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Key Points

• The combination of 
MEZI with BTZ 
increases cell death 
through disruption of 
the cell cycle.

• The combination of 
MEZI/BTZ/DEX 
demonstrates superior 
efficacy compared with 
POM/BTZ/DEX in the 
preclinical setting.

Triplet regimens that include an immunomodulatory agent, proteasome inhibitor, and 
dexamethasone are widely used in newly diagnosed and relapsed/refractory (R/R) multiple 
myeloma (MM). Mezigdomide (MEZI; CC-92480) is a cereblon E3 ubiquitin ligase modulator 
that is being clinically investigated in combination with bortezomib (BTZ) and low-dose 
dexamethasone (DEX) for safety and efficacy in pretreated R/RMM. The single-agent 
mechanism of action (MOA) of MEZI has been defined by the recruitment and degradation of 
essential MM transcription factors Ikaros and Aiolos, leading to cell autonomous antitumor 
effects and immune modulation. These effects were confirmed in patients based on 
pharmacodynamic measurements of Ikaros/Aiolos degradation in biomarker evaluations of 
immune subsets. However, the MOA of triplet regimens, including that of MEZI/BTZ/DEX 
remain poorly defined. To better understand the MOA of this triplet combination, we 
compared the mechanistic contributions of MEZI, BTZ, or DEX alone, or in combination, in 
preclinical MM models in vitro and in vivo. Additionally, we have compared these results with 
similar combinations with the immunomodulatory agent pomalidomide (POM). Our studies 
indicate that the MEZI/BTZ/DEX triplet is superior to all single agents and POM/BTZ/DEX in 
terms of potency of antiproliferative and proapoptotic activities, substrate degradation depth 
and kinetics in the presence of BTZ, and in vivo efficacy. We show that the combination of 
MEZI with BTZ increases cell death through disruption of multiple phases of the cell cycle and 
this thereby enhances the direct cytotoxic effects of the combination treatment.

Introduction

Mezigdomide (MEZI; CC-92480) is a novel, potent cereblon (CRBN) E3 ubiquitin ligase modulator 
(CELMoD) agent being investigated in patients with relapsed/refractory (R/R) multiple myeloma 
(MM). 1,2 The treatment landscape for MM has undergone a transformation with the introduction of 
high-dose therapy followed by stem cell transplant, proteasome inhibitors (PIs), immunomodulatory
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agents (IMiDs), monoclonal and bispecific antibodies, and 
chimeric antigen receptor T-cell therapies. 1,3-9 Triplet combination 
regimens (IMiD, PI, and corticosteroid) have become a standard of 
care in both newly diagnosed MM and R/RMM settings. The 
availability of multiple agents with complementary and distinct 
mechanisms of action (MOA) have made combining treatments an 
attractive strategy to circumvent or overcome mechanisms of 
resistance or impart synergistic effects on MM therapy. For 
example, the triplet combination of pomalidomide (POM), borte-
zomib (BTZ), and low-dose dexamethasone (DEX) has demon-
strated clinical benefits in R/RMM after previous therapy with 
lenalidomide (LEN) and a PI. 10,11 The synergistic antitumor effects 
between doublet regimens of POM in combination with BTZ or 
DEX have been reported in preclinical models. 12,13 Similarly, MEZI 
combination regimens are being investigated preclinically 5,14-16 

and in patients with R/RMM. Although MEZI has demonstrated 
superior preclinical activity compared with similar agents, a 
detailed analysis of its mechanisms in triplet combinations are 
lacking.

Similar to IMiD agents such as LEN and POM, the molecular 
mediator of MEZI is CRBN, a substrate receptor of the CUL4A-E3 
ubiquitin ligase complex (CRL4 CRBN ). 4,17-19 Binding of these 
compounds to CRBN elicits recruitment of neomorphic sub-
strates, including the essential hematologic lineage MM tran-
scription factors Aiolos and Ikaros, to CRL4 CRBN with their 
subsequent poly-ubiquitination and proteasome-dependent 
degradation. 4,20-22 Although LEN, POM, and MEZI have similar 
mechanisms, MEZI has a higher binding affinity and specificity for 
CRBN, resulting in more efficient recruitment and rapid degrada-
tion of neosubstrates. 4,5 These differences result in MEZI’s 
enhanced potency, broader antitumor activity, and potentially 
reduced resistance, which may translate to better clinical out-
comes for patients with MM. In addition, recent structural studies 
of POM and MEZI bound to CRBN show distinct induced stoi-
chiometry of open and closed loop conformations, potentially 
explaining variations in substrate recruitment efficiencies, kinetics, 
and potencies. 22

BTZ, a reversible PI, affects multiple signaling cascades and other 
homeostatic processes leading to MM cell death. 23,24 Despite 
potential antagonism on both cell autonomous and immunomodu-
latory mechanisms, clinical evidence suggests complementarity 
between PIs, IMiD/CELMoD molecules, and DEX. 10,11,25-27 The 
POM/BTZ/DEX triplet regimen’s success may be attributed to 
temporal differences in the scheduled administration and nonover-
lapping pharmacokinetics of each agent during therapy. 11,28,29

This study highlights the characteristics of MEZI as a next-
generation CELMoD and outlines the potential triplet MOA when 
combined with BTZ and DEX, supporting its therapeutic rationale 
in the clinical setting.

Materials and methods
Reagents

POM and MEZI were provided by Bristol Myers Squibb (San 
Diego, CA). BTZ and DEX were obtained from Selleck Chemical 
(Houston, TX). Stock solutions were prepared in dimethyl sulfoxide 
(DMSO; Thermo Fisher Scientific, Waltham, VA).

Cell lines

Human MM cell lines were obtained from American Type Culture 
Collection (Manassas, VA). Cells were maintained in RPMI 1640 
medium (Corning Cellgro; Manassas, VA) with 10% heat inacti-
vated fetal bovine serum (Thermo Fisher Scientific), 1× glutamate, 
1× penicillin/streptomycin, and 1× pyruvate (ThermoFisher). Cell 
lines were routinely tested for mycoplasma (Lonza; Bend, OR) and 
authenticated by short tandem repeat fingerprinting (AmpFlSTR, 
ThermoFisher) according to the manufacturer’s protocol. LEN-
resistant H929 cells (H929-1054) were generated and main-
tained as previously described. 13

Additional materials and methods details can be found in the 
supplemental Materials.

Results
Cytotoxic effects of MEZI compared with POM in 
combination with BTZ and DEX

Initial studies of MEZI showed superior anti-MM activity when 
compared with POM, 4 with MEZI being 50- to 100-fold more 
potent (MEZI 50% inhibitory concentration [IC 50 ] of ~ 0.07nM-
0.08nM vs POM IC 50 of ~ 5nM-7nM) in H929 and MM1.S cells 
(supplemental Figure 1A). MEZI also demonstrated a dose- and 
time-dependent inhibition of cell growth and increased apoptosis 
at doses 100-fold lower than POM (Figure 1A).

To compare MEZI and POM in combination with BTZ with/without 
(w/wo) DEX, we evaluated 2 BTZ exposure methods: high-dose 
pulse (1 hour followed by drug washout, reflective of clinical 
pharmacokinetic exposure 30 ) and continuous low dose. We 
observed an ~25-fold decrease in sensitivity (pulse IC 50 of 
~20nM-50nM vs continuous IC 50 of ~0.8nM-2nM) in H929 and 
MM1.S cells (supplemental Figure 1B). Given its closer alignment 
with clinical settings, the BTZ-pulse method was chosen to further 
explore combination studies.

Titrating combinations of either POM or MEZI with BTZ, showed 
a strong anti-MM effect as shown by the inhibition of proliferation 
(Figure 1B) and concomitant annexin V–positive staining 
(Figure 1C) in MM1.S or H929 cells over time, with similar or 
pronounced effects with MEZI at a 100-fold lower dose range. 
Synergistic effects of the combination of either MEZI or POM in 
combination with BTZ was determined by excess over Bliss 
(supplemental Figure 2A-D). Longitudinal relative cell growth of 
H929 or MM1.S treated with MEZI alone, or in combination with 
BTZ w/wo DEX, showed diminished cell growth compared with 
vehicle control or POM, for which the order of efficacy followed 
triplets > doublets > singlets (Figure 1D). The inhibitory effects 
on proliferation of either single agent or combinations on cell 
growth inversely correlated with the temporal increase in relative 
apoptosis (Figure 1E). Additional MM cell lines with a range of 
sensitivities to IMiD agents were also tested, including AMO1, 
JJN3, LP1, and RPMI8226, and the LEN-resistant H929LR 
(H929-1054) cell line, in which similar patterns of antiproliferative 
effects were observed with the indicated treatments 
(supplemental Figure 3A-E). Together, MEZI was more effective 
than POM in all configurations, even at a 20- to 100-fold lower 
concentration.
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Figure 1. Antiproliferative and proapoptotic effects of POM or MEZI in combination with BTZ and DEX in MM cell lines. (A) Longitudinal cell growth (0-105 hours) 

assessed by phase-contrast confluence (blue line and blue area under the curve [AUC] value) or relative apoptotic cells via annexin-V positive (AnnV+) staining (red line; 

normalized to 0 hours, and red AUC value) of MM1.S cells after treatment with either DMSO, POM (0.64nM-400nM) or MEZI (0.0064nM-4nM). (B) AUC heat map showing
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Faster substrate degradation of substrates by MEZI 
than POM in combination with BTZ w/wo DEX in MM 

cells

We previously described the relationship of the rate of endoge-
nous proteasomal-dependent substrate degradation between LEN 
and POM. 20 However, the potential antagonistic effects of BTZ on 
the rate of IMiD- or CELMoD-induced endogenous substrate 
degradation have not been studied. To compare the rate of sub-
strate depletion by MEZI and POM as single agents, and in 
combination, we first confirmed the activity of the BTZ-pulse 
method. BTZ preferentially inhibits chymotrypsin-like (CT-L) activ-
ity, with lesser inhibition of caspase-like (C-L) and minimal inhibi-
tion of trypsin-like. 31 CT-L activity decreased by ~90% at 1 hour 
after BTZ washout, recovering to >80% at 24 hours, both alone 
and in combination with POM, MEZI, and/or DEX (supplemental 
Figure 4A). C-L activity was inhibited by ~30% to 40% and 
recovered to ~80% at 24 hours (supplemental Figure 4B), 
whereas trypsin-like activity showed minimal inhibition at 1 hour 
after BTZ-pulse washout (supplemental Figure 4C).

The relative kinetic depletion of Aiolos/Ikaros by MEZI was 
compared with POM using approximate clinical concentrations 
with BTZ w/wo DEX. Intracellular flow cytometry in H929 and 
MM1.S cells showed that MEZI or POM alone reduced Aiolos 
(Figure 2A,C) and Ikaros (Figure 2B,D) levels by ~60% and 
~30%, respectively, within 0.5 to 1 hour, with MEZI reaching 80% 
to 95% depletion at 6 hours. MEZI alone and with DEX reached 
50% depletion (T 50 ) for Aiolos/Ikaros at 0.8 to 0.9 and 1.1 to 1.4 
hours, respectively, whereas POM w/wo DEX was slower, with T 50 

of 2.5 to 5.2, to 4.7 to >6 hours (supplemental Figure 4D-E). MEZI, 
at 100-fold lower dose, was ~3.1- to 5.8-times faster than POM in 
depleting endogenous Aiolos/Ikaros, in the absence of BTZ. This 
correlates with MEZI’s enhanced antiproliferative and proapoptotic 
effects, attributed, in part, to its unique CRBN-binding

characteristics. 22 BTZ alone or with DEX did not affect Aiolos/ 
Ikaros levels early on, but BTZ with POM or MEZI delayed 
depletion by 3 to 6 hours (Figure 2A-D; supplemental Figure 4D-
E). Immunoblotting and semiquantitative assessment of Aiolos/ 
Ikaros confirmed the relative effect of POM or MEZI in the absence 
or presence of BTZ (Figure 2E; supplemental Figure 4F-G). At 6 
hours, CT-L and C-L activities were inhibited by ~60% and ~35%, 
respectively, with POM-induced substrate depletion more affected 
by BTZ than MEZI (~20% vs ~60%, respectively; Figure 2F), 
highlighting MEZI’s superior efficiency in overcoming proteasome 
inhibition. RNA sequencing and reverse transcription polymerase 
chain reaction analysis showed little to no change in relative Aio-
los/Ikaros transcript levels (data not shown), confirming that pro-
tein reduction was not due to transcriptional downregulation.

MEZI, in combination with BTZ, induces a 
dysregulation of the cell cycle

Previous studies have shown that IMiDs and CELMoDs induce cell 
cycle arrest, particularly in G1. 32-34 To further investigate this, we 
assessed the effects of MEZI or POM, alone or in combination with 
BTZ w/wo DEX in H929 cells. At 72 hours, both POM (~63%- 
70%) and MEZI (~79%-83%) alone caused a sustained G0/G1 
arrest compared with DMSO control (~52%), with minor sub-G1 
accumulation (6%-8%; supplemental Figure 5A-B). The addition 
of DEX slightly enhanced G0/G1 arrest, consistent with previous 
findings. 12,13,33 BTZ alone induced an increase in both G0/G1 
(~65% vs ~48% DMSO) and G2/M (~24% vs ~18% DMSO) at 
24 to 48 hours, and a slightly delayed but sustained accumulation 
of sub-G1 (~19%-42% vs 2% DMSO) at 48 to 72 hours 
(supplemental Figure 5A-B). POM/BTZ and POM/BTZ/DEX 
combinations increased in G0/G1 (~65% and 59% at 24 hours) 
compared with single treatments, in which the sub-G1 fraction 
increased over time. MEZI/BTZ and MEZI/BTZ/DEX increased the 
G2/M fraction at 24 hours compared with BTZ alone (~30% and
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Figure 1 (continued) relative antiproliferative effects of either POM (0.64nM-400nM) or MEZI (0.0064nM-4nM) in combination with BTZ-pulse (0nM-50nM) from longitudinal 

phase-contrast confluency in H929 and MM1.S cells. (C) AUC heat map of showing relative proapoptotic effects of matched data described and collected in panel B for H929 

and MM1.S cells. (D) Percent cell growth (0-105 hours) assessed by phase-contrast confluence of H929 or MM1.S cells after treatment with DMSO, POM (80nM), MEZI (0.4nM 

or 4nM), BTZ-pulse (12.5nM or 50nM), and DEX (10nM) as single agents, or doublet or triplet combinations. (E) Relative apoptotic cell death (normalized to time 0) determined by 

AnnV+ staining of matched data described and collected in panel D. All data shown as representatives of replicate experiments.
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Figure 2. Evaluation of POM or MEZI drug mechanism as single agents and in combination with BTZ and DEX on MM cells. Intracellular flow cytometric analysis of 
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~32% vs ~24%; supplemental Figure 5A). Time-dependent cell 
cycle effects were confirmed by averaging changes in cell cycle 
distribution in H929 and MM1.S cells (supplemental Figure 5C). 
All treatments, except BTZ, and MEZI/BTZ combinations, 
increased G0/G1 fractions at 24 hours, indicating G0/G1 arrest. 
Beyond 24 hours, G0/G1 arrest was sustained in all treatments 
except those containing BTZ, which decreased between 48 and 
72 hours, corresponding to an increase in sub-G1.

Using EdU (5-ethynyl-2’-deoxyuridine) incorporation and DNA 
staining, we further investigated the effects of single agents and 
combinations on the cell cycle at additional time points (12, 16, 
24, and 48 hours) in H929 and MM1.S cells. At 12 and 16 hours, 
all treatments, except DEX, increased the G0/G1 fraction, in which 
MEZI and BTZ were ~76% and ~72% compared with control 
(~59%) at 16 hours (Figure 3A; supplemental Figure 6A-B). BTZ-
containing treatments resulted in an increase in the G2/M fraction, 
as a single agent and in combination with either POM or MEZI, 
which was further increased at all time points. At 16 hours, the 
MEZI/BTZ/DEX combination resulted in a nearly nonexistent S-
phase, in which all cells were in either G0/G1 or G2/M compared 
with BTZ alone or POM/BTZ/DEX. EdU incorporation confirmed 
that the addition of POM or MEZI increases the G2/M fraction 
compared with BTZ alone, albeit incrementally more with MEZI.

To complement our observations on the effects of MEZI in com-
bination with BTZ on cell cycle, we used a fluorescent 
ubiquitination-based cell cycle indicator (FUCCI) to monitor rela-
tive cell cycle distribution in H929 cells. In DMSO-treated cells, 
the relative distribution of highly viable cells (>95%) was propor-
tionally identified as G1, G1/S, or G2/M based upon their FUCCI 
markers at time 0. The normal oscillation pattern of this distribution 
was observed over the doubling time (70-78 hours) of H929 cells 
(Figure 3B; DMSO). At time 0, ~50% of H929-FUCCI were in 
G1 + G1/S (green and red), and ~50% were in G2/M (Figure 3B; 
blue). The distribution shifted to ~55% in G1 + G1/S at 24 hours, 
decreased to ~45% at 60 hours, and reverted to ~50% at >72 
hours, consistent with the oscillatory pattern seen in other cancer 
cell types in vitro, 35 although slower due to the longer doubling 
time of MM cells. Both single-agent POM and MEZI confirmed a 
G0/G1 arrest, with the G1 + G1/S distribution increasing to 
~65% in the first 24 hours, which was then sustained over the 
duration for POM. MEZI treatment showed an eventual decline in 
the G1 + G1/S with correlating increases in G2/M. Single-agent 
BTZ caused a gradual and sustained increase in G2/M popula-
tion indicating G2/M arrest. Combinations of BTZ with POM, w/ 
wo DEX, showed cell cycle distributions combining patterns 
observed with the single agents, with G1 + G1/S and G2/M 
signals both around ~50%, slightly favoring G2/M toward the end. 
Notably, MEZI combined with BTZ, especially with DEX, resulted 
in a pronounced increase in the G2/M population, reaching ~90% 
by the end of the observation period. Relative confluency

assessments (Figure 3B; yellow dots) indicated similar confluency 
patterns between POM/BTZ/DEX and MEZI/BTZ/DEX but diver-
gent cell cycle distributions.

Additionally, H929 cells treated with either POM or MEZI con-
taining triplets for 24 hours were stained for histone H3-pSer10, a 
marker associated with different chromatin condensation states 
and stages of the cell cycle, including accumulation during 
G2/M. 36 Immunofluorescent microscopic images comparing the 
H3-pSer10 staining pattern between vehicle control, POM/BTZ/ 
DEX, or MEZI/BTZ/DEX, identified cells within G1, G2, or M 
phases, in which we observed increases in total H3-pSer10 in the 
MEZI/BTZ/DEX treatment, indicative of an increase in G2/M 
(supplemental Figure 6C). Relative quantitation of the H3-pSer10 
signal indicated a significant increase in the MEZI/BTZ/DEX-
treated sample (supplemental Figure 6D).

Our observations that MEZI combined with BTZ disrupted the cell 
cycle led us to explore potential mechanisms by differentiating the 
relative effects of triplet combinations on gene expression by RNA 
sequencing. Single-agent POM, MEZI, DEX, or BTZ, and the triplet 
combinations showed the differentially expressed genes (DEGs) 
resulting from all treatments, in which the triplets were dominated 
by changes induced by POM or MEZI (Figure 4A). Accordingly, 
gene set enrichment analysis of HALLMARK pathways comparing 
the different treatments showed that most pathways are changed 
in a similar direction in the triplet combinations compared with 
either POM or MEZI (Figure 4B). Therefore, we directly compared 
the DEG between MEZI/BTZ/DEX vs POM/BTZ/DEX, and sub-
sequent gene set enrichment analysis from non-HALLMARK 
pathways. We observed consistent differences in the negative 
enrichment of several annotated cell cycle–associated pathways, 
including the regulation of the mitotic cell cycle and the role of 
GTSE1 in G2/M progression after G2 checkpoint (Figure 4C). 
Volcano plot analysis of the DEG identified in the latter (and most 
significant) pathway revealed downregulation of genes primarily 
associated with proteasomal subunits (ie, PSMA, PSMB, PSMC, 
and PSMD genes) in the MEZI/BTZ/DEX treatment compared 
with POM/BTZ/DEX (Figure 4D). To see whether the changes in 
proteasomal subunit gene expression were the result of direct 
transcriptional regulation by IMiD/CELMoD substrates, we per-
formed chromatin immunoprecipitation with sequencing analysis of 
Ikaros, with and without MEZI single-agent treatment. As a result, 
we found that many of these genes have a corresponding Ikaros 
peak near the promoter/transcription start site, that is displaced 
upon treatment with MEZI (Figure 4E). Additionally, we observed 
differences in genes associated with the mitotic cell cycle phase 
transition, including Aurora kinases, cyclins, cyclin-dependent 
kinases, cyclin-dependent kinase inhibitors, and checkpoint tran-
scripts, that also corresponded to Ikaros binding near their 
respective promoter/transcription start site (supplemental 
Figure 7A).

Figure 2 (continued) replicate experiments (minimum n = 3). (E) Immunoblot staining of Aiolos/Ikaros in H929 or MM1.S cells after 6 hours treatment with either DMSO; single-

agent POM (100nM), MEZI (1nM), BTZ-pulse (50nM), and DEX (10nM); or in doublet or triplet combinations. (F) Comparison of the relative levels of Aiolos or Ikaros remaining 

(%), and relative proteasomal CT-L, T-L, and C-L activity after 6-hour treatment with either DMSO; single-agent POM (100nM), MEZI (1nM), BTZ-pulse (50nM), and DEX (10nM); 

or in doublet or triplet combinations in H929 cells. Non-POM– or non-MEZI–containing treatments are shown in red, POM-containing treatments in blue, and MEZI-containing 

treatments in green. All data shown as representatives of replicate experiments. T-L, trypsin-like.
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MEZI triplet treatment leads to rapid, sustained 
regression and survival of a LEN-resistant xenograft 
MM tumor model

A LEN-resistant (H929-1054) 13 xenograft model was established 
to evaluate antitumor and survival efficacy of doublet and triplet 
combinations of POM or MEZI. POM/DEX treatment moderately 
delayed tumor growth, followed by a more significant delay with 
the BTZ/DEX and MEZI/DEX cohorts (Figure 5A-B). POM/BTZ/ 
DEX showed a marked improvement controlling tumor growth 
compared with POM/BTZ. The MEZI/BTZ doublet affected the 
tumor growth rate and subsequent reduction similarly to POM/ 
BTZ/DEX until day 41, with a significant improvement of tumor 
growth control with MEZI/BTZ beyond day 41. The MEZI/BTZ/ 
DEX triplet saw a fast regression of tumor volume, within 5 days, 
followed by continuous and sustained reduction to a near com-
plete loss of palpable tumor detection on average, by day 41. Plots 
of individual tumor growth response to vehicle, POM/BTZ/DEX, or 
MEZI/BTZ/DEX (Figure 5C), indicated that 8 of 10 mice relapsed 
on POM/BTZ/DEX and nearly all the mice in the MEZI/BTZ/DEX 
cohort had minimal measurable tumors. Survival analysis showed 
that 100% of mice in the MEZI/BTZ/DEX cohort remained alive 
over the course of the observation period, including 14 days after 
dosing (Figure 5D). Ranked efficacy shows that the MEZI/BTZ/ 
DEX treatment was significantly superior (median overall survival 
[mOS] not reached), followed by MEZI/BTZ (mOS of 71 days), 
POM/BTZ/DEX (mOS of 66 days), and POM/BTZ (mOS of 
52 days; Figure 5D-E).

MEZI/BTZ/DEX reduces bone marrow disease 
burden and increases mOS in a humanized CRBN 
syngeneic MM mouse model

To further evaluate the effects of triplet regimens in vivo, we used a 
murine cell line (MM5080 WT ) derived from a transgenic, geneti-
cally engineered mouse model of MM. 37 In order to use the 
MM5080 WT cell line so that it would be sensitive to the cytotoxic 
effects of either POM or MEZI, we used a CRISPR-based editing 
approach to modify wild-type murine CRBN to introduce a single-
codon change, I391V (MM5080 CRBNI391V ) that has been shown 
to be sufficient for IMiD/CELMoD binding and subsequent phar-
macodynamic activity in mouse models. 38 After single-cell clonal 
selection and validation of the genetic alteration, we tested the 
ability of MEZI to induce degradation of Aiolos/Ikaros in vitro 
(supplemental Figure 8A-C). Compared with MM5080 WT , MEZI 
efficiently induced the degradation of murine Aiolos/Ikaros in a
dose- and time-dependent manner in MM5080 CRBNI391V .

Subsequently, a syngeneic MM model was generated by engraft-
ing the MM5080 CRBNI391V cell line in C57BL6 CRBNI391V mice to 
generate an immunocompetent in vivo MM model to evaluate 
antitumor, immune, and survival effects of the POM/BTZ/DEX and 
MEZI/BTZ/DEX triplet regimens. Compared with vehicle control 
(mOS of 26.5 days), the POM/BTZ/DEX triplet did not show any

significant improvement in survival (mOS of 28 days; Figure 6A). 
However, the MEZI/BTZ/DEX therapy showed a significant 
improvement in survival (mOS of 38 days). During disease and 
treatment, a small number of mice were euthanized from each 
cohort at day 22 (n = 5 each) to evaluate measurable bone marrow 
involved disease (green fluorescent protein–positive [GFP + ] 
MM5080 CRBNI391V plasma cells [PCs]) and non-PC immune 
populations from flushed bone marrow. Relative total percentages 
of GFP + PC (PC GFP+ ) MM cells constituted a very small fraction 
(<10% except for 1 control sample of ~20%) of total cells eval-
uated, with a nonstatistically significant trend of reduced levels of 
MM cells with either the POM/BTZ/DEX or MEZI/BTZ/DEX 
treatments compared with the control group (Figure 6B). Analysis 
of select immune populations indicated a significant decrease in 
total CD19 + cells (Figure 6C).

Lastly, we were able to perform multiplex immunofluorescence 
staining of formalin-fixed and paraffin-embedded preserved femurs 
for PC GFP+ and CD8 + cells (Figure 6K). We confirmed the pres-
ence of engrafted PC GFP+ infiltration within the bone marrow in 
which it displayed a diffuse spatiality with relatively little CD8 + cells 
within the tumor associated area in control mice. By comparison, 
we observed a trending reduction of PC GFP+ , and increased tumor 
area infiltration of CD8 + cells, with both the POM/BTZ/DEX and 
MEZI/BTZ/DEX treatments, with the biggest observable difference 
being in the MEZI/BTZ/DEX combination, suggesting a treatment-
induced immune response facilitated by CD8 + clearance of
PC GFP+ cells. In addition to more enhanced clearance of PC GFP+ ,
we observed an increase in double-positive CD8 + /granzyme B– 
positive cytotoxic T-cell infiltration (Figure 6E-F). These observa-
tions support the survival advantage associated with the MEZI/ 
BTZ/DEX treatment in this syngeneic mouse model of MM.

Discussion
This work provides new insights on the mechanistic interplay 
between proteasome inhibition and CRBN modulating com-
pounds, particularly their combined effect on disrupting multiple 
phases of the cell cycle. Theoretically, PIs could be antagonistic to 
IMiD or CELMoD agents by blocking the proteolytic degradation of 
Aiolos/Ikaros. 27,39 In preclinical studies, pulsing of BTZ showed 
maximal inhibition of the β5-associated CT-L activity within the first 
hour, with rapid recovery over 24 hours, mirroring the clinical 
pharmacokinetics after IV administration. 24,29,30,40 When com-
bined with MEZI, BTZ attenuated the initial rate of depletion of 
endogenous Aiolos/Ikaros but not the final extent of depth (data 
not shown). These observations have important clinical implica-
tions. First, rapid degradation of substrates is a hallmark of potency 
and has been used as a differentiating characteristic among these 
compounds. 20 The relative delay of substrate degradation, due to 
proteasome inhibition, could be expected to lessen the potency of 
the compounds and could hypothetically abrogate the superior 
antiproliferative and proapoptotic effects of CELMoD over IMiD 
agents. However, this is not the case, because multiple studies

Figure 3. Cell cycle analysis of POM or MEZI in combination with BTZ and DEX in MM cells. (A) Treatment of H929 cells with either DMSO control; single-agent POM 

(100nM), MEZI (1nM), BTZ-pulse (50nM), and DEX (10nM); or in triplet combinations for 12, 16, 24, or 48 hours followed by cell cycle analysis using EdU + incorporation. (B) 

Longitudinal (0-110 hours) imaging analysis of stably transduced H929-FUCCI cells for cell cycle distribution (left y-axis) in either G1 (green), G1/S transition (red), or G2/M 

(blue) overlaid on the percentage (%) confluency (orange dots, right y-axis), after treatment with either DMSO; single-agent POM (100nM), MEZI (1nM), BTZ-pulse (50nM), and 

DEX (10nM); or in combination. All data shown as representatives of replicate experiments.
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Figure 4. Transcriptomic assessment by RNA sequencing of POM or MEZI triplet combinations with BTZ/DEX in H929 MM cells. (A) H929 MM cells were treated 

with either POM (100nM), MEZI (1nM), DEX (10nM), or BTZ (1-hour pulse, 50nM), or in triplet combinations for 24 hours followed by RNA sequencing and visualized with a heat 

map of DEGs. HALLMARK G2M CHECKPOINT and HALMARK E2F TARGET genes are denoted. (B) Gene set enrichment analysis (GSEA) of all HALLMARK pathways 

showing normalized enrichment scores from the indicated treatments (upregulated, red; downregulated, blue). (C) GSEA enrichment of the top upregulated and downregulated 

non-HALLMARK pathways comparing MEZI/BTZ/DEX vs POM/BTZ/DEX treatments. (D) Volcano plot of DEGs and those proteasomal subunit genes highlighted in the 

REACTOME_THE_ROLE_OF_GTSE1_IN_G2_M_PROGRESSION_AFTER_G2_CHECKPOINT annotated pathway comparing the triplet combination of MEZI/BTZ/DEX vs 

POM/BTZ/DEX. (E) chromatin immunoprecipitation with sequencing analysis showing Ikaros bound to the promoter/transcription start site of selected genes in panel D w/wo 

treatment with MEZI (1nM) for 24 hours. padj, adjusted P value.
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Figure 5. Efficacy of doublet or triplet combinations in a LEN-resistant xenograft model. LEN-resistant H929 (H929-1054) cells were subcutaneously xenografted into 

NSG (NOD-SCID gamma) mice and tumor volume was allowed to reach 500 mm 3 before treatment. Overall, 8 cohorts (n = 10 mice per cohort) were dosed with either vehicle, 

or POM/DEX, POM/BTZ, MEZI/DEX, MEZI/BTZ, or BTZ/DEX doublets, or the triplet combinations of POM/BTZ/DEX or MEZI/BTZ/DEX (see “Materials and methods” for 

dosing regimen). (A) Average tumor size over time for each cohort. (B) Statistical comparison (t test) of average tumor volume from each cohort in panel A on days 31, 38, 48, 52, 

and 57 after tumor inoculation for which red color indicates significance (P < .05) and blue, nonsignificance. (C) Individual mouse tumor size for either vehicle, or the triplet 
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have demonstrated that the combinations of the drugs are syner-
gistic. 8,10-12,41 This preclinical observation is confirmed by the 
pharmacodynamic assessment of Aiolos/Ikaros in B and T cells 
from the periphery of patients enrolled in ongoing MEZI clinical 
studies (with BTZ-containing cohorts), indicating that MEZI is still 
capable of degrading these substrates even during the coadmin-
istration of BTZ (Figure 7A-B). This is potentially explainable by 
their temporal dosing schedule within the clinic, in which MEZI 
(21-/28-day schedule) and BTZ is only coadministered on days 1, 
4, 8, and 11, providing gaps in maximal proteasome inhibition 
allowing deep degradation of Aiolos/Ikaros substrates (Figure 7C). 
Secondly, these observations could also be accounted for by a 
nonoverlapping mechanism explaining their observed clinical syn-
ergy. CRBN-binding agents may function primarily by recruiting

neomorphic substrates (eg, Aiolos/Ikaros) for polyubiquiti-
nation, 21,42-44 potentially rendering them inactive as transcriptional 
regulators. In this context, assay measurement of the reduction in 
overall substrate protein may not be an adequate assessment of 
the IMiD/CELMoD MOA in the presence of PIs rather than an 
indication of antagonizing MOAs.

Our findings demonstrate that MEZI induces more pronounced 
substrate degradation and cell cycle disruption compared with 
POM, consistent with its enhanced CRBN-binding affinity and 
ability to confer 100% “closed” active conformation. 4,22 We found 
that the MEZI/BTZ combinations conferred a rapid increase of 
cells in both G0/G1 and G2/M, including populations greater than 
tetraploid, potentially indicating mitotic slippage, although this is
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Figure 6. Evaluation of triplet combinations in a humanized CRBN syngeneic genetically engineered mouse model of MM. (A) Humanized CRBN mouse myeloma 

cells (MM5080 CRBNI391V , clone 30) were syngeneically engrafted into a humanized CRBN mouse followed by treatment with either vehicle control (n = 30), POM/BTZ/DEX 

(n = 27), or MEZI/BTZ/DEX (n = 27), and evaluated for survival efficacy, significance, and mOS (see “Materials and methods” for dosing regimen). (B-C) Flow cytometric 

quantification of percentage GFP + PCs or CD19 + (percentage of gated live) MM5080 CRBNI391V cells isolated from femur bone marrow of mice in each cohort (n = 5) on day 22 

of therapy. (D) Immunofluorescent staining and microscopic imaging of PC GFP+ (green), CD8 + (red), and DNA (DAPI [4 ′ ,6-diamidino-2-phenylindole]; blue) localization 

determined by software-generated inference. (E) Immunofluorescent staining and microscopic imaging of PC GFP+ (green), CD8 + (red), GZMB (yellow), and DNA (DAPI; blue). 

(F) Semiquantitative analysis of double-positive CD8 + /GZMB + cells for each condition in panel E. GNZB, granzyme B.
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hypothetical and not supported by the current evidence. 
Mechanistically, MEZI appears to work in concert with the G2/M-
arresting mechanism previously demonstrated for BTZ, potentially 
due to simultaneous proteasome inhibition and downregulation of 
proteasome subunit expression by MEZI compared with POM. 
Because high proteasome activity is necessary for essential cell 
cycle protein degradation (eg, cyclins) for G2/M progression, the 
downregulation of proteasome subunit expression may result in a 
cooperative negative cell cycle effect with BTZ plus MEZI. As 
alluded to, it is not known whether the rapid ubiquitination of 
substrates is sufficient to impart the cytotoxic effects of CELMoD 
agents. However, if it is sufficient, MEZI’s rapid ubiquitination/ 
depletion of Aiolos/Ikaros, which can act in both activation and 
repressive complexes, 45 may be enough to disrupt G2/M pro-
gression in combination with BTZ via a rapid transcriptional effect 
on key protein complexes required for mitotic progression. How-
ever, the precise molecular drivers of G2/M arrest in this context 
remain incompletely defined.

The superior survival efficacy of the MEZI/BTZ/DEX triplet was 
highlighted within 2 different in vivo models of MM. However, 
significant differences in tumor clearance and OS were noted 
between these models. The tumor microenvironment, immune 
system compatibility, genetic and molecular profiles, and tumor 
heterogeneity differ between the xenograft and syngeneic models, 
leading to differences in tumor behavior, drug response, and dis-
ease progression. The immunocompromised xenograft model fails 
to represent the immune system’s potential role in disease 
response and resistance. In contrast, the syngeneic model uses 
mouse MM cells that home to the bone marrow, closely mimicking 
the natural disease setting and allowing for interactions with 
immune components and the bone marrow niche. Additionally, the 
genetic and molecular differences between the human MM cell line 
xenograft and the syngeneic immunocompetent mice are distinct, 
potentially contributing to varying therapeutic outcomes. Despite 
these differences, the CELMoD triplet showed rapid and sustained 
tumor regression and improved survival in both models.

A limitation of this study is the reliance on established MM cell lines 
and engineered murine models. Although these systems offer 
valuable insights under controlled experimental conditions, they may 
not fully capture the complexity and heterogeneity of patient-derived 
disease. In particular, the absence of data from primary MM cells 
limits the immediate clinical translatability of our findings. In addition 
to the direct cytotoxic effects on MM cells, CELMoDs are known to 
exert immunomodulatory activity, which contributes to their thera-
peutic efficacy. In this study, we included an initial analysis of CD8 + 

T-cells in the syngeneic model (Figure 6D-E), which revealed 
treatment-associated changes consistent with enhanced immune

activation. We are also exploring separately the impact MEZI may 
have on the reinvigoration of exhausted T cells, 46 and that these 
immunologic effects are an important component of the overall 
MOA, even in the presence of PIs. Future studies will aim to inte-
grate these data with functional assays and clinical correlates to 
better understand how CELMoDs modulate the tumor microenvi-
ronment and contribute to the pleiotropic antitumor effects.
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