e456–e468.

63. Richardson, P.G.; Weller, E.; Lonial, S.; Jakubowiak, A.J.; Jagannath, S.; Raje, N.S.; Avigan, D.E.; Xie, W.; Ghobrial, I.M.;
Schlossman, R.L.; et al. Lenalidomide, bortezomib, and dexamethasone combination therapy in patients with newly diagnosed
multiple myeloma. Blood 2010, 116, 679–686. [CrossRef] [PubMed]

64. Kumar, S.; Flinn, I.; Richardson, P.G.; Hari, P.; Callander, N.; Noga, S.J.; Stewart, A.K.; Turturro, F.; Rifkin, R.; Wolf, J.; et al.
Randomized, multicenter, phase 2 study (EVOLUTION) of combinations of bortezomib, dexamethasone, cyclophosphamide, and
lenalidomide in previously untreated multiple myeloma. Blood 2012, 119, 4375–4382. [CrossRef] [PubMed]

65. Alsina, M.; Landgren, O.; Raje, N.; Niesvizky, R.; Bensinger, W.I.; Berdeja, J.G.; Kovacsovics, T.; Vesole, D.H.; Fang, B.;
Kimball, A.S.; et al. A phase 1b study of once-weekly carfilzomib combined with lenalidomide and dexamethasone in patients
with newly diagnosed multiple myeloma. Am. J. Hematol. 2021, 96, 226–233. [CrossRef]

66. Jasielec, J.; Kubicki, T.; Raje, N.; Vij, R.; Reece, D.; Berdeja, J.; Derman, B.A.; Rosenbaum, C.A.; Richardson, P.; Gurbuxani, S.; et al.
Carfilzomib, lenalidomide, and dexamethasone plus transplant in newly diagnosed multiple myeloma. Blood 2020, 136, 2513–2523.
[CrossRef] [PubMed]

67. Voorhees, P.M.; Kaufman, J.L.; Laubach, J.; Sborov, D.W.; Reeves, B.; Rodriguez, C.; Chari, A.; Silbermann, R.; Costa, L.J.;
Anderson, L.D., Jr.; et al. Daratumumab, lenalidomide, bortezomib, and dexamethasone for transplant-eligible newly diagnosed
multiple myeloma: The GRIFFIN trial. Blood 2020, 136, 936–945. [CrossRef]

68. Landgren, O.; Hultcrantz, M.; Diamond, B.; Lesokhin, A.M.; Mailankody, S.; Hassoun, H.; Tan, C.; Shah, U.A.; Lu, S.X.;
Salcedo, M.; et al. Safety and effectiveness of weekly carfilzomib, lenalidomide, dexamethasone, and daratumumab combination
therapy for patients with newly diagnosed multiple myeloma: The MANHATTAN nonrandomized clinical trial. JAMA Oncol.
2021, 7, 862–868. [CrossRef]

69. Gay, F.; Musto, P.; Scalabrini, D.R.; Galli, M.; Belotti, A.; Zamagni, E.; Bertamini, L.; Zambello, R.; Quaresima, M.; De Sabbata, G.; et al.
Survival analysis of newly diagnosed transplant-eligible multiple myeloma patients in the randomized Forte trial. Blood 2020,
136, 35–37. [CrossRef]

70. Benboubker, L.; Dimopoulos, M.A.; Dispenzieri, A.; Catalano, J.; Belch, A.R.; Cavo, M.; Pinto, A.; Weisel, K.; Ludwig, H.;
Bahlis, N.; et al. Lenalidomide and dexamethasone in transplant-ineligible patients with myeloma. N. Engl. J. Med. 2014, 371,
906–917. [CrossRef] [PubMed]

71. Zweegman, S.; van der Holt, B.; Mellqvist, U.H.; Salomon, M.; Bos, G.M.; Levin, M.D.; Visser-Wisselaar, H.; Hansson, M.;
van der Velden, A.W.G.; Deenik, W.; et al. Melphalan, prednisone, and lenalidomide versus melphalan, prednisone, and
thalidomide in untreated multiple myeloma. Blood 2016, 127, 1109–1116. [CrossRef]

72. Facon, T.; Kumar, S.; Plesner, R.Z.; Orlowski, R.Z.; Moreau, P.; Bahlis, N.; Basu, S.; Nahi, H.; Hulin, C.; Quach, H.; et al. Daratumumab
plus Lenalidomide and Dexamethasone for Untreated Myeloma. N. Engl. J. Med. 2019, 380, 2104–2115. [CrossRef] [PubMed]

73. Lokhorst, H.M.; van der Holt, B.; Zweegman, S.; Vellenga, E.; Crockewit, S.; van Oers, M.H.; von dem Borne, P.; Wijermans, P.;
Schaafsma, R.; de Weerdt, O.; et al. A randomized phase 3 study on the effect of thalidomide combined with adriamycin,
dexamethasone, and high-dose melphalan, followed by thalidomide maintenance in patients with multiple myeloma. Blood 2010,
115, 1113–1120. [CrossRef]

http://doi.org/10.1111/j.1600-0609.2010.01524.x
http://doi.org/10.1182/blood-2011-03-341669
http://doi.org/10.1200/JCO.2013.52.0023
http://doi.org/10.1182/blood-2005-07-2817
http://doi.org/10.1182/blood.2019000241
http://www.ncbi.nlm.nih.gov/pubmed/31484647
http://doi.org/10.1182/blood-2010-02-268862
http://www.ncbi.nlm.nih.gov/pubmed/20385792
http://doi.org/10.1182/blood-2011-11-395749
http://www.ncbi.nlm.nih.gov/pubmed/22422823
http://doi.org/10.1002/ajh.26041
http://doi.org/10.1182/blood.2020007522
http://www.ncbi.nlm.nih.gov/pubmed/32735641
http://doi.org/10.1182/blood.2020005288
http://doi.org/10.1001/jamaoncol.2021.0611
http://doi.org/10.1182/blood-2020-136907
http://doi.org/10.1056/NEJMoa1402551
http://www.ncbi.nlm.nih.gov/pubmed/25184863
http://doi.org/10.1182/blood-2015-11-679415
http://doi.org/10.1056/NEJMoa1817249
http://www.ncbi.nlm.nih.gov/pubmed/31141632
http://doi.org/10.1182/blood-2009-05-222539


Cancers 2021, 13, 4666 16 of 18

74. Stewart, A.K.; Trudel, S.; Bahlis, N.J.; White, D.; Sabry, W.; Belch, A.; Reiman, T.; Roy, J.; Shustik, C.; Kovacs, M.J. A
randomized phase 3 trial of thalidomide and prednisone as maintenance therapy after ASCT in patients with MM with a
quality-of-life assessment: The National Cancer Institute of Canada Clinicals Trials Group Myeloma 10 Trial. Blood 2013, 121,
1517–1523. [CrossRef]

75. Van de Donk, N.W.; van der Holt, B.; Minnema, M.C.; Vellenga, E.; Crookewit, S.; Kersten, M.J.; von dem Borne, P.A.; Ypma, P.;
Schaafsma, R.; de Weerdt, O.; et al. Thalidomide before and after autologous stem cell transplantation in recently diagnosed
multiple myeloma (HOVON-50): Long-term results from the phase 3, randomised controlled trial. Lancet Haematol. 2018, 5,
e479–e492. [CrossRef]

76. Morgan, G.J.; Gregory, W.M.; Davies, F.E.; Bell, S.E.; Szubert, A.J.; Brown, J.M.; Coy, N.N.; Cook, G.; Russell, N.H.; Rudin, C.; et al.
The role of maintenance thalidomide therapy in multiple myeloma: MRC Myeloma IX results and meta-analysis. Blood 2012, 119,
7–15. [CrossRef]

77. Ludwig, H.; Durie, B.G.M.; McCarthy, P.; Palumbo, A.; San Miguel, J.; Barlogie, B.; Morgan, G.; Sonneveld, P.; Spencer, A.;
Anderson, K.C.; et al. IMWG consensus on maintenance therapy in multiple myeloma. Blood 2012, 119, 3003–3015. [CrossRef] [PubMed]

78. Morgan, G.J.; Davies, F.E.; Gregory, W.M.; Bell, S.E.; Cook, G.; Drayson, M.T.; Owen, R.O.; Ross, F.M.; Jackson, G.H.; Child, J.A.
Long-term follow-up of MRC Myeloma IX trial: Survival outcomes with bisphosphonate and thalidomide treatment. Clin. Cancer
Res. 2013, 19, 6030–6038. [CrossRef]

79. Jackson, G.; Davies, F.E.; Pawlyn, C.; Cairns, D.; Striha, A.; Hockaday, A.; Sakauskiene, I.; Jones, J.R.; Kishore, B.; Garg, M.; et al.
Lenalidomide maintenance significantly improves outcomes compared to observation irrespective of cytogenetic risk: Results of
the myeloma XI trial. Blood 2017, 130 (Suppl. 1), 436.

80. Gay, F.; Oliva, S.; Petrucci, M.T.; Conticello, C.; Catalano, L.; Corradini, P.; Sinscalchi, A.; Magarotto, V.; Pour, L.;
Carella, A.; et al. Chemotherapy plus lenalidomide versus autologous transplantation, followed by lenalidomide plus
prednisone versus lenalidomide maintenance, in patients with multiple myeloma: A randomised, multicentre, phase 3 trial.
Lancet Oncol. 2015, 16, 1617–1629. [CrossRef]

81. Attal, M.; Lauwers-Cances, V.; Hulin, C.; Leleu, X.; Caillot, D.; Escoffre, M.; Arnulf, B.; Macro, M.; Balhadj, K.; Garderet, L.; et al.
Lenalidomide, bortezomib, and dexamethasone with trans- plantation for myeloma. N. Engl. J. Med. 2017, 376, 1311–1320.
[CrossRef] [PubMed]

82. Thomas, S.K.; Shah, J.J.; Morphey, A.N.; Lee, H.C.; Manasanch, E.E.; Patel, K.K.; Miller, C.P.; Phillips, S.; Crumpton, B.N.;
Johnson, R.J.; et al. Updated results of a phase II study of lenalidomide- elotuzumab as maintenance therapy post-autologous
stem cell transplant (AuSCT) in patients (Pts) with multiple myeloma (MM). Blood 2018, 132 (Suppl. 1), 1982. [CrossRef]

83. Gambella, M.; Omede, P.; Spada, S.; Muccio, V.E.; Gilestro, M.; Saraci, E.; Grammatico, S.; Larocca, A.; Conticello, C.;
Bernardini, A.; et al. Minimal residual disease by flow cytometry and allelic-specific oligonucleotide real-time quantitative
polymerase chain reaction in patients with myeloma receiving lenalidomide maintenance: A pooled analysis. Cancer 2019, 125,
750–760. [CrossRef] [PubMed]

84. de Tute, R.M.; Cairns, D.; Rawstron, A.; Pawlyn, C.; Davies, F.E.; Jones, J.R.; Kaiser, M.F.; Hockaday, A.; Striha, A.; Henderson, R.; et al.
Minimal residual disease in the maintenance setting in myeloma: Prognostic significance and impact of lenalidomide. Blood 2017,
130 (Suppl. 1), 904. [CrossRef]

85. Oliva, S.; Hofste op Bruinink, D.; Rihova, L.; D’Agostino, M.; Pantani, L.; Capra, A.; van der Holt, B.; Troia, R.; Petrucci, M.T.;
Villanova, T.; et al. Minimal residual disease (MRD) assessment by multiparameter flow cytometry in transplant eligible myeloma
in the EMN02/HOVON95 MM trial. Blood Cancer J. 2021, 11, 106. [CrossRef] [PubMed]

86. Glasmacher, A.; Hahn, C.; Hoffmann, F.; Naumann, R.; Goldschmidt, H.; von Lilienfeld-Toal, M.; Orlopp, K.; Schmidt-Wolf, I.;
Gorschluter, M. A systematic review of phase-II trials of thalidomide monotherapy in patients with relapsed or refractory multiple
myeloma. Br. J. Haematol. 2006, 132, 584–593. [CrossRef] [PubMed]

87. Kropff, M.; Baylon, H.G.; Hillengass, J.; Robak, T.; Hajek, R.; Liebisch, P.; Goranov, S.; Hulin, C.; Blade, J.; Caravita, T.; et al.
Thalidomide versus dexamethasone for the treatment of relapsed and/or refractory multiple myeloma: Results from OPTIMUM,
a randomized trial. Haematologica 2012, 97, 784–791. [CrossRef]

88. Palumbo, A.; Facon, T.; Sonneveld, P.; Blade, J.; Offidani, M.; Gay, F.; Moreau, P.; Waage, A.; Spencer, A.; Ludwig, H.; et al.
Thalidomide for treatment of multiple myeloma: 10 years later. Blood 2008, 111, 3968–3977. [CrossRef]

89. Palumbo, A.; Rajkumar, S.V.; Dimopoulos, M.A.; Richardson, P.G.; San Miguel, J.; Barlogie, B.; Harousseau, J.; Zonder, J.A.;
Cavo, M.; Zangari, M.; et al. Prevention of thalidomide- and lenalidomide-associated thrombosis in myeloma. Leukemia 2008, 22,
414–423. [CrossRef]

90. Stewart, A.K.; Siegel, D.; Ludwig, H.; Facon, T.; Goldschmidt, H.; Jakubowiak, A.; San Miguel, J.F.; Obreja, M.; Blaedel, J.;
Dimopoulos, M.A. Overall survival (OS) of patients with relapsed/refractory multiple myeloma (RRMM) treated with carfilzomib,
lenalidomide, and dexamethasone (KRd) versus lenalidomide and dexamethasone (Rd): Final analysis from the randomized
phase 3 ASPIRE trial. Blood 2017, 130 (Suppl. 1), 743. [CrossRef]

91. Richardson, P.G.; Kumar, S.K.; Masszi, T.; Grzasko, N.; Bahlis, N.J.; Hansson, M.; Pour, L.; Sandhu, I.; Ganly, P.; Baker, B.W.; et al.
Final overall survival analysis of the TOURMALINE-MM1 phase III trial of ixazomib, lenalidomide, and dexamethasone in
patients with relapsed or refractory multiple myeloma. J. Clin. Oncol. 2021, 39, 2430–2442. [CrossRef]

http://doi.org/10.1182/blood-2012-09-451872
http://doi.org/10.1016/S2352-3026(18)30149-2
http://doi.org/10.1182/blood-2011-06-357038
http://doi.org/10.1182/blood-2011-11-374249
http://www.ncbi.nlm.nih.gov/pubmed/22271445
http://doi.org/10.1158/1078-0432.CCR-12-3211
http://doi.org/10.1016/S1470-2045(15)00389-7
http://doi.org/10.1056/NEJMoa1611750
http://www.ncbi.nlm.nih.gov/pubmed/28379796
http://doi.org/10.1182/blood-2018-99-116464
http://doi.org/10.1002/cncr.31854
http://www.ncbi.nlm.nih.gov/pubmed/30561775
http://doi.org/10.1182/blood.V130.Suppl_1.904.904
http://doi.org/10.1038/s41408-021-00498-0
http://www.ncbi.nlm.nih.gov/pubmed/34083504
http://doi.org/10.1111/j.1365-2141.2005.05914.x
http://www.ncbi.nlm.nih.gov/pubmed/16445831
http://doi.org/10.3324/haematol.2011.044271
http://doi.org/10.1182/blood-2007-10-117457
http://doi.org/10.1038/sj.leu.2405062
http://doi.org/10.1182/blood.V130.Suppl_1.743.743
http://doi.org/10.1200/JCO.21.00972


Cancers 2021, 13, 4666 17 of 18

92. Bahlis, H.J.; Dimopoulos, M.A.; White, D.J.; Benboubker, L.; Cook, G.; Leiba, M.; Ho, P.J.; Kim, K.; Takezako, N.; Moreau, P.; et al.
Daratumumab plus lenalidomide, and dexamethasone in relapsed/refractory multiple myeloma: Extended follow-up of POLLUX,
a randomized, open-label phase 3 study. Leukemia 2020, 34, 1875–1884. [CrossRef]

93. Dimopoulos, M.A.; Lonial, S.; White, D.; Moreau, P.; Palumbo, A.; San Miguel, J.; Shpilberg, O.; Anderson, K.; Grosicki, S.;
Spicka, I.; et al. Elotuzumab plus lenalidomide/dexamethasone for relapsed or refractory multiple myeloma: ELOQUENT-2 follow-
up and post-hoc analyses on progression-free survival and tumour growth. Br. J. Haematol. 2017, 178, 896–905. [CrossRef] [PubMed]

94. San Miguel, J.; Weisel, K.; Moreau, P.; Lacy, M.; Song, K.; Delforge, M.; Karlin, L.; Goldschmidt, H.; Banos, A.; Oriol, A.; et al.
Pomalidomide plus low-dose dexamethasone versus high-dose dexamethasone alone for patients with relapsed and refractory
multiple myeloma (MM-003): A randomised, open-label, phase 3 trial. Lancet Oncol. 2013, 14, 1055–1066. [CrossRef]

95. Baz, R.C.; Martin, T.G., 3rd; Lin, H.Y.; Zhao, X.; Shain, K.H.; Cho, H.J.; Wolf, J.L.; Mahindra, A.; Chari, A.; Sullivan, D.M.; et al.
Randomized multicenter phase 2 study of pomalidomide, cyclophosphamide, and dexamethasone in relapsed refractory myeloma.
Blood 2016, 127, 2561–2568. [CrossRef] [PubMed]

96. Richardson, P.G.; Oriol, A.; Beksac, M.; Liberati, A.M.; Galli, M.; Schjesvold, F.; Lindsay, J.; Weisel, K.; White, D.; Facon, T.
Pomalidomide, bortezomib, and dexamethasone for patients with relapsed or refractory multiple myeloma previously treated
with lenalidomide (OPTIMISMM): A randomised, open-label, phase 3 trial. Lancet Oncol. 2019, 20, 781–794. [CrossRef]

97. Dimopoulos, M.A.; Terpos, E.; Boccadoro, M.; Delimpasi, S.; Beksac, M.; Katodritou, E.; Moreau, P.; Baldini, L.; Symeonidis, A.;
Bila, J.; et al. Daratumumab plus pomalidomide and dexamethasone versus pomalidomide and dexamethasone alone
in previously treated multiple myeloma (APOLLO): An open-label, randomised, phase 3 trial. Lancet Oncol. 2021, 22,
801–812. [CrossRef]

98. Attal, M.; Richardson, P.G.; Rajkumar, S.V.; San-Miguel, J.; Beksac, M.; Spicka, I.; Leleu, I.; Schjesvold, F.; Moreau, P.;
Dimopoulos, M.A.; et al. Isatuximab plus poma- lidomide and low-dose dexamethasone versus pomalidomide and low-dose
dexamethasone in patients with relapsed and refractory multiple myeloma (ICARIA-MM): A randomised, multicentre, open-label,
phase 3 study. Lancet 2019, 394, 2096–2107. [CrossRef]

99. Meletios, A.; Dimopoulos, M.A.; Dytfeld, D.; Grosicki, S.; Moreau, P.; Takezako, N.; Hori, M.; Leleu, X.; LeBlanc, R.; Suzuki, K.; et al.
Elotuzumab plus Pomalidomide and Dexamethasone for Multiple Myeloma. N. Engl. J. Med. 2018, 379, 1811–1822.

100. Dimopoulos, M.A.; Weisel, K.C.; Song, K.W.; Delforge, M.; Karlin, L.; Goldschmidt, H.; Moreau, P.; Banos, A.; Oriol, A.;
Garderet, L.; et al. Cytogenetics and long-term survival of patients with refractory or relapsed and refractory multiple myeloma
treated with pomalidomide and low-dose dexamethasone. Haematologica 2015, 100, 1327–1333. [CrossRef]

101. Dimopoulos, M.A.; Palumbo, A.; Corradini, P.; Cavo, M.; Delforge, M.; Di Raimondo, F.; Weisel, K.C.; Oriol, A.; Hansson, M.;
Vacca, A.; et al. Safety and efficacy of pomalidomide plus low-dose dexamethasone in STRATUS (MM-010): A phase 3b study in
refractory multiple myeloma. Blood 2016, 128, 497–503. [CrossRef]

102. Larocca, A.; Montefusco, V.; Bringhen, S.; Rossi, D.; Crippa, C.; Mina, R.; Galli, M.; Marcatti, M.; La Verde, G.;
Giuliani, N.; et al. Pomalidomide, cyclophosphamide, and prednisone for relapsed/refractory multiple myeloma: A multicenter
phase 1/2 open-label study. Blood 2013, 122, 2799–2806. [CrossRef]

103. Garderet, L.; Kuhnowski, F.; Berge, B.; Roussel, M.; Escoffre-Barbe, M.; Lafon, I.; Facon, T.; Leleu, X.; Karlin, L.; Perrot, A.; et al.
Pomalidomide, cyclophosphamide, and dexamethasone for relapsed multiple myeloma. Blood 2018, 132, 2555–2563. [CrossRef] [PubMed]

104. Dimopoulos, M.A.; Weisel, K.; Moreau, P.; Anderson, L.D., Jr.; White, D.; San-Miguel, J.; Sonneveld, P.; Engelhardt, M.; Jenner, M.;
Corso, A.; et al. Pomalidomide, bortezomib, and dexamethasone for multiple myeloma previously treated with lenalidomide
(OPTIMISMM): Outcomes by prior treatment at first relapse. Leukemia 2021, 35, 1722–1731. [CrossRef] [PubMed]

105. Shah, J.J.; Stadtmauer, E.A.; Abonour, R.; Cohen, A.D.; Bensinger, W.I.; Gasparetto, C.; Kaufman, J.L.; Lentzsch, S.; Vogl, D.T.;
Gomes, C.L.; et al. Carfilzomib, pomalidomide, and dexamethasone for relapsed or refractory myeloma. Blood 2015, 126,
2284–2290. [CrossRef]

106. Krishnan, A.; Kapoor, P.; Palmer, J.M.; Tsai, N.C.; Kumar, S.; Lonial, S.; Htut, M.; Karanes, C.; Nathwani, N.; Rosenzweig, M.; et al.
Phase I/II trial of the oral regimen ixazomib, pomalidomide, and dexamethasone in relapsed/refractory multiple myeloma.
Leukemia 2018, 32, 1567–1574. [CrossRef]

107. Amatangelo, M.; Bjorklund, C.C.; Kang, J.; Polonskaia, A.; Viswanatha, S.; Thakurta, A. Iberdomide (CC-220) Has Synergistic Anti-
Tumor and Immunostimulatory Activity Against Multiple Myeloma in Combination with Both Bortezomib and Dexamethasone,
or in Combination with Daratumumab in Vitro. Blood 2018, 132 (Suppl. 1), 1935. [CrossRef]

108. Schafer, P.H.; Ye, Y.; Wu, L.; Kosek, J.; Ringheim, G.; Yang, Z.; Liu, L.; Thomas, M.; Palmisano, M.; Chopra, R. Cereblon modulator
iberdomide induces degradation of the transcription factors Ikaros and Aiolos: Immunomodulation in healthy volunteers and
relevance to systemic lupus erythematosus. Ann. Rheum. Dis. 2018, 77, 1516–1523. [CrossRef]

109. Lonial, S.; Amatangelo, M.; Popat, R.; Minnema, M.C.; Zonder, J.A.; Larsen, J.; Oriol Rocafiguera, A.; Campagnaro, E.L.;
Rodriguez Otero, P.; Badros, A.Z.; et al. Translational and Clinical Evidence of a Differentiated Profile for the Novel CELMoD,
Iberdomide (CC-220). Blood 2019, 134 (Suppl. 1), 3119. [CrossRef]

110. Van de Donk, N.W.C.J.; Popat, R.; Larsen, J.; Minnema, M.C.; Jagannath, S.; Oriol, A.; Zonder, J.; Richardson, P.G.;
Rodriguez-Otero, P.; Badros, A.Z.; et al. First results of Iberdomide (IBER.; CC-220) in combination with dexamethasone (DEX)
and daratumumab (DARA) or bortezomib (BORT) in patients with relapsed/refractory multiple myeloma (RRMM). Blood 2020,
136 (Suppl. 1), 16–17. [CrossRef]

http://doi.org/10.1038/s41375-020-0711-6
http://doi.org/10.1111/bjh.14787
http://www.ncbi.nlm.nih.gov/pubmed/28677826
http://doi.org/10.1016/S1470-2045(13)70380-2
http://doi.org/10.1182/blood-2015-11-682518
http://www.ncbi.nlm.nih.gov/pubmed/26932802
http://doi.org/10.1016/S1470-2045(19)30152-4
http://doi.org/10.1016/S1470-2045(21)00128-5
http://doi.org/10.1016/S0140-6736(19)32556-5
http://doi.org/10.3324/haematol.2014.117077
http://doi.org/10.1182/blood-2016-02-700872
http://doi.org/10.1182/blood-2013-03-488676
http://doi.org/10.1182/blood-2018-07-863829
http://www.ncbi.nlm.nih.gov/pubmed/30282798
http://doi.org/10.1038/s41375-020-01021-3
http://www.ncbi.nlm.nih.gov/pubmed/32895455
http://doi.org/10.1182/blood-2015-05-643320
http://doi.org/10.1038/s41375-018-0038-8
http://doi.org/10.1182/blood-2018-99-113383
http://doi.org/10.1136/annrheumdis-2017-212916
http://doi.org/10.1182/blood-2019-124298
http://doi.org/10.1182/blood-2020-137743


Cancers 2021, 13, 4666 18 of 18

111. Lonial, S.; Richardson, P.G.; Popat, R.; Stadtmauer, E.; Larsen, J.; Oriol, A.; Knop, S.; Jagannath, S.; Cook, G.; Badros, A.Z.; et al.
Iberdomide (IBER) in Combination with Dexamethasone (DEX) and Daratumumab (DARA), Bortezomib (BORT), or Carfilzomib
(CFZ) in Patients (PTS) with Relapsed/Refractory Multiple Myeloma (RRMM). In Proceedings of the EHA Virtual Congress
Platform, Online, 9–17 June 2021; p. S187.

112. Rasco, D.W.; Papadopoulos, K.P.; Pourdehnad, M.; Gandhi, A.K.; Hagner, P.R.; Li, Y.; Wei, X.; Chopra, R.; Hege, K.;
DiMartino, J.; et al. A first-in-human study of novel Cereblon modulator Avadomide (CC-122) in advanced malignancies. Clin.
Cancer Res. 2019, 25, 90–98. [CrossRef] [PubMed]

113. Richardson, P.G.; Vangsted, A.J.; Ramasamy, K.; Trudel, S.; Martinez, J.; Mateos, M.V.; Rodriguez-Otero, P.; Lonial, S.; Popat, R.;
Oriol, A.; et al. First-in-human phase 1 study of the novel CELMoD agent CC-92480 combined with dexamethasone in patients
with relapsed/refractory multiple myeloma. J. Clin. Oncol. 2020, 38, S208. [CrossRef]

114. Chamberlain, P.P.; Cathers, B.E. Cereblon modulators: Low molecular weight inducers of protein degradation. Drug Discov. Today
Technol. 2019, 31, 29–34. [CrossRef] [PubMed]

http://doi.org/10.1158/1078-0432.CCR-18-1203
http://www.ncbi.nlm.nih.gov/pubmed/30201761
http://doi.org/10.1200/JCO.2020.38.15_suppl.8500
http://doi.org/10.1016/j.ddtec.2019.02.004
http://www.ncbi.nlm.nih.gov/pubmed/31200856

	Introduction 
	Mechanism of Action of Immunomodulatory Drugs and Cereblon E3 Ligase Modulators in the Treatment of Multiple Myeloma 
	Immunomodulatory Drugs in Newly Diagnosed Multiple Myeloma 
	Thalidomide 
	Thalidomide for the Treatment of Newly Diagnosed Multiple Myeloma in Patients Eligible for ASCT 
	Thalidomide for the Treatment of Newly Diagnosed Multiple Myeloma in Patients Ineligible for ASCT 

	Lenalidomide 
	Lenalidomide for the Treatment of Newly Diagnosed Multiple Myeloma in Patients Eligible for ASCT 
	Lenalidomide in the Treatment of Newly Diagnosed Multiple Myeloma in Patients Ineligible for ASCT 


	Immunomodulatory Drugs in Maintenance Therapy after ASCT 
	Thalidomide 
	Lenalidomide 

	Immunomodulatory Drugs in the Treatment of Relapsed/Refractory Multiple Myeloma 
	Thalidomide 
	Lenalidomide 
	Pomalidomide 

	The New Generation of Immunomodulatory Drugs—Cereblon E3 Ligase Modulators 
	Iberdomide (CC-220) 
	Avadomide (CC-122) 
	CC-92480 

	Conclusions 
	References

