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Simple Summary: Immunomodulatory drugs (IMiDs) are effective in the treatment of multiple
myeloma (MM) and other hematological malignancies. Cereblon (CRBN), a target of IMiDs, forms
the CRL4 E3 ubiquitin ligase complex (CRL4“RBN) with DDB1, CUL4A and RBX1. The insight into the
molecular mechanism of IMiDs action has advanced dramatically since the identification of cereblon
(CRBN) as their direct target. Targeting CRBN by IMiDs modifies CRLA“RBN substrate specificity
towards non-physiological protein targets which are subsequently ubiquitinated and degraded by
the proteasome. To date, IMiDs are the only known group of protein degraders used in clinical
practice. This review provides the current state of knowledge about thalidomide and its derivatives’
mechanisms of action, and highlights the future perspectives for targeted protein degraders.

Abstract: Multiple myeloma (MM) is the second most common hematological malignancy with a
recurrent clinical course. The introduction of immunomodulatory drugs (IMiDs) was one of the
milestones in MM therapy leading to a significant improvement in patients’ prognosis. Currently,
IMiDs are the backbone of MM therapy in newly diagnosed and relapsed/refractory settings. It
is now known that IMiDs exert their anti-myeloma activity mainly by binding cereblon (CRBN),
the substrate receptor protein of the CRL4 E3 ubiquitin ligase (CRL4“RBN) complex. By binding
CRBN, IMiDs alter its substrate specificity, leading to ubiquitination and proteasomal degradation of
proteins essential for MM cell survival. Following the success of IMiDs, it is not surprising that the
possibility of using the CRL4“RBN complex’s activity to treat MM is being further explored. In this
review, we summarize the current state of knowledge about novel players in the MM therapeutic
landscape, namely the CRBN E3 ligase modulators (CELMoDs), the next generation of IMiDs with
broader biological activity. In addition, we discuss a new strategy of tailored proteolysis called
proteolysis targeting chimeras (PROTACs) using the CRLA“REN to degrade typically undruggable
proteins, which may have relevance for the treatment of MM and other malignancies in the future.

Keywords: multiple myeloma; cereblon; immunomodulatory drugs; cereblon E3 ligase modulators;
proteolysis targeting chimeras

1. Introduction

The ubiquitin-proteasome pathway plays an essential role in the proteins’ degradation.
This process is mediated by a cascade of enzymatic reactions engaging a ubiquitin-activating
enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3), which are
recycled and activated by ATP during the whole ubiquitination pathway [1]. The role
of E3 is the determination of the substrate specificity for ubiquitination and subsequent
degradation in the proteasome. The human genome encodes more than 600 E3 ubiquitin
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ligases, and the cullin-RING ubiquitin ligases (CRLs) represent the largest E3 ligase family,
which take part in numerous cellular homeostatic processes, e.g., signal transduction,
cell cycle regulation, DNA damage response, regulation of transcription and embryonic
development [2,3]. CRL4 E3 ubiquitin ligase is a complex of RING finger domain protein
(Rocl, also named RBX1), cullin4 (CUL4) scaffold protein, and DDB1-CUL4 associated
proteins, which determine the substrate specificity for the CRL4 E3 activity. Cereblon
(CRBN) is one of the CRL4 E3 substrate receptors, and this protein is crucial for the
action of small molecules, such as immunomodulatory drugs (IMiDs). Targeting CRBN
by IMiDs modifies its substrate specificity towards non-physiological proteins which
are subsequently ubiquitinated and degraded by the proteasome [4-10], Figure 1A. This
mechanism of action has shown particular relevance in the treatment of multiple myeloma
(MM), the second most common hematological malignancy with a recurrent clinical course
leading to 20,000 deaths per year in the European Union [11]. The introduction of IMiDs-
based treatment has been a game changer for patients with MM, significantly improving
their prognosis.
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Figure 1. (A) Overview of the ubiquitination process via CRL4A“RBN E3 ligase complex. The E3 ligase
recognizes the E2-Ub complex and target substrate with subsequent transfer of Ub from E2 to the
substrate. This process results in Ub-substrate transfer to the proteasome and proteolytic degradation
with Ub recycle. The CRLARBN E3 ligase complex (enlarged) is formed by cereblon (CRBN)—a
substrate recruiter, and other proteins such as DNA damage binding protein 1 (DDB1), cullin 4A
(CUL4A), and regulator of cullins-1 (RBX1). (B) Mechanism of CRBN-mediated effects upon exposure
to thalidomide and its derivatives. Binding IMiDs/CELMoDs to the CRBN leads to the recognition
of different substrates (neosubstrates) for ubiquitination and successive protein degradation.
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Although acting on the E3 ligase-related function of CRBN appears to be the main
mechanism for the anti-myeloma activity of IMiDs [12,13], recent reports indicate that
IMiDs also act by modulating other properties of CRBN, such as chaperone function [14,15].
Therefore, to emphasize the broader biological activity, the next generation of IMiD is called
‘CELMoDs’ (Cereblon E3 ligase modulators). In recent years, the CRLAREN complex, along
with other E3 ligases, is widely explored as the target of degradation typically “undrug-
gable” proteins by heterobifunctional small molecules, known as proteolysis targeting
chimeras (PROTACS).

Here, we review the ways of modulating CRLA“REN E3 ligase activity in a CRBN-
dependent manner in established and upcoming therapeutic approaches in multiple myeloma.

2. Immunomodulatory Drugs (IMiDs)
2.1. Mechanism of IMiDs” Action

The introduction of thalidomide in 2006, a first-in-class IMiD, was one of the milestones
in MM therapy. Together with its new generation derivatives, such as lenalidomide and
pomalidomide, along with proteasome inhibitors and monoclonal antibodies, these drugs
are placed as a standard of care for MM patients at all disease stages. Before the clarification
of the molecular mechanism of action, thalidomide and its analogues were characterized
by modulation of T cells, NK and NK-T cells functions by inducing the production of
cytokines, including IL-2 (interleukin-2) and interferon-y [16-18]. Thus, thalidomide and
its analogs are called immunomodulatory drugs in addition to their anti-angiogenic activity,
disruption of the myeloma cell-bone marrow stromal interaction, and downregulation of
osteoclastogenesis [19,20].

The game-changer in the exploration of IMiDs molecular mechanism of action was
information that thalidomide interacts with CRBN, and this interplay led to the teratogenic
side effects and limb malformations of newborns [21]. Then, it was shown that CRBN
expression was required for the anti-myeloma activity of IMiDs as CRBN knockdown
leads to resistance to lenalidomide and pomalidomide in MM cell lines [12]. Our group
and others showed that CRBN expression is associated with a response to thalidomide
and lenalidomide-based treatment in MM patients [22-25]. Recent molecular studies with
lenalidomide- and pomalidomide-resistant MM patients revealed some CRBN molecular
alterations (e.g., point mutation, structural variation, copy loss, or exon 10 spliced transcript
of CRBN) associated with IMiDs” exposure [26]. Nevertheless, the low frequency and clonal
fraction of identified CRBN mutations cannot be responsible for IMIDs resistance in the
majority of patients [27,28]. As IMiDs resistance is one of the main challenges in MM
treatment, its mechanism of resistance needs to be explored in future studies.

The subsequent key findings in IMIDs mechanism of action were presented in 2014.
Two papers demonstrated that lenalidomide’s interaction with CRBN changes its substrate
specificity to induce the proteasomal-dependent degradation of transcriptional factors
IZKF1 and IKZF3 (named also Ikaros and Aiolos, respectively) [5,6]. IKZF1 and IKZF3
were defined as CRBN ‘neosubstrates” because they only become CRBN targets in the
presence of IMiDs. Degradation of IKZF1/3 regulates the expression of other genes, such
as IRF4 and MYC, and is essential for the proliferation and survival of MM cells [29,30].
Disruption of the IKZF1/3-IRF4-MYC transcriptional axis is of special importance in
MM cells survival [31], in contrast to studies with primary effusion lymphoma cell lines,
where IMiDs triggered downregulation of IRF4 expression independently of both IKZF1
and IKZF3 [32]. The investigation of the lenalidomide mechanism of action in other
hematological malignancies, such as myelodysplastic syndrome with del5q, identified
the next neosubstrate of CRBN; a casein kinase 1 o (CK1a; encoded on chromosome 5q
by CSNK1A1) [9]. The deletion of the 5q region leads to reduced baseline expression of
CK1lx and sensitizes MDS cells to lenalidomide, which causes a unique opportunity to
exert its apoptotic effect. In MM cells, inactivation of CK1x induces cell cycle arrest and
overcomes the bone marrow stromal protection, indicating that lenalidomide-dependent
degradation of CK1x may complement its anti-myeloma activity [33-35]. Moreover, the
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group of thalidomide neosubstrates includes also PLZF, SALL4 and P63 proteins, which
were identified as its teratogenicity mediators [36-39]. Recent screening studies conducted
by mass-spectrometry and high-throughput sequencing of engineered cell lines revealed
the multiple potential IMiDs neosubstrates [40,41], which need to be validated under
physiological conditions and translated to the clinical effects of IMiDs. The established
neosubstrates for CRLA“RBN E3 ligase under IMiDs impact are shown in Figure 1B.

The differences in neosubstrates repertoire degraded under IMiDs activity may re-
flect the various adverse events observed during MM therapy. The most common side
effect of thalidomide is chronic axonal neuropathy [42], in contrast to other IMIDs char-
acterized by myelosuppression as the most frequent toxicity. Myelosuppressive effect of
lenalidomide and pomalidomide refers to the IKZF1 degradation and subsequent down-
regulation of the transcription factor PU.1 [43] and GATA1 [42], resulting in neutropenia
and thrombocytopenia, respectively. As thalidomide is a much less potent IKZF1 degrader
relative to lenalidomide and pomalidomide, it may not induce this toxicity as strongly as
its newer derivatives.

IMiDs can modulate the CRLARBN E3 ligase activity toward the degradation of
various proteins with different affinity to the specific neosubstrates. The unique patterns of
substrate specificity may translate the diversity in clinical efficacy and toxicity profile of
these medicines.

2.2. Clinical Efficacy of IMiDs

Although the role of thalidomide in MM treatment has been steadily declining since
the introduction of lenalidomide, in many countries where access to lenalidomide is limited,
the combination of thalidomide, dexamethasone and bortezomib (VTD) is still the key ap-
proach in patients with newly diagnosed MM who are eligible for high-dose chemotherapy
followed by autologous stem-cell transplantation (auto-HSCT). Recently, VTD induction
prior to auto-HSCT has been shown to achieve an objective response (at least partial re-
sponse [PR]) in almost 95% of patients, confirming previously reported results [44]. As
shown in the recent phase 3 CASSIOPEIA trial, the clinical benefits of VID in terms of depth
of response, rate of measurable residual disease (MRD) negativity and progression-free
survival (PFS) can be further enhanced by the addition of daratumumab, a first-in-class
monoclonal antibody targeting CD38, i.e., an antigen commonly expressed on the surface
of MM cells [45].

The high efficacy and favorable toxicity profile of lenalidomide have made this drug
the cornerstone of most regimens currently used in MM therapy, both as initial treat-
ment and in relapsed/refractory settings. The phase 3 PETHEMA /GEM2012 trial of
458 MM patients eligible for auto-HSCT showed significant activity of lenalidomide, dex-
amethasone and bortezomib (VRD) combination in pre-transplant induction (6 cycles) and
post-transplant consolidation (additional 2 cycles) with high rates of both deep responses
(>very good partial response [VGPR], 75%; complete response [CR], 50%) and MRD neg-
ativity (45%) assessed after consolidation [46]. The phase 2 randomized GRIFFIN study
recently showed that the addition of daratumumab to VRD induction (D-VRD) (given
for 4 cycles) and post-transplant consolidation (given for additional 2 cycles) significantly
improved depth of response (>VGPR, 91% vs. 73%; >CR, 52% vs. 42%; MRD negativity
rate, 51% vs. 20%) compared to VRD alone [47]. The efficacy and safety of D-VRD as a
frontline treatment for transplant-eligible MM patients will be further evaluated in the
phase 3 PERSEUS trial (NCT03710603).

The superiority of VRD over RD alone was demonstrated in the phase 3 SWOG
50777 trial in treatment-naive MM patients not intended for immediate auto-HSCT. Longer
progression-free survival (PFS) (median, 43 vs. 30 months) and overall survival (OS)
(median, 75 vs. 64 months) were observed in VRD compared to the RD arm [48]. The
ENDURANCE trial showed that in a group of patients with no intention for immediate
auto-HSCT, treatment with a combination of the second-generation proteasome inhibitor
carfilzomib with RD (KRD) did not provide clinical benefit in terms of PFS over VRD [49].
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More recently, the MAIA study including patients ineligible for auto-HSCT due to age
or comorbidities showed that adding daratumumab to RD (DRD) led to a 47% and 32%
reduction in the risk of progression and death, respectively, compared to RD alone [50].
Given these results, both VRD and DRD have been established as the preferred therapeutic
options for patients with newly diagnosed MM who are not eligible for auto-HSCT [51].

The treatment of relapsed/refractory MM is a major challenge in clinical practice.
For patients who have not previously been exposed to lenalidomide, RD alone (especially
in frail patients) [52], or combined with carfilzomib (the ASPIRE trial) [53,54] ixazomib
(the TOURMALINE trial) [55], daratumumab (the POLLUX trial) [56] or elotuzumab
(the ELOQUENT-2 trial) [57,58] are highly relevant therapeutic options. In turn, for
lenalidomide-refractory patients, in addition to IMID-free regimens (e.g., DKD [the CAN-
DOR trial] [59], DVD [the CASTOR trial] [60] and KD alone [the ENDEAVOR trial] [61],
pomalidomide-based approaches are of great clinical value. Depending on previous thera-
pies, performance status and comorbidities, patients with relapsed /refractory MM may
benefit from pomalidomide-dexamethasone given alone or in combination with anti-CD38
antibodies (i.e., daratumumab (the APOLLO trial) [62] or isatuximab [the ICARIA-MM
trial] [63], elotuzumab (the ELOQUENT-3 trial) [64], proteasome inhibitors (i.e., bortezomib
[the OPTIMISMM trial] [65], carfilzomib [66] and ixazomib [67]) along with cytotoxic agents
(e.g., cyclophosphamide [68]). The results of the randomized clinical trials with IMiDs are
summarized in Table 1.

Lenalidomide is also placed as the standard of care in maintenance therapy of MM
after auto-HSCT or in nontransplant settings for newly diagnosed patients. In four phase 3
randomized trials, prolonged PFS was observed with hazard ratios (HRs) ranging from 0.47
to 0.57 in favor of the lenalidomide arm vs observation/placebo post auto-HSCT [69-72].
Moreover, three clinical trials’ meta-analysis documented longer overall survival (OS) of
patients with lenalidomide maintenance [73]. On the other hand, one is aware of the risk
of secondary malignancies during long-term exposure to lenalidomide [74], especially
the several recent reports that emerged about acute B-cell leukemia with diverse clinical
courses and treatment outcomes [75-78].

There is room for pomalidomide and new cereblon E3 ligase modulators (CELMoDs,
described below) in the maintenance therapy of MM because of their higher efficacy and
more favorable toxicity profile, which is of special interest during long-term therapy.

Table 1. Summarize the results of randomized clinical trials with IMiDs.

Trial Phase Regimen Outcome
Newly-Diagnosed MM with Transplant Intent
Dara-VID mPFS: NR vs. NR (HR = 0.47; p < 0.0001)
CASSIOPEIA [45] 3 VTD MRD (-): 64% vs. 44% (p < 0.0001)

mPFS: NR; MRD (-): 29% (post induction),

PETHEMA/GEM2012 [46] 3 VRD 42% (post auto-HSCT) and 45% (post consolidation)
Dara-VRD 2y-PFS: 96% vs. 90%
GRIFFIN [47] 3 VRD MRD (-): 51% vs. 20% (p < 0.0001)
Newly-Diagnosed MM with Non-Transplant Intent
) VRD mPFS: 43 vs. 30 mo (HR = 0.71; p = 0.0018)
SWOG 50777 [48] 3 RD mOS: 75 vs. 64 mo (HR = 0.71; p = 0.025)
KRD
ENDURANCE [49] 3 VRD mPFS: 34.6 vs. 34.4 months (p = 0.74)
MAIA [50] 3 Dara-RD mPFS: NR vs. 34.4 mo (HR = 0.53; p < 0.0001)

VRD
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Table 1. Cont.
Trial Phase Regimen Outcome
Relapsed/Refractory MM

Dimopoulos et al. [52] 3 plaCIZEO-D mTTP, 11.3 vs. 4.7 months (p < 0.001)

:
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OPTIMISMM [65] 3 P\)/[])D mPFS: 11.2 vs. 7.1 mo (HR = 0.61; p < 0.0001)

Abbreviations: D: dexamethasone; Dara: daratumumab; Elo: elotuzumab; HR: hazard ratio; IRD: ixazomib,
lenalidomide and dexamethasone; Isa: isatuximab; KD: carfilzomib and dexamethasone; KPD: carfilzomib,
pomalidomide and dexamethasone; KRD: carfilzomib, lenalidomide and dexamethasone; MM: multiple myeloma;
MRD: measurable residual disease; mo: months; mOS: median OS; mPFS: median PFS; NR: not reached; ORR:
objective response rate; OS: overall survival; PD: pomalidomide and dexamethasone, PFS: progression-free
survival; PVD: bortezomib, pomalidomide and dexamethasone; RD: lenalidomide and dexamethasone; TTP: time
to progression; VD: bortezomib and dexamethasone; VRD: bortezomib, lenalidomide and dexamethasone; VTD:
bortezomib, thalidomide and dexamethasone; y, years.

3. Cereblon E3 Ligase Modulators (CELMoDs)
3.1. Mechanism of CELMoDs’ Action

Even though the enigma of IMiDs’ different ways of action is still not fully deciphered,
we have to make room for the novel, intentionally designed, class of CRL4“RBN players, re-
ferred to as CRBN E3 ligase modulation drugs (CELMoDs). This group of “next-generation”
IMiDs is represented by CC-92480 (mezigdomide), CC-220 (iberdomide), CC-122 (avado-
mide) and CC-885. Chemically, CELMoDs share with IMiDs the conserved glutarimide
rings for interaction with CRBN. The second, extended region of their structures (cor-
responding to the phthalimide ring in thalidomide) varies between each CELMoD and
determines the interaction with CRBN and new CRL4RBN E3 substrates, as shown in
Figure 2A,B.

One of the key features that differentiate CELMoDs from IMiDs is the enhanced
affinity to the CRBN. The raw data varies between the published results depending on the
used assays. Still, most publications document the approximately 10-20-fold higher CRBN-
affinity of CELMoDs compared to lenalidomide or pomalidomide [79,80]. Consistent with
increased affinity, the greater CELMoDs’ potency in degradation of IKZF1 and IKZF3 is
observed compared to classical IMiDs [81], Figure 2C.
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Figure 2. IMIDs/CELMoDs differences in chemical structure and power of IKZF1 degradation.
Chemically, IMiDs (A) and CELMoDs (B) share glutarimide ring for binding to the tri-tryptophan
pocket of CRBN, but the second structural region varies between each drug and determines the
interaction with CRBN and neoubstrates. (C) The comparison of the IMiDs and CELMoDs potency
in IKZF1 degradation.

In contrast to known IMIDs” neosubstrates, CC-885 was found to exert the antitumor
activity by CRBN-dependent ubiquitination and degradation of the translational terminal
factor, GSPT1. Degradation of GSPT1 is detrimental in acute myeloid leukemia (AML)
cell lines and patient-derived AML samples [82]. Furthermore, a recent analysis based on
mass-spectroscopy proteomics also identified dose- and time-dependent degradation of
BNIP3L in CRBN*/*, but not CRBN~/~ cells exposed to CC-885 compound. That data
uncover a novel role of CC-885 in regulating degradation of mitochondria (mitophagy)
by targeting BNIP3L for CRLARBN E3 ligase-dependent ubiquitination [83]. In MM cell
lines, CC-885 selectively induced the ubiquitination and degradation of CDK4 in a CRBN-
dependent manner, suggesting that CDK4 destruction contributed to its cytotoxicity in MM
pre-clinical model [84].

The CC-220 has a higher than IMiDs affinity to CRBN and potency for IKZF1/3
degradation, but does not degrade CKla or GSPT1. It is worth mentioning that iber-
domide and other CELMoDs (CC-122, CC-92480) have the activity in lenalidomide- or
pomalidomide-resistant cell lines with decreased CRBN expression [85,86].

Unlike other IMiDs or CELMoDs, recent basic studies with avadomide revealed the
CRBN-dependent degradation of ZMYM2 (ZNF198), a transcriptional factor involved in
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rearrangements with FGFR1 and FLT3. This makes CC-122 a potential drug for patients
with aggressive hematological malignances harboring translocations resulting in fusion
oncoproteins ZMYM?2-FGFR1 and ZMYM?2-FLT3 [87].

3.2. Clinical Efficacy of CELMoDs
3.2.1. CC-92480 (Mezigdomide)

Recently, the preliminary results of the phase 1/2 CC-92480-MM-002 study have
been reported. A total of 19 patients with relapsed/refractory MM after a median of 3
(range, 2—4) lines of prior therapy had received a combination of CC-92480 (mezigdo-
mide), bortezomib and dexamethasone [88]. All patients were previously exposed to
lenalidomide and half of them received pomalidomide in addition. The mezigdomide-
bortezomib-dexamethasone combination has shown promising clinical activity with an
objective response (>PR) achieved in almost 75% of cases and a median duration of re-
sponse of 10 months. The toxicity profile was predictable and acceptable, with cytopenias
being the most commonly reported grade 3 or 4 treatment-emergent adverse event. In
this study, evaluation of other mezigdomide-dexamethasone combinations containing a
next-generation PI (carfilzomib or ixazomib) or anti-CD38 antibody (daratumumab or
isatuximab) or anti-SLAMF?7 antibody (elotuzumab) is planned (NCT03989414). Another
phase 1 study (NCT03374085) has recently demonstrated the mezigdomide-dexamethasone
doublet to be an effective approach in a group of 66 heavily pre-treated (a median of 6
previous therapies) patients with prior exposure to lenalidomide (89%), pomalidomide
(83%) and anti-CD38 antibodies (78%) [89]. The objective response rate at the therapeutic
dose was almost 50%, and responses were achieved independently of resistance to IMIDs.
The most common adverse events were myelosuppression. The study is ongoing, and
further findings are highly anticipated.

3.2.2. Iberdomide (CC-220)

Triplet combinations with iberdomide (CC-220) have shown a favorable safety profile
and promising clinical activity in heavily pretreated MM patients, according to the prelimi-
nary results of the phase 1/2 CC-220-MM-001 study (NCT02773030) [90]. The iberdomid-
daratumumab-dexamethasone (IberDd) cohort included 63% and 58% of daratumumab-
resistant and quadruple-refractory (defined as refractory to >1 IMIDs, 1 PI, 1 anti-CD38
monoclonal antibodies and 1 steroid) patients, respectively. Similarly, a high representation
of refractory patients (Pl-refractory, 76%; quadruple-refractory, 48%) was included in the
iberdomide-bortezomib-dexamethasone (IberVD) cohort. Nevertheless, the objective re-
sponse rate was 35% in the IberDd and 50% in the IberVD cohort. Importantly, responses
to IberDd and IberVd were achieved irrespective of daratumumab- and bortezomibe-
refractoriness. It is worth highlighting that a significant proportion of patients derived
clinical benefit from iberdomide-based therapy due to achieving a minimal response or
stable disease. The clinical benefit rate and the disease control rate were 47% and 88% (for
the IberDd cohort) and 65% and 85% (for IberVD cohort), respectively [90]. Cytopenias
were the most common complication of the combination therapy. The IberDd combination
for the treatment of relapsed/refractory MM is planned to be compared with DRd in the
phase 3 EXCALIBER-RRMM trial (NCT04975997). Additionally, IberVD as a frontline
approach for MM patients ineligible for HDT-auto-HSCT will be evaluated in the phase 2
BOREALLIS trial (NCT05272826).

In the phase 1/2 CC-220-MM-001 study (NCT02773030), iberdomide in combination
with dexamethasone was evaluated [91]. Almost all of the 107 enrolled patients were
triple refractory (refractory to IMID, PI and anti-CD38 monoclonal antibody), 25% had an
extramedullary disease, and 30% had high-risk cytogenetics. Treatment with iberdomide
and dexamethasone led to a response in 26% of patients. Median PFS and OS were 3 and
11 months, respectively. Interestingly, patients who had previously received anti-BCMA
therapy had similar response rates (ORR of 25%). There were no new concerns about the
toxicity of the combination therapy. The efficacy and safety of iberdomid-dexamethasone
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combined with other anti-myeloma agents, i.e., carfilzomib (NCT05199311, NCT02773030),
ixazomib (NCT04998786), cyclophosphamide (NCT(04392037) and idecabtagene vicleu-
cel (the KarMMa-7 trial, NCT04855136) are currently being investigated in several early
phase studies.

3.2.3. Avadomide (CC-122)

The results of the first-in-human study of avadomide monotherapy in the treatment of
various advanced hematological malignancies, including two cases of heavily pretreated
MM have recently been published [92]. Although no objective responses were observed, in
one MM case avadomide led to long-term disease stabilization. In two other early phase
studies, avadomide both in monotherapy and in combination with the anti-CD20 anti-
bodies showed promising efficacy in the treatment of relapsed /refractory non-Hodgkin’s
lymphoma [93,94].

3.2.4. CC-885

Another CELMoD, CC-885 has shown anti-cancer activity in several preclinical stud-
ies [83,84,95]. However, to the best of our knowledge, CC-885 is not yet evaluated in
clinical trials.

4. Proteolysis Targeting Chimeras (PROTACsS)

As described previously, selective protein degradation is a treatment strategy of high
clinical value, and this therapeutic approach is desirable not only for MM patients. An
interesting method for novel drug design is to hijack the activity of E3 ubiquitin ligases for
ubiquitination and degradation of the proteins of “our” interest (POIs). The extensive stud-
ies in IMiDs mechanism of action led to the development of “degronimids”—bifunctional
compounds in which a thalidomide-like element is paired with one of many different small
molecules to cause ubiquitination of proteins binding to these latter molecules [96]. This
engineered technique for protein degradation is more commonly known as proteolysis
targeting chimeras (PROTACs). The PROTAC molecules consist of three elements: (1) a
small molecule compound that binds specifically to the target protein, (2) a compound that
binds specifically to the E3 ubiquitin ligase, often called “molecular glue” and (3) a “linker”
that connects the two above elements and also affects its tertiary structure, water solubility,
and stability, Figure 3.

The PROTAC technique does not require binding to the target protein’s active site, so
this approach has a great advantage in overcoming the potential limitations of classical
small-molecule protein inhibitors (transient targeting of non-covalent inhibitors; resistance
caused by protein overexpression or point mutations). This novel strategy brings us closer
to degrading “undruggable” proteins, such as crucial oncogenic proteins.

Currently, most PROTACs use the CRLA“REN and von Hippel-Lindau (VHL) E3
ubiquitin ligase as a recruiting ligase. Thus, IMiDs are often considered pioneers in respect
to the “molecular glue” part of PROTAC since they promote the interaction of CRBN with
a multitude of therapeutically relevant neosubstrates.

The first CRBN-based PROTAC was developed in 2015, with the structure of thalido-
mide capturing CRBN and bromodomains as protein of interest (by BET inhibitor—]JQ1).
The resulting compound dBET1 has been shown to induce highly selective CRBN-dependent
BET protein degradation in MM and AML cell lines [96]. The next-generation PROTACs
based on CRLARBN__pomalidomide interaction also targets BET proteins (ARV 825),
which showed promising activity against MM cells, including in vivo activity in a mice
model [97,98]. Effective PROTACs targeting other MM promising oncoproteins such as
CDK4 and CDKG6 [99,100] and MCL-1 [101] have also been described.
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Figure 3. The mechanism of PROTAC-mediated targeted protein degradation. The PROTAC works
as “molecular glue” and brings the target protein closer to E3 ligase to form a multi-protein complex.
This result in Ub transfer from E2 to the target and subsequent degradation in the proteasome.
Excluding the proteolyzed target, the classic component of the ubiquitination pathway and PROTAC
recycle during the whole process.

It should be noted that in the case of MM, this strategy may be limited due to the
resistance of MM cells that arises during treatment with IMiDs or CELMoDs. This may
affect the efficacy of PROTACs based on the CRLAREN E3 ubiquitin ligase by changes in
the CRBN expression and mutation in the gene encoding CRBN. Fortunately, the human
genome encodes more than 600 E3 ubiquitin ligases [3,102], so far only a few have been
used for PROTAC’s generation: VHL, MDM2 (Murine double minute 2), IAPs (inhibitor
of apoptosis proteins) and CRBN. The latest comprehensive investigation of PROTACs
targeting different proteins but running via the same E3 ligase showed cross-resistance.
In turn, the sequential exposure to other E3 ligases (CRBN of VHL) for the same target
overcame this effect [103].

To date, degronimids and other PROTACS are being studied extensively in a broad
spectrum of hematologic malignancies and other cancers in preclinical studies [104-106].
In 2019, the first potential PROTAC-based drugs entered the first-in-human clinical trial in
metastatic and castration-resistant prostate cancer (ARV-110; NCT03888612) and advanced
breast cancer (ARV-471; NCT04072952), resulting in acceptable toxicity profile and the first
evidence of the PROTACs’ clinical activity [107,108]. In August 2022, clinical trials with
ARV-110 (ADRENT, NCT0388861) and ARV-471 (VERITAC, NCT04072952) are running
phase 2 trials. In the hematology field, a first-in-human phase 1 trial of a first-in-class
oral BTK degrader with IMiD-like activity (NX-2127), is currently enrolling the patients
with relapsed/refractory B-cell malignancies (NCT04830137). Similarly, another BTK
degrader with IMID backbone (NX-5948) has entered the 1 phase trial in adults with
relapsed /refractory B-cell malignancies, including also primary central nervous system
lymphoma (NCT05131022). Recently, the STAT3 degrader (KT-333) also on the IMiD
backbone was approved to enter the phase 1 trial in adults with refractory B-cell non-
Hodgkin lymphoma, T-cell lymphomas and solid tumors [109].
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5. Conclusions and Future Directions

The introduction of IMiDs has changed the therapeutic landscape of multiple myeloma
once and for all, and together with other advances, has led to significant improvement
in MM treatment outcomes. Currently, these drugs are the standard of care for induction
therapy for newly-diagnosed MM patients, maintenance therapy after auto-HSCT, and
treatment of relapsed /refractory MM.

The lifetime of thalidomide from a teratogenic “dark remedy” to the first-in-class IMiD,
along with an extensive investigation of its mechanism of action, gave us a unique lesson
about the possibility of precise and re-directed protein ubiquitination. The identification of
CRBN as a thalidomide binding protein was followed by the discovery that IMiDs modulate
the ubiquitin ligase activity of CRL4“RBN towards non-physiological targets for proteasome
degradation. For now, plenty of new CRLAREN interactors have been discovered as a
result of broad IMiDs/CELMoDs activity investigations. The design and development
of selective protein degraders based on CRL4A“RBN and other E3 ligases may represent
the quintessence of personalized medicine, as targeted protein degraders apparently can
induce degradation of any cancer vulnerability.

CELMoDs seem to be an attractive therapeutic option for MM refractory to IMiDs,
but further deep proteomic investigations of resistant MM cells (especially at the stage of
MRD) can reveal resistance mediating “undruggable” proteins that can become targets for
PROTACs utility.

Even though IMiDs are one of the most important drugs used in MM therapy, the
landscape of their therapeutic area is enlarging to other hematologic malignancies. The
efficacy of lenalidomide was proven in the treatment of relapsed mantle cell lymphoma,
follicular lymphoma and marginal zone lymphomas. Furthermore, CELMoDs recruitment
of new CRL4“RBN gybstrates (e.g., GSTP1) makes them attractive for the treatment of
AML. The pluripotent mechanism of IMiDs/CELMoDs action makes them attractive
to complement other therapies, especially immunotherapy. The potential to enhance
anti-tumor immune responses by overcoming an immunosuppressive effect of the tumor
microenvironment brings them promising candidates for combined therapies with immune-
engagers, such as monoclonal or bispecific antibodies and chimeric antigen receptor (CAR)-
T cell therapies.
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