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In brief

Amatangelo et al. provide a biomarker

analysis of myeloma patient samples

from the phase 1/2 trial of iberdomide, a

next-generation immunomodulatory

drug. This work focuses on how

iberdomide functions in tumor and

immune cells and provides scientific
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SUMMARY
Iberdomide is a next-generation cereblon (CRBN)-modulating agent in the clinical development in multiple
myeloma (MM). The analysis of biomarker samples from relapsed/refractory patients enrolled in CC-220-
MM-001 (ClinicalTrials.gov: NCT02773030), a phase 1/2 study, shows that iberdomide treatment induces sig-
nificant target substrate degradation in tumors, including in immunomodulatory agent (IMiD)-refractory pa-
tients or those with low CRBN levels. Additionally, some patients with CRBN genetic dysregulation who
responded to iberdomide have a similar median progression-free survival (PFS) (10.9 months) and duration
of response (DOR) (9.5months) to those without CRBN dysregulation (11.2month PFS, 9.4month DOR). Iber-
domide treatment promotes a cyclical pattern of immune stimulation without causing exhaustion, inducing a
functional shift in T cells toward an activated/effector memory phenotype, including in triple-class refractory
patients and those receiving IMiDs as a last line of therapy. This analysis demonstrates that iberdomide’s
clinical mechanisms of action are driven by both its cell-autonomous effects overcoming CRBN dysregula-
tion in MM cells, and potent immune stimulation that augments anti-tumor immunity.
INTRODUCTION

Iberdomide (CC-220) is a new cereblon (CRBN) E3 ligase modu-

lator (CELMoD) that induces the ubiquitination and degradation

of the ligase substrates Aiolos and Ikaros and is being investi-

gated in patients with multiple myeloma (MM).1 Iberdomide

binds CRBN with unique interactions and >20-fold higher affinity

compared to the previous CRBN-targeting immunomodulatory

agents (IMiDs) lenalidomide and pomalidomide.2 These interac-

tions induce more efficient allosteric rearrangement of CRBN to

a conformation required for Aiolos/Ikaros binding, promoting

faster and deeper degradation of substrates and enhanced

anti-proliferative and pro-apoptotic activity compared to

IMiDs.3–7 Additionally, iberdomide has demonstrated more

potent immunostimulatory effects and anti-myeloma activity in
Cell Reports Medicin
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pre-clinical models of lenalidomide and pomalidomide

resistance.3–10

Patients treated with anti-myeloma therapies including IMiDs

ultimately become resistant and progress.11 Resistance to

IMiDs due to reduced expression of CRBN or loss of CRBN E3

ligase activity (e.g., loss of COP9 signalosome activity) has

been previously described.12–18 Immunohistochemical analysis

of paired tumor samples demonstrated that 77% of patients

had a significant reduction in CRBN protein upon the develop-

ment of lenalidomide resistance vs. diagnosis.16 Recently, a sys-

tematic evaluation of relapsed and refractory MM (RRMM) pa-

tient tumor genomes characterized CRBN mutations, copy

loss, and expression of a CRBN exon10 splice variant (CRBN-

del-exon10), whose prevalence increased with repeated IMiD

treatment and was associated with poor outcome.12 Similarly,
e 5, 101571, June 18, 2024 ª 2024 Published by Elsevier Inc. 1
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copy loss of the chromosome 2q37 locus was also identified as a

mechanism of IMiD resistance in RRMM due to the loss of two

genes (COPS7b, COPS8) of the COP9 signalosome, whose

function is essential for the maintenance of the CUL4-DDB1-

CRBN E3 ubiquitin ligase.19 Together, these changes represent

a functional loss of CRBN activity that we designate as a ‘‘CRBN

dysregulation’’ that appears to be one of the major sources of

therapy-related IMiD resistance. Additionally, molecular disease

features, including gain/amplification of 1q [Amp1q], double hit

events, high-risk (HR) del17p (cancer clonal fraction [CCF] R

0.55), and HR t(4;14), may also indirectly contribute to therapeu-

tic resistance, including for IMiDs.20–23

The transcription factors Aiolos and Ikaros are critical for MM

cell proliferation and survival and play important roles in regu-

lating immune cell development and homeostasis.24,25 Their tar-

geted degradation results in broad immunomodulatory activities

that are observed following lenalidomide and pomalidomide

treatment, including increased activation of T and natural killer

cells leading to enhanced cytotoxicity, increased secretion of

interleukin-2 and interferon-gamma by T cells, and inhibition of

pro-inflammatory cytokines (e.g., tumor necrosis factor-a,

interleukin-6) by monocytes.10,26–29 Notably, treatment-induced

immune changes are also associated with response and devel-

opment of resistance to IMiDs. In a study of lenalidomide in pa-

tients with RRMM, failure to achieve a very good partial response

(VGPR) or greater was associated with the decreased frequency

of CD8+ T cells on treatment,30 and the clinical response to po-

malidomide+dexamethasone was significantly associated with

the increased activation of CD8+ T cells.26 Key translational

questions for iberdomide are whether and how it functions in pa-

tients with MM and overcomes clinical IMiD resistance and to

identify its molecular anti-tumor and immunostimulatory mecha-

nisms driving clinical activity.

Here, we report the analysis of molecular and pharma-

codynamic biomarker data from a subset of patients in an

ongoing phase 1/2 study, CC-220-MM-001 (ClinicalTrials.gov:

NCT02773030), evaluating iberdomide in RRMM. Our analysis

focused on the baseline and on-treatment immunophenotypic

characterization of peripheral blood (PB) immune cells and immu-

nohistochemistry and genomic analyses from bone marrow (BM)

tumor cells. These data demonstrate iberdomide’s broad phar-

macodynamic activity in tumor and immune cells in lenalido-

mide-, pomalidomide-, and triple-class-refractory (defined as re-

fractory toR1 IMiD,R1 proteasome inhibitor, andR1 anti-CD38

antibody) patients and provides rationale for its combination with

other immune-based MM therapies. More specifically, we pro-

vide evidence of iberdomide’s ability to overcome IMiD resis-

tance attributed to CRBN dysregulation, revealing its potency

and suggesting a dual mechanism of clinical activity that involves

direct effects on MM cells and immune stimulation.

RESULTS

Pre-treatment immune and tumor profiles
Patient demographics of the biomarker subsets and the intent-

to-treat population previously published were comparable,

including �80% of patients receiving prior stem cell transplant,

�75% daratumumab exposed, and >95% refractory to an
2 Cell Reports Medicine 5, 101571, June 18, 2024
IMiD (Figure S1; Table S1).1 Analysis of RRMM patient pre-treat-

ment baseline immunophenotypes showed that the median ab-

solute counts of several immune cell types were below the lower

limit of normal (LLN) reference range for healthy individuals

per the reporting laboratory, including B cells (CD3�CD19+),
NK cells (CD3�CD56+/CD16+), total T cells (CD3+), and CD4+

T cells (CD3+CD4+) (median: 27, 95, 611, and 256 cells/mL,

respectively) (Figure 1A). The median number of CD4+ T cells

was approximately half of the LLN (500 cells/mL), and median ra-

tio of CD4+ to CD8+ T cells was �0.75. Phenotypic assessment

of proliferating (Ki67+) NK cells, CD3+ T cells, activated T cells,

and memory T cells showed that these patients also exhibited

evidence of immune stimulation at enrollment, with a high rela-

tive proportion of T cells expressing the activation marker HLA-

DR (71.7%CD8+ cells, 32%CD4+ cells) and exhibiting amemory

phenotype with CD4+ T cells skewed toward a central memory

(CM) phenotype (median: 45.1%) and CD8+ T cells skewed to-

ward an effector memory (EM) phenotype (median: 38.5%) (Fig-

ure 1B). Conversely, a low proportion of pre-treatment T cells

were observed to be in a proliferative state (median: 6.2% of

CD3+ cells) despite evidence of activation, suggesting immune

dysfunction. An analysis of regulatory T cells (Tregs) and T cell

exhaustion markers, specifically Lag-3 (CD223), PD-1 (CD279),

and Tim-3 (CD366), showed that a high percentage of both

CD4+ and CD8+ cells expressed PD-1 (median: 43.9% and

39.8%, respectively) and that 6.9% of CD4+ T cells expressed

a regulatory phenotype (Figure 1C). In contrast, an analysis of

patients with newly diagnosedMM (NDMM) from the same study

showed a significantly less immunodeficient profile at baseline

(Figure S2; supplemental information). While patients with

RRMMhad similar CD8+ T cell profiles, they showed significantly

less total CD4+ T cells and a lower proportion of naive CD4+

T cells (p < 0.001) and a significantly higher proportion of

PD-1+ CD4+ T cells (p = 0.002) and CD4+ Tregs (p = 0.005) vs.

NDMM subjects. These data illustrate that the patients with

late-line RRMM enrolled in this study had appreciable immuno-

suppression, suggestive of exhaustion (low Ki-67/high PD-1),

with particular dysfunction in the CD4+ helper T cell compart-

ment when compared to healthy individuals or patients with

NDMM.31,32

Immunohistochemical staining of BM biopsies (n = 114)

showed that despite being refractory to one or both IMiDs,

CRBN was quantifiably detectable in CD138+ cells in almost all

samples (median histology score [H-score] = 74) (Figure 1D).

High levels of Aiolos were also detected pre-treatment (median

H-score = 243.5) (Figure 1D). Notably, CRBN and Aiolos protein

levels were not significantly different in patients who were refrac-

tory to IMiDs, received an IMiD in their last line of treatment, were

triple-class refractory (defined as refractory toR1 IMiD,R1 pro-

teasome inhibitor, and R1 anti-CD38 antibody), or had >5 prior

lines of therapy. However, a trend toward lower CRBN levels was

observed in patients who received pomalidomide in a last line of

treatment (Figure 1D). These data show that the molecular tar-

gets of iberdomide are generally expressed in different RRMM

patient subgroups, including those treated with prior CRBN-

modulating therapies.

Whole-genome sequencing plus RNA sequencing was

available from 81 patients to characterize the prevalence of



Figure 1. Analysis of baseline immune and

tumor characteristics of subjects enrolled in

cohorts A, B, and D of the CC-220-MM-001

study

(A) Dot plot of absolute (ABS) cells per mL in pe-

ripheral blood of subjects on cycle 1 day 1 (C1D1) for

monocytes (CD14+), B cells (CD3�CD19+), NK cells

(CD3�CD56+/CD16+), T cells (CD3+), CD4+ T cells

(CD3+CD4+), and CD8+ T cells (CD3+CD8+). Each

dot represents one subject, the red line represents

the median, and the gray box represents normal

laboratory ranges for each assessment.

(B) Dot plot of proportion of cells from indicated

lineage positive for phenotypic markers for subjects

on C1D1, including proportions of NK and T cells

proliferating (Ki-67+), CD4+ T cells and CD8+ T cells

activated (HLA-DR+ or ICOS+), CD4+ T cells and

CD8+ T cells in naive state (CD45RO�CCR7+), CD4+

T cells and CD8+ T cells in central memory (CM)

state (CD45RO+CCR7+), and CD4+ T cells and

CD8+ T cells in effector memory (EM) state

(CD45RO+CCR7�). Each dot represents one sub-

ject, and the red line represents the median.

(C) Dot plot of proportion of cells from indicated

lineage positive for exhaustion markers for subjects

on C1D1, including proportion of CD4+ and CD8+

T cells expressing LAG-3 (CD223), PD-1 (CD279),

and Tim-3 (CD366) and proportion of CD4+ Tregs

(CD25+CD127�/loFoxP3+). Each dot represents one

subject, and the red line represents the median.

(D) Box and whisker plots of CD138+ involved

H-score for total CRBN expression and nuclear

Aiolos expression in indicated patient subsets. Each

dot represents a single patient value, the line rep-

resents the median, the top and bottom of the box

represent the 25th and 75th percentiles, respectively,

andwhiskers represent theminimumandmaximum.

Data are shown for patients who had lenalidomide or

pomalidomide (POM) in their last line (Len last, Pom

last), whowere refractory to Pom (PomR), whowere

triple-class refractory (defined as refractory to R1

immunomodulatory agent, R1 proteasome inhibi-

tor, and R1 anti-CD38 antibody), or who were fifth

line or later (5L+).

(E) Oncoplot of most prevalent mutations (green), copy-number aberrations (blue) and translocations (orange), or CRBN dysregulation (CRBN mutation,

CRBN loss of heterozygosity, high expression of CRBN-del-exon10, or 2q [COPS7b/COPS8] deletion) at baseline in patients who had whole-

genome sequencing (WGS) and RNA sequencing (RNA-seq) data available. Prevalence is shown on left y axis and is limited to aberrations present inR3% of

patients (note that there were no aberrations present at 3%, so the plot shows 4% and above). High Del10 = high expression of the CRBN-del-exon10

transcript.
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translocations, hyperdiploidy, copy-number aberrations (CNAs),

mutations, and CRBN dysregulation events (R3% of patients)

(Figure 1E). 40% of patients had CRBN dysregulation including

14 (17%) with loss of COPS7b, 13 (16%) with loss of COPS8,

12 (15%) with high CRBN-del-exon10 expression, 11 (14%)

with CRBN loss of heterozygosity (LOH), and 5 (6%) with a

CRBN mutation (some patients had multiple aberrations). 23%

of the 81 patients had hyperdiploidy. Among the key transloca-

tion groups, t(11;14) (12%) and t(4;14) (9%) were the most com-

mon. KRAS (31%) and NRAS (11%) were the most frequent mu-

tations.23,33,34 Amp1q (28%) and del17p (21%) were the most

common CNAs, similar to our recent report.23 A larger cohort

of patients with whole-genome data only are described in Fig-

ure S3. Thus, patients entering the iberdomide study presented
with enrichment of HR and CRBN-related genomic aberrations,

consistent with a late-line patient population.

Pharmacodynamic activity of iberdomide and
iberdomide-dexamethasone combination
Immune pharmacodynamics by dose

We analyzed longitudinal changes in immune subpopulations

in patients treated with iberdomide monotherapy or in combina-

tion with dexamethasone, combining adjacent dosing groups

together as one group (previously shown to have overlapping

drug exposures as described).1 Consistent with the function of

Aiolos and Ikaros, which are required for B cell maturation, and

their known pattern of degradation following treatment with

IMiDs, a greater depletion in the absolute number of mature
Cell Reports Medicine 5, 101571, June 18, 2024 3
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B cells in PB was observed in subjects treated with higher doses

of iberdomide (Figures 2A and S4A).35–37 In subjects treated with

iberdomide and dexamethasone, B cells decreased by �25%

with a 0.3 mg dose vs. an �80% median reduction in subjects

dosed at 0.75 mg. These changes saturated above 1.0 mg

(trends demonstrated significant decreases [p < 0.05] from the

0.3–1.0 mg to the 1.6 mg dose level) with a median reduction

of 95.8% at the higher dose (Figures 2A, S4A, and S5). At

doses R1.3 mg, depletion in B cells was fully sustained after a

week of drug holiday (black arrow, Figure 2A), suggesting that

the continued biological effect of iberdomide in B cells carried

though drug holidays at the highest doses.

Iberdomide treatment as monotherapy and in combination

with dexamethasone also resulted in an increase in the relative

percentage of proliferating (Ki67+) NK and T cells, demonstrating

its immunostimulatory effects and an ability to overcome im-

mune dysfunction observed in late-line patients as well as the

immunosuppressive effects of dexamethasone (Figures 2B and

S4B). Although the per-dose group size was small, the median

increase in NK cell proliferation in cohort B suggested a point

of inflection for maximal induction of NK cell proliferation in the

range from 0.9 to 1.0 mg, with a possible hook effect (decreased

magnitude of change) observed at the 1.6 mg dose (Figure S5).

However, this effect was not confirmed in cohort D, where

85% of patients at 1.6 mg still exhibited NK cell stimulation in

the dose-expansion cohort (Figure 2B). The median increases

in proportion of proliferating T cells were nearly 23 greater

than that observed in NK cells and appeared to plateau at doses

>1.0 mg (without a hook effect); however, limited data and high

variability likely contributed to a lack of statistical significance

between doses (Figures S5 and 2B). Unlike the effect of iberdo-

mide treatment on B cells, a cyclical pattern of T cell proliferation

was observed, peaking at day 15 (mid-cycle) at each cycle and

returning toward pre-treatment trough levels measured pre-

dose on day 1 of the next cycle at the end of the 7 day drug hol-

iday (Figure S4C).

An analysis of T cell subsets revealed a shift from naive to an

activated, EM T cell phenotype (in both CD4+ and CD8+) during

iberdomide treatment with a dramatic decrease in naive T cells

observed by mid-cycle 2 and a corresponding increase in EM

T cells (Figures 2C and S4D–4F). Iberdomide treatment also re-

sulted in an increased proportion of activated T cells and

increased expression of HLA-DR on T cells by mid-cycle 2 (Fig-

ure 2D). This observed shift to an activated EM phenotype was

greater at higher doses, increasing between 0.3 and 1.0 mg

and plateauing above the 1.0mg dose (trends demonstrated sig-

nificant increases [p < 0.05] from 0.3 to 1.0mg, but changes from

1.0 to 1.6 mg were not significantly different; Figures S4D–S4F

and 5). Consistent with a cyclical pattern of T cell stimulation,

during the dosing period (days 1–21 in each cycle), iberdomide

promoted the activation and differentiation of T cells (peak of

EM cells mid-cycle, Figure 2C, right, red arrows) and with drug

holiday (days 22–28 in each cycle) the pool of T cells shifted to

less differentiated CM cells (Figure 2C, middle, blue arrows).

The timing of peaks and valleys of EM and activated phenotypes

mirrored the opposite pattern of peaks and valleys of CM pheno-

types (Figures 2C and S4D–S4F). Notably, these immunostimu-

latory effects of iberdomide were unaffected by prior treatment
4 Cell Reports Medicine 5, 101571, June 18, 2024
history, as potent NK and T cell proliferation and activation

were observed in triple-class-refractory patients and in patients

who progressed on pomalidomide or daratumumab <3 months

prior to enrollment (Figures 2E and S6A–S6C). In a subset of pa-

tients treated with iberdomide (1.6 mg) and dexamethasone, a

trend for increases in granzyme-B secretion was also observed

in BM plasma, suggesting that iberdomide-induced immune

changes shifted the BM microenvironment of the tumor to a

more immune cytotoxic state (Figure 2F). A complete analysis

of iberdomide-induced changes in BM immunophenotyping

has been submitted as a separate manuscript (Van Oekelen

et al.38 [this issue of Cell Reports Medicine]). Together, these

data suggest broad and potent immune stimulation by iberdo-

mide directly post-pomalidomide or -daratumumab treatment

and in late-line patients with a likely dose-dependent ceiling of

immune stimulation above the 1.0mg dose. Remarkably, iberdo-

mide did not push the pool of T cells into an unresponsive state,

as the phenotypes appeared to reset through drug holidays and

could be restimulated in the subsequent treatment cycles.

Pharmacodynamic modulation of Aiolos and Ikaros
In a subset of patients (n = 10), we observed a decrease of Aiolos

and Ikaros levels in PB T and B cell populations 3–6 h post-dose

at the 1.6 mg dose of iberdomide (Figure S7A). In patient tumors,

longitudinal analysis of CRBN levels from screening to end of

treatment showed no significant changes (n = 9). While sample

numbers were limited, only 1 patient showed a decrease in

CRBN levels >50% (Figure 3A). To assess iberdomide’s pharma-

codynamic activity on the CRBN substrates, the levels of

Aiolos in tumor cells were analyzed mid-cycle 2 or 3 in 50

patients and compared to baseline levels. Aiolos levels signifi-

cantly decreased following iberdomide (cohort A, 0.45–1.0 mg,

p < 0.0001) or iberdomide+dexamethasone (0.3–1.6mg, cohorts

B [p < 0.0001] and D [p = 0.063]), with no clear dose-dependent

trends (Figures 3B and S7B). Similar decreases in Ikaros levels

were also observed (Figure S7C). Treatment with iberdomide+

dexamethasone consistently reduced Aiolos levels irrespective

of refractoriness to IMiDs, IMiD use in last line, or triple-class-re-

fractory status and was similar in patients with highest vs. lowest

quartile CRBN expression at baseline (Figures S7D and S7E).

Together, these data demonstrate (1) continued expression of

CRBN in patients with late-line MM and (2) iberdomide’s phar-

macodynamic activity in patient’s tumor cells, including those

who are pomalidomide- or triple-class refractory or received le-

nalidomide or pomalidomide in the immediate prior line of ther-

apy. These results are especially noteworthy because a signifi-

cant fraction of the patients harbor CRBN dysregulation (see

the later section iberdomide response vs. genome biomarkers).

Correlative analysis of iberdomide activity with clinical
response and PFS
Baseline CRBN protein levels trended lower, but were not signif-

icant, in non-responders vs. responders (p = 0.1211, Figure 3C).

While higher CRBN expression appeared to correlate with the

depth of response, many subjects treated with lower doses of

iberdomide (<1.3 mg) had lower levels of CRBN protein (65%

H-score < 50), and 47% of subjects whose best response

was progressive disease were dosed with <1.3 mg, making it



Figure 2. Iberdomide immune pharmacodynamic effects

Longitudinal analysis of iberdomide-induced changes in immune cell subsets.

(A) Line graph of median percentage of change with standard error in ABS B cell (CD3�CD19+) counts from patients treated with iberdomide+dexamethasone in

cohorts B and D.

(B) Box and whisker plots showing proportion of proliferating NK cells (CD3�CD56/CD16+ %Ki67+) (left) and proportion of proliferating T cells (CD3+ %Ki-67+)

(right) by enrollment dose group and cohort. Adjacent doses with overlapping exposure were combined. The middle line represents the median, the top and

bottom of the box represent the 25th and 75th percentiles, respectively, and whiskers represent 95% confidence interval (CI).

(C) Line graph of median percentage of change with standard error in proportion of CD4+ T cells in naive phenotype (CD45RO�CCR7+) (left), in CM phenotype

(CD45RO+CCR7+) (middle), and in EM phenotype (CD45RO+CCR7�) (right) by enrollment dose group counts from patients treated with iberdomide+dex-

amethasone in cohorts B and D. Adjacent doses with overlapping exposure were combined. Red arrows indicate the peak of iberdomide induction of activated/

EM state by mid-cycle 2/4 after 2 weeks of dosing, and blue arrows indicate changes after a 1 week drug holiday.

(D) Box andwhisker plots of percentage of change fromC1D1 to C2D15 for patients dosed above 0.75mgwith iberdomide+dexamethasone in cohorts B andD in

proportion of CD4+ (green) and CD8+ (blue) T cells positive (left) and median fluorescence intensity (right) for activation marker HLA-DR. Each dot represents a

single patient value, the line represents the median, the top and bottom of the box represent the 25th and 75th percentiles, respectively, and whiskers represent

95% CI.

(E) Box andwhisker plots of percentage of change fromC1D1 to C2D15 for patients dosed above 0.75mgwith iberdomide+dexamethasone in cohorts B andD in

proportion of cells from indicated phenotypic markers who were naive to POM (blue) or directly post-POM (orange) (patients with POM as a last line of therapy

<3 months prior to enrollment). Each dot represents a single patient value, the line represents the median, the top and bottom of the box represent the 25th and

75th percentiles, respectively, and whiskers represent 95% CI.

(F) Granzyme B levels in bone marrow aspirate plasma at screening and C2D15.
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Figure 3. Iberdomide tumor pharmacodynamic effects and response outcomes

Analysis of CRBN andAiolos protein expression in patient tumor biopsies from screening, on treatment (C2D15 or C3D15 if C2D15 sample unavailable) and end of

treatment scored for staining intensity to generate a histology score (H-score; see STAR Methods).

(A) Line graph of CRBN levels in longitudinal samples. Each dot represents one patient, with lines connecting samples from the same patient over time.

(B) Line graph of Aiolos expression in longitudinal samples. Each dot represents one patient, with lines connecting samples from the same patient over time.

Cohort A (left) and cohort B (right) with doses color coded as indicated.

(C) Box and whisker plots of baseline CRBN levels in the tumor by response vs. non-response and by depth of response. Each dot represents a single patient

value (colored by enrollment dose), the top and bottom of the box represent the 25th and 75th percentiles, respectively, and whiskers represent 95% CI.

(legend continued on next page)
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difficult to interpret association with response. Responders and

non-responders at dosesR1.3mg did not show a significant dif-

ference in CRBN protein levels (Figure S8A). Baseline Aiolos

levels did not correlate with clinical response (Figure S8B).

We analyzed the correlation of Aiolos degradation with pro-

gression-free survival (PFS) by levels of its degradation in patient

tumors. Forty-four patients in the B and D cohorts with available

data for the Aiolos level at screening and degradation at post-

therapy were partitioned into two groups based on the median

percentage change in Aiolos levels < orR �45.98% from base-

line. The curves (and 95% confidence intervals) were plotted,

and differences in the two estimated Kaplan-Meier curves

were found to be statistically significant (log-rank test,

p = 0.01) (Figure 3E). The median PFS for the group with lesser

Aiolos degradation (% change R �45.98%) was estimated

to be 83 days, and the median PFS for the group with greater

Aiolos degradation (% change < �45.98%) was estimated to

be 152 days. While an on-treatment decrease of Aiolos was

consistently observed in all responders, it was also observed

in a subset of non-responders. Thus, some patients showed

a potent Aiolos decrease (>75%) but had shorter PFS

(<200 days) (Figure 3F). In these patients, we observed a robust

immune response induced by iberdomide treatment, with me-

dian increases in the proportions of proliferating and activated

CD4+ T cells of 123.1% and 140.0%, respectively, a median

decrease in naive CD4+ T cells of 91.4%, and a 113% increase

in granzyme B (GZMB) levels in patient BM plasma (Figure S8C).

We additionally stained a few samples from patients with short

PFS for proteins downstream of Aiolos/Ikaros degradation,

such as IRF4, and observed no downregulation in protein levels,

suggesting that, as a previously described mechanism of IMiD

resistance, their regulation had been disconnected from

Aiolos/Ikaros degradation in these patients (Figure S8D).3 These

data suggest that high levels of Aiolos degradation (over 45%)

may be a potential pharmacodynamic marker for longer PFS,

but it is only one of many factors contributing to clinical out-

comes, especially in individual patients with lower levels of sub-

strate degradation but longer PFS.

Supporting an immune-mediated mechanism of efficacy for

iberdomide, the analysis of all patients with available immune

pharmacodynamic data demonstrated that in responders, iber-

domide induced significantly greater increases in proliferating

CD4+ T cells (Ki-67+) (p < 0.001 for response; p = 0.002 for

PFS) and CD8+ EM T cells (CD8+CD45RO+CCR7�) at cycle

2 day 15 (p = 0.016 for response; Tables 1 and S2D). However,

these PD results were confounded, as the same baseline im-

mune phenotypes were also associated with clinical response,

including lower baseline levels of absolute CD4+ T cells and B

cells observed in non-responders (p < 0.001 and p = 0.003,

respectively; Tables 1 and S2A). An analysis of immune subpop-

ulations showed the non-responders had higher proportions of

proliferating T cells (Ki-67+), activated CD4+ T cells (HLA-DR+

and CD38+), and EM CD4+ T cells (p < 0.001, p = 0.017, and
(D) Line graph of Aiolos levels at screening and on treatment in responders and

(E) Kaplan-Meier plot of PFS and relation to Aiolos degradation in cohorts B and

(F) Scatterplot showing cohort B and D patients’ percentage change in Aiolos, w

plotting color. Trend is shown as the dotted black line. A log hazard ratio was de
p = 0.009), suggesting that high levels of CD4+ T cell stimulation

in the context of progressive disease may be a poor prognostic

indicator (Tables 1 and S2B). Additionally, non-responders had a

significantly higher proportion of Tregs in the CD4+ compartment

vs. responders at baseline (p < 0.001; Tables 1 and S2C), sug-

gesting that immune dysfunction in the CD4+ compartment

may be an underlying feature contributing to non-response.

Importantly, iberdomide was still immunostimulatory in non-re-

sponders, inducing T cell proliferation and activation, providing

a rationale for its potential to enhance other immuno-oncology

therapies (Figures S8E–S8G).

Iberdomide response vs. genome biomarkers
We next analyzed genomic subgroups in 82 patients where both

genome and outcome data were available. Amp1q (R4 copies,

n = 21 [22%]) and P53 aberrations (del17p CCF R 0.5519,21 or

biallelic inactivation,20 n = 16 [19%]) were the most common

HR subgroups (Figure S9; Table S3). While the numbers were

small, examples of durable responses were observed in each

of these HR groups (Amp1q: n = 21, 2 responders, median dura-

tion of response [mDOR] = 5.6 months; HR del17p/biallelic P53

inactivation: n = 17, 2 responders, mDOR = 7.2 months) (Fig-

ure S10). Other translocation subgroups and double hit/biallelic

events were excluded from the response analysis due to small

patient numbers (n < 10). Iberdomide was also active in patients

addressable by targeted therapy, including those with any

KRAS/NRAS/BRAF mutation (n = 37, objective response rate

[ORR] 8/37 [22%], mDOR = 12.2 months) or t(11;14) (n = 13,

ORR 3/13 [23%], mDOR = 8.3 months). The 5 most common

genomic aberrations in responders and non-responders were

the same and included CRBN dysregulation, KRAS mutation,

Amp1q, hyperdiploidy, and HR del17p (Figure S11A). The me-

dian PFS across molecular subgroups was similar to the cohort

as a whole (2.76–3.72 months) (Figure 4B; Table S3). These pre-

liminary data show that iberdomide has activity across HR and

targetable patient segments without an enrichment of any

feature in responders or non-responders and highlights the op-

portunity for iberdomide combinations in these difficult-to-treat

patients. Out of the six patient samples analyzed at progression,

1 non-responder patient had 2 de novo CRBN mutations de-

tected (Figures S11B and S11C).

Finally, we focused on the 34 CRBN-dysregulated subjects vs.

48 without any observable CRBN defects (designated as CRBN

wild type) to understand the impact of CRBN dysregulation on

iberdomide activity. The CRBN dysregulation subgroup included

previously described IMiD-resistant patients based on CRBN

genetic aberrations12 (CRBN-del-exon10, CRBN LOH, CRBN

mutation) or loss of 2q (COPS7b/8).19 Responses to iberdomi-

de+dexamethasone were observed in all CRBN-dysregulated

subgroups at doses between 1.0 and 1.6 mg (6 responders, 28

non-responders) (Figures 4A and 4B; Tables S3 andS4). Thirteen

(of 48) wild-type patients also responded, while 35/48 did not

(Figures 4B; Table S5). Analysis of PFS and DOR in responders
non-responders.

D. See the main text for more details.

ith censored data points shown as diamonds and patient response shown as

termined by Wald test.
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Table 1. Association of baseline immunophenotypes and pharmacodynamic effects with response and PFS

ORR p value R LQ, MDN, UQ NR LQ, MDN, UQ PFS LogHR PFS p value

Baseline parent populations

CD3+CD4+_ABS 9.16E�05 [191, 360, 454] [135, 211, 314] �0.00140 0.01086

CD3+_ABS 0.00094 [436, 822, 1379] [306, 528, 842] �0.00039 0.06051

CD3�CD19+_ABS 0.00265 [24, 42, 90] [10, 24, 48] �0.00177 0.10052

CD3+CD8+_ABS 0.01450 [197, 422, 843] [149, 298, 486] �0.00035 0.12619

Baseline subpopulations

CD3+CD4+CD25+

CD127�/loFoxP3+_%
0.00020 [4.2, 6.0, 7.8] [5.5, 7.6, 10.9] 0.08129 0.00019

CD3+CD4+Ki67+_%(CD4+) 0.00029 [3.9, 5.1, 7.4] [5.3, 7.7, 11.5] 0.05868 5.98E�08

CD3+Ki67+_%(CD3+) 0.00038 [3.3, 4.4, 6.4] [4.3, 6.9, 10.5] 0.06773 2.15E�08

CD3+CD8+CD38+_(%CD8) 0.00050 [10.4, 49.8, 80.7] [52.6, 78.4, 88.5] 0.00880 0.00021

CD3+CD8+Ki67+_%(CD8+) 0.00112 [2.3, 4.2, 6.2] [3.6, 5.8, 10.1] 0.06465 9.75E�09

CD3+CD4+CD45RA-CD45RO+

CCR7�_(%CD4)

0.00870 [12.4, 19.1, 34.1] [20.1, 27.4, 37.2] 0.00643 0.17376

CD3�CD7+CD56+Ki67+_%
(CD3�CD56+/CD16+)

0.00955 [3.7, 6.4, 10.8] [5.2, 9.3, 16.15] 0.01899 0.10075

CD3+CD8+HLA-DR_APC_MFI 0.01001 [279.0, 780.0, 1,786.5] [500.0, 1,514.0, 3,554.0] 8.70E�05 0.02036

CD3+CD4+HLA-DR+_(%CD4) 0.01714 [20.3, 26.0, 42.4] [25.0, 34.6, 47.7] 0.01132 0.00536

CD3+CD4+CD38+_(%CD4) 0.02026 [10.6, 47.5, 66.4] [36.7, 59.7, 69.4] 0.00674 0.01461

CD3+CD8+CD45RA�CD45RO+

CCR7�_(%CD8)

0.03261 [21.6, 34.3, 50.0] [30.9, 40.7, 55.2] 0.00782 0.03735

C2D15 pharmacodynamic effects on subpopulations

CD3+CD4+Ki67+_%(CD4+) 0.00251 [84.8, 171.6, 300.0] [31.3, 80.6, 151.4] �0.00145 0.00189

CD3+CD4+CD223+_(%CD4) 0.00863 [100.6, 274.6, 587.5] [14.3, 108.3, 247.1] �1.31E�05 0.86123

CD3+CD8+CD45RA�CD45RO+

CCR7�_(%CD8)

0.01557 [35.7, 70.4, 127.6] [13.9, 39.16, 87.71] �0.00051 0.52963

CD3+CD8+_CD279_BV421_MFI 0.02696 [�129.3, �69.1, 2.3] [�77.2, �19.0, 58.5] 0.00030 0.09246

CD3+CD8+HLA-DR+_(%CD8) 0.05244 [14.2, 29.2, 62.3] [9.3, 17.6, 37.9] �0.00387 0.12778

CD3+CD4+ICOS+_(%CD4) 0.10286 [�0.6, 13.1, 45.2] [�17.7, 5.1, 26.7] �0.00534 0.00550

Statistical association of baseline (C1D1) and pharmacodynamic (percentage of change C2D15) immunemeasurements in subjects enrolled in cohorts

B and D of the CC-220-MM-001 study. The table shows the p value for the indicated immune measurement association with overall response (OR)

using Wilcoxon rank-sum test, lower quartile (LQ), median (MDN), and upper quartile (UQ) for responders (R) and non-responders (NR), progres-

sion-free survival (PFS) log(hazard ratio (HR)), and PFS using Wald’s test.
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revealed similar outcomes for CRBN-dysregulated (mDOR

9.5 months, mPFS 10.9 months) vs. wild-type patients (mDOR

9.4 months, mPFS 11.2 months) (Figure 4B; Tables S3 and

S4). Conversely, CRBN-dysregulated and wild-type non-re-

sponders had similarly short PFS (mPFS 1.9 vs. 2.3 months,

respectively, Figure 4B). While the numbers are small, these ob-

servations suggest that in responding patients, iberdomide

could overcome the adverse prognosis associated with CRBN

dysregulation associated with IMiD-based therapies.12,19

DISCUSSION

We explored the clinical mechanisms of action of iberdomide by

analyzingpatient biomarker samples collected froma large clinical

study in MM, CC-220-MM-001. Baseline profiles of the late-line

patients (median >5 lines of therapy, median >7 years from diag-

nosis) showed significant immunodeficiency, particularly in the

CD4+ T cell compartment, and tumor genomes enriched for HR

markers (�30%) and CRBN dysregulation (�40%), significantly
8 Cell Reports Medicine 5, 101571, June 18, 2024
higher than newly diagnosed or early-relapse patients.12,19,20,33

Analysis of immune and tumor biomarkers allowed us to interro-

gate iberdomide’smechanismsof action, including understanding

the basis of clinical response in CRBN-dysregulated, IMiD-resis-

tant patients, a large emerging subset of RRMM.

Iberdomide showed pharmacodynamic activity in the im-

mune compartment across a wide range of doses in patients

regardless of prior therapies, including immediately post-po-

malidomide and daratumumab, suggesting that it could be an

immune-enhancing combination partner for immune-based

therapies, including monoclonal antibodies, T cell engagers,

and chimeric antigen receptor (CAR)-T cells. Supporting this

further, recent pre-clinical evidence has shown the ability of

iberdomide to enhance daratumumab and BCMA targeting

T cell engagers and CAR-T cells.39–42 This activity appeared

to saturate at a >1.0 mg dose and reverted toward baseline af-

ter drug holiday, highlighting the dynamic nature of iberdo-

mide’s immune stimulation and providing evidence to design

dosing and scheduling strategies to optimize immune



Figure 4. Analysis of response to iberdomide

in molecularly defined patient segments

(A) Patient-level best response data in IMiD-resis-

tant patient segments with breakdown of type of

CRBN dysregulation (copy loss, mutation, CRBN-

del-exon10) and COPS deletions shown. For each

bar, the total number of patients called as being

positive for that segment are shown at the end of the

bar (number at risk), followed by the total number of

patients with available data (total subjects). The

farthest set of numbers (farthest from bar) reports

the percentage of patients with best response R

partial response (PR) and R very good partial

response (VGPR). The best response is color coded

as shown below the bar graph.

(B) Kaplan-Meier curve for PFS in iberdomide-

treated patients with CRBN dysregulation/2q loss

responders (RPR, green), CRBN dysregulation/2q

loss non-responders (<PR, pink), wild-type (WT)

CRBN/2q responders (blue), and WT CRBN/2q re-

sponders (purple). Summary table of number of re-

sponders (RPR) vs. non-responders (<PR) in CRBN

WT vs. dysregulated (CRBN locus or 2q abnormal-

ity) is shown.
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stimulation for combination treatment. Furthermore, iberdo-

mide induced these changes in patients who had baseline im-

munophenotypes suggestive of exhaustion and CD4+ T cell

dysfunction, including a high proportion of PD1+, HLA-DR+,

and effector T cell pre-treatment. Emerging evidence has

demonstrated the essential role of CD4-mediated anti-tumor

immune responses for the activity of T cell-redirecting thera-

pies, including CAR-T cells.43–48 One possible implication of

our data is that if these therapies are less effective in late-line

RRMM vs. NDMM due to increased CD4+ T cell dysfunction,

then their anti-tumor activity could be improved by adding iber-

domide to enhance the immune stimulatory effect on CD4+

T cells. While the immunostimulatory activity of iberdomide is

directionally consistent with what was observed during lenali-

domide and pomalidomide treatment, it was achieved at �4-

fold lower doses and �15-fold lower drug exposure with iber-

domide in a later-line population.9,37,49 Taken together, these

observations are consistent with a more potent pharmacolog-

ical profile of iberdomide compared to IMiDs. These results

support further investigation of iberdomide combinations, at a

target dose >1.0 mg, with immune therapies whose suboptimal

responses in patients could be driven in part by underlying

T cell dysfunction.
Cell Repo
Of the 19 responders with genomic data,

the 13 wild-type and 6 CRBN-dysregu-

lated patients did not share common

genomic features, specific immune defi-

ciency, or clinical history (Table S4). Phar-

macodynamic changes in tumor and

immune cells in CRBN-dysregulated pa-

tients for 3 representative cases illustrate

the complex multifactorial determinants

of iberdomide clinical efficacy (Figure 5).

Patient 109-1010 (COPS7b/8 deletion) ex-
pressed high baseline CRBN (H-score = 212) but had limited Aio-

los degradation in the tumor (18.5%). However, iberdomide

induced robust immunostimulation in this patient with an

�800% increase in proliferating CD4+ T cells, �600% increase

in CD4+ EM T cells, and �350% increase in CD4+ activated

T cells. In the BM microenvironment, iberdomide decreased

levels of TIGIT+ NK and CD8+ T cells and increased levels of

NKG2D+ NK cells and HLA-DR+ CD8+ T cells (comprehensive

analysis of BM microenvironment changes in a larger cohort

has been submitted [Van Oekelen et al.38]) (Figure 5A). Despite

limited substrate degradation in the tumor, the patient achieved

VGPR, 10.6 month DOR and 11.6 month PFS, suggestive of a

significant immune-driven clinical outcome. Patient 104-1004

had a complex genotype that included multiple CRBN aberra-

tions (CRBN-del-exon10, CRBN LOH, COPS7b/8 deletion) and

an HR del17p/TP53 double hit. The tumor expressed low levels

of CRBN (H-score = 19), but the degradation of Aiolos and Ikaros

on treatment was 78.7% and 15%, respectively. Immune stimu-

lation in PB was modest; however, on-treatment reduction in

TIGIT+ NK and CD8+ T cells and increases in NKG2D+ and

HLA-DR+ CD8+ T cells were observed in the BM (Figure 5B).

This patient achieved partial response (PR), 15.7 month DOR,

and 19.4 month PFS, providing evidence that iberdomide can
rts Medicine 5, 101571, June 18, 2024 9
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overcome CRBN dysregulation and HRmolecular features in the

tumor.12 Finally, patient 101-1026 (CRBN-del-exon10) had high

baseline tumor expression of CRBN (H-score = 187) and

achieved 96.8% and 27% reductions of Aiolos and Ikaros and

concomitant immunostimulation in PB (�75% increase in acti-

vated CD4+ T cells; �50% increase in CD4+ EM T cells). While

increased NKG2D+ cells in the BM were not observed on treat-

ment, a decrease in TIGIT+ NK and T cells and an increase in

HLADR+ CD8+ T cells were seen (Figure 5C). This patient

achieved PR, 14.8 month DOR, and 19.4 month PFS (censoring

time point), suggesting both tumor-intrinsic and immune-medi-

ated mechanisms driving clinical outcome.

The data presented in this study reveal complex mechanisms

that underlie iberdomide’s clinical activity exemplified by the

induction of potent substrate degradation in tumors and the

stimulation of NK and T cells. Notably, the comparable PFS of re-

sponders irrespective of CRBN status suggests possible mech-

anisms operating in the tumor and immune microenvironments

of MM BM (Figure 5D). In the CRBN-dysregulated patients, the

enhanced pharmacology of iberdomide compared to IMiDs

may allow it to function efficiently with less or dysregulated

CRBN associated with prior IMiD-based therapy. We hypothe-

size that once a response is achieved, it is sustained by

continued immune-mediated cytotoxicity and/or direct anti-tu-

mor activities, delaying progression. Thus, the initial achieve-

ment of a responsemay be a critical factor in iberdomide’s ability

to contain the tumor from escaping therapy by expansion of

resistant tumor clones. While the relative contribution of the tu-

mor-intrinsic and -immune effects of iberdomide treatment to

clinical response is difficult to tease out in this dataset, the sus-

tained immune stimulation and pharmacodynamic shift to a

more cytotoxic/effector T cell phenotype, particularly in patients

with CRBN dysregulation in tumor cells, supports a concomitant

cell-autonomous and immune-based mechanism acting in con-

cert to drive the clinical response of iberdomide.

Limitations of the study
While the analyses presented in this work are comprehensive,

the study has many limitations. One key limitation is that the

small subsets of patient samples in genetic or immune biomarker

data were insufficient to perform statistical analyses adequately.

This precluded a fuller analysis of non-responders in the study,

especially those with potent immune stimulation and degrada-

tion of CRBN substrates. Another limitation was the confounding

effects of prognostic immune biomarkers (such as CD4

levels) for establishing correlation of treatment-induced immune

pharmacodynamic changes in immune subsets with clinical

outcome. Data from randomized controlled trials are needed to

address these issues. Notably, iberdomide is being studied in
Figure 5. Patient case studies: CRBN-dysregulated responders

(A–C) CRBN dysregulation patient case studies. Patient identification number and

(C) Pt. 101-1026. The boxed region contains the best response, duration of res

baseline. Protein expression (H-score) of Aiolos and/or Ikaros in the tumor at scree

frombaseline in B cells, CD4+ activated and EMcells fromperipheral blood (middle

for each patient (right).

(D) Model depicting the anti-tumor (blue line) and immunomodulatory effects (red

with WT CRBN (purple), IMiD-resistant CRBN mutant/dysregulated CRBN cells (
an NDMM randomized study (ClinicalTrials.gov: NCT05827016)

to compare it with lenalidomide and in an RRMM trial (Clinical-

Trials.gov: NCT04975997) in combination with daratumumab

and dexamethasone against daratumumab, bortezomib, and

dexamethasone. These studies may answer how iberdomide’s

activities described in this study perform compared to another

CRBN targeting agent or as a combination partner with its im-

mune-enhancing role.
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from myeloma patients
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Bone marrow aspirates (BMA)

from myeloma patients

Multiple Clinical Study Sites NCT02773030

Peripheral blood from myeloma patients Multiple Clinical Study Sites NCT02773030

Critical commercial assays

CD138+ cell enrichment of BMA Labcorp NSSO6495_10936

IHC analysis of FFPE samples CellCarta TE-IHC-374, TE-IHC-372, TE-IHC-3748, TE-IHC-346

Dual Extraction of DNA/RNA

from CD138+ BMA

Q2 Genomics IS640

WGS of DNA from CD138+ BMA Q2 Genomics SQ1803

RNA-seq of RNA from CD138+ BMA Q2 Genomics SQ1102

Flow cytometry of peripheral blood Q2 Solutions A167, A175, A326, A262 and A262

Cytokine Analysis of BMA plasma Ampersand Biosciences HCD8MAG-17k

Deposited data

WGS and RNA-seq data This paper Study: EGAS50000000265

https://ega-archive.org/studies/EGAS50000000265

Dataset: EGAD50000000388

https://ega-archive.org/datasets/EGAD50000000388

Software and algorithms

GraphPad Prism 10 GraphPad https://www.graphpad.com

Cytobank Beckman Coulter, Inc https://premium.cytobank.org/cytobank/login

BWA-mem https://github.com/lh3/bwa

GATK v4/MuTect2 https://gatk.broadinstitute.org/hc/en-us/sections/

360007226651-Best-Practices-Workflows

ANNOVAR https://annovar.openbioinformatics.org/en/latest/

MANTA https://github.com/Illumina/manta/releases/tag/v1.6.0

Battenberg Gooding et al. Ref. 12 https://github.com/Wedge-lab/battenberg

STAR Dobin et al. Ref. 50 https://support.illumina.com/help/BS_App_RNASeq_

Alignment_OLH_1000000006112/Content/Source/

Informatics/STAR_RNAseq.htm

Salmon Patro et al. Ref. 51 https://salmon.readthedocs.io/en/latest/salmon.html

Python www.python.org

SciPy www.scipy.org

numpy www.numpy.org

statsmodels www.statsmodels.org

pandas www.pandas.pydata.org

lifelines www.lifelines.readthedocs.io/en/latest/
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Amatangelo (michael.amatangelo@bms.com).
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Materials availability
This study did not generate new unique reagents.

Data and code availability
d De-identified human/patientWGS andRNA-seq data have been deposited at EGA, and accession numbers are listed in the key

resources table. They are available upon request.

d The datasets used in this study are from an ongoing clinical trial of iberdomide in multiple myeloma that is sponsored by Bristol

Myers Squibb (CC-220-MM-001 [NCT02773030]). The data from this study are not publicly available due to patient privacy con-

cerns and because the clinical trial is currently ongoing. To request access to the data, please contact the lead contact, and

also submit a request for access to ctt.group@bms.com. This is the mailbox for BMS’ Clinical Trial Transparency (CTT) orga-

nization who manages the external distribution of data generated as part of a BMS study. Upon receiving a request, the CTT

reviews the request and if approved, notifies EGA to release the data to the requestor. The lead contact can help connect you

with a member of the CTT organization. Detailed questions on submitting a request can also be directed to ctt.group@bms.

com. The requestor must describe the objectives of the research project for which the data will be used. Data access will

be considered for research purposes and non-commercial use only. In order to ensure patient privacy, access to personally

identifiable information or sensitive clinical information will not be provided, and requests for data access must rigorously

adhere to the consent agreements established with study participants.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Biomarker analyses were performed on RRMM patient samples collected on the open-label phase 1/2 study, CC-220-MM-001

(NCT02773030), with informed consent. This study is designed as a Phase 1b/2a study consisting of two parts: dose escalation

(Part 1) and the expansion of the RP2D (Part 2). The study was conducted in accordance with the International Council for Harmo-

nisation (ICH) guidelines on Good Clinical Practice (GCP) and the general principles outlined in the Declaration of Helsinki. The pro-

tocol was approved by each participating center’s institutional review board or ethics committee before initiation, and all patients

provided written informed consent for participation in study and collection of biomarker samples. Details on the patient population,

number of subjects and samples collected are provided in Table S1 and Figure S1. During the study the investigational drug iberdo-

mide was administered orally on days 1–21 of each 28-day cycle. Samples were collected from Part 1 Cohorts A (0.3–1.0 mg dose

escalation as monotherapy) and B (0.3–1.6 mg dose escalation in combination with dexamethasone) and Part 2 Cohort D (1.6 mg

dose expansion in combination with dexamethasone). Supplementary analysis of transplant-ineligible NDMM patients at baseline

was also performed on subjects enrolled in Cohort J1 and K (iberdomide with bortezomib and dexamethasone or daratumumab

and dexamethasone, respectively).

METHOD DETAILS

Immunophenotyping
Peripheral blood samples were collected on study using sodium heparin and cytochex tubes for immunophenotyping pre-dose on

C1D1, C2D1, C2D15, C4D1 andC4D15 per protocol. Sampleswere shipped same day as collection to be analyzed by flow cytometry

at Q2 Solutions (Marietta, GA and Livingston, UK) as described. Flow cytometry panels included in the analysis were: A167 QTBNK,

A175 TNK (KI67), A326 TACT TMEM (ICOS, HLA-DR, CD38), A262 T cell CHECKPOINT/EXHAUSTION and A262 T cell

CHECKPOINT/EXHAUSTION. Data were analyzed for descriptive statistics using GraphPad PRISM software.

Granzyme B analysis
Plasma was isolated and frozen down from bone marrow aspirate at screening and cycle (C) 2 days (D) 15 or C3D15 (if unable to

collect at C2D15) prior to CD138+ enrichment for patients enrolled in Cohort D. Samples were analyzed at Ampersand Biosciences

(Lake Clear, NY) using Millipore (Burlington, MA) kit HCD8MAG-17k 17-plex cytokine assay. Data were analyzed for descriptive sta-

tistics using GraphPad PRISM software.

Immunohistochemistry analysis
Bonemarrow samples (biopsies or aspirate clots) were collected at screening, cycle (C) 2 days (D) 15 or C3D15 (if unable to collect at

C2D15), and treatment (EOT). Samples were decalcified in EDTA, formalin fixed/paraffin embedded and processed into 4mm thick

slides. IHC analysis was performed at CellCarta (Antwerpan, Belgium) where samples were dual-stained for CD138 and either Aiolos,

Ikaros, CRBN or IRF4. Nuclear proteins were digitally scored for intensity of nuclear staining (H-score = Histochemical Score = (% at

1+) x 1 + (% at 2+) x 2+ (% at 3+) x 3) [score = 300 maximum]) within CD138+ staining plasma cells, CRBN was scored for whole cell

staining within CD138+ staining plasma cells. H-scores were provided by CellCarta and data were analyzed for descriptive statistics

using GraphPad PRISM software.
Cell Reports Medicine 5, 101571, June 18, 2024 e2
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Genomics and RNA-seq analysis
FASTQ files were aligned to the human genome assembly hg38 using BWA-mem. Base recalibration of alignments was performed

using GATK v4. SNVs and small insertions/deletions (indels) were called usingMuTect2 (v4) and annotated with ANNOVAR.Matched

normal samples were available. Kinship coefficient testing was performed to confirm that tumor and normal samples were taken from

the same individual.52 Cytogenetic assessments fromWGSweremade byMANTA and used to identify translocation DNA breakpoint

location. CNA calling was performed using Battenberg as previously described with loss of heterozygosity (LOH) called for cancer

clonal fraction (CCF) R7%.12 RNASeq reads were mapped and gene expression was quantitated using STAR and Salmon.50,51

High-risk features and patient segments were called from genomics analysis using previously described approaches.12,19–21,23

Briefly, this includes high-risk and genomic aberrations called from WGS (CNAs, SVs, SNVs, biallelic events, and DNA-based

CRBN dysregulation segments [2q37 loss, CRBN LOH, CRBN mutation]. Calls for high expression of the CRBN-del-exon10 tran-

script requires available RNASeq data as well as tumor purity data. Only a subset of patients with sufficient bone marrow aspirates

had cytogenetic risk assessed by fluorescence in situ hybridization (FISH), which has been described previously.1 We focused our

initial analysis on three categories of patients defined by molecular genomic features. The main text focuses on patients who had a

complete dataset with WGS, RNASeq, and clinical outcomes data (n = 81), while a larger WGS-only plot for the patients with only

WGS (n = 109) are provided in Figure S2.

Mass cytometry analysis
Cells were stained with a novel mass cytometry (CyTOF) antibody panel as outlined in Tables S6 and S7. All antibodies were either

purchased pre-conjugated from Fluidigm or conjugated at the Human ImmuneMonitoring Center, Icahn School ofMedicine atMount

Sinai, using commercial X8 polymer conjugation kits purchased from Fluidigm. All conjugated antibodies were tittered and validated

on healthy donor PBMCs. For longitudinal monitoring of phenotypic changes, cells from selected timepoints were thawed, counted,

and assessed for viability utilizing the Nexcelom Cellaca Automated Cell Counter (Nexcelom Bioscience, Lawrence, MA, USA) along

with acridine orange/propidium iodine staining (Nexcelom Bioscience, Lawrence, MA, USA). For sample timepoint batching, live-cell

CyTOF barcoding was performed using anti-B2M antibodies conjugated to cadmium isotopes (Cd 111, 112, 114 and 116). Rhodium-

103 viability and Human TruStain FcX staining (BioLegend) was performed simultaneously at room temperature for 30 min. After cell

washing in flow cytometry buffer (1x PBS+0.2%BSA+0.05%NaN3), patient timepoints were combined and cells were stained with

surface antibodies. Surface-stained cells were then fixed with 1.6% formaldehyde. In a second step, each patient was barcodedwith

the CyTOF Cell-ID 20-Plex Palladium Barcoding Kit (Fluidigm) (using Pd 102, 104, 105, 106, 108 and 110 isotopes). Barcoded cells

were fixed and permeabilized with Fix-Perm buffer (BD Biosciences) and stained with the remaining intracellular antibodies from the

panel. Stained samples were finally fixed in freshly diluted 4% paraformaldehyde containing 125nM intercalator-Ir (Fluidgm) and

300nM OsO4 (ACROS Organics) and stored at �80�C in FBS+10%DMSO. Samples for mass cytometry acquisition were washed

with cell staining buffer (Fluidigm) and re-suspended in CAS buffer containing EQ normalization beads (Fluidigm) and acquired on

a CyTOF2 instrument (Fluidigm). Post-acquisition, the data was normalized using bead-based normalization algorithm in the

CyTOF software (Fluidigm). Normalized and de-barcoded data was uploaded to Cytobank for final analysis as detailed below.

Data was visualized and manual gating was performed using Cytobank. All samples with less than 2,000 BMMC (i.e.,

CD45+CD66b-singlets) after initial quality control were excluded. Clustering was based on the FlowSOM algorithm using all extra-

cellular protein markers from the panel on a 10x10 grid size with K = 20 clusters. In a first step, the clusters corresponding to

CD45�cells, CD66b+ cells and plasma cells (i.e., clusters with expression of CD138) were removed for quality control and for con-

sistency with the hierarchical gating approach. The remaining cells were then re-clustered using the FlowSOM algorithm using all

extracellular protein markers from the panel on a 14x14 grid size with K = 40 clusters to create sufficient granularity and capture rele-

vant phenotypic clusters. These clusters were visualized using heatmaps and t-distributed stochastic neighbor embedding (TSNE)

dimension reduction and annotated based on canonical protein expression.

QUANTIFICATION AND STATISTICAL ANALYSIS

Descriptive statistical analysis and statistical hypothesis testing was performed using GraphPad Prism and Python (pandas, numpy,

scipy, statsmodels and lifelines). Pharmacodynamic changes were calculated as a difference between baseline (pre-treatment) and

the on-treatment timepoint indicated using t-test or Mann-Whitney-Wilcoxon test for significant difference.53 Statistical analysis for

significant association with response was performed using Wilcoxon rank-sum test. Tables S2A–S2D identify statistically significant

changes in immunophenotypic cell counts and related assays between patient groups partitioned based on retrospective (refractory

status) variables, number of lines of therapy (5 lines or greater) clinical response to iberdomide using the Kruskal-Wallis test (equiv-

alent to the Mann-Whitney Wilcoxon test for this analysis between 2 groups). We additionally performed Cox Proportional Hazards

modeling for univariate linear association between PFS and different immuno-assays in Tables S2A–S2D. The log(hazard ratio) and

its 95% confidence interval, and Wald’s test p value testing for the log(hazard ratio) to be zero are reported.

Correlative analyses of iberdomide dosage versus immunophenotypic changes were performed as percent change from baseline

at Cycle 2 Day 15 counts were used in cohorts B and D (subjects treated with iberdomide + dexamethasone), except for counts for

proliferating NK-cells which was limited to the B cohort to assess possible hook effect observed in this cohort. Due to the nature of

iberdomide dosage in the trial (patients were dosed at one of 10 fixed dose levels), neither value or rank based correlations were
e3 Cell Reports Medicine 5, 101571, June 18, 2024
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deemed suitable for identifying association due to the large number of ties in values and ranks for dosage. Adjacent doses were

grouped together based on overlapping exposures as previously published1 and were virtually assigned to 6 dosage groups,

each group coalescing no more than two adjacent dosage levels: 0.30–0.45 mg, 0.60–0.75 mg, 0.90–1.0 mg, 1.1 mg, 1.2–1.3 mg,

and 1.6 mg. Successive dosage groups were not tested for inferiority or superiority of their medians, due to possibility of overlapping

immunophenotypic values in successive dosage groups. Instead, for testing increasing or decreasing association with dosage,

dosage groups that were one or more dosage group apart were tested for superiority or inferiority of their medians depending on

the hypothesis being tested, using the non-parametric Mann-Whitney U test. Based on the proposed immune mechanism of action

of iberdomide,8,10 absolute counts for B cells and naive T cell percentages were tested for decrease in cell counts with dosage and

percentages of effector memory and proliferating T-cells were tested for increase in cell counts with dosage. For testing for an in-

flection point, the 6 dosage groups were further coalesced into three supergroups: <0.90 mg, 0.90–1.1 mg, and >1.1 mg, and the

groups were tested for opposing trends with respect to the dosage groups on either side using non-parametric Mann – Whitney

U test of the medians. Proportion of proliferating NK-cells was tested for a potential inflection point (maxima) in the range (0.9–

1.1mg) (a potential hook effect) by creating three buckets of dosage <0.9 mg, 0.9–1.1 mg, and >1.1 mg. Since only three dosage

groups were used to test for the inflection point, successive dosage groups were tested for differences in medians for both the orig-

inal dosage groups and the supergroups.

Since we did not perform trend testing for all assays and were limited to a deeper analysis of a smaller subset of biologically rele-

vant cell types, multiple testing correction was not performed. Even then, our testing strategy carries a multiplicity burden due to

testing multiple groups against each other for each assay. For some of the assays (absolute B-cell counts, naive T cell percentage,

effector memory T cell percentage), multiple tests show statistical significance with p < 0.05, lending credence to the statistical as-

sociation even in the context of the multiple testing burden.

For Correlation and survival analyses with respect to Aiolos degradation, change in Aiolos (measured as percent change post-ther-

apy with respect to screening) was analyzed with respect to 44 patients in the B and D cohorts for whom Aiolos data was available

both at screening and post-therapy. 3 of these patients had right censored PFS data. Spearman’s rank correlation was performed

between PFS survival times and change in Aiolos on all uncensored data points. However, for additional clarity on how Aiolos levels

impact PFS survival times, patients were partitioned into two groups of 22: those with Aiolos change percentage < median

(�45.98%), and those with Aiolo change percentage R median (�45.98%). Kaplan-Meier curves and median PFS times based

on the curves were estimated on these two groups separately, and the log rank test was used to assess whether the difference in

the two Kaplan-Meier curves were statistically significant. Spearman’s rank correlation was also performed between PFS survival

times and change in Aiolos on all uncensored data points. However, for additional clarity on how Aiolos levels impact PFS survival

times, a Cox Proportional Hazard regression model (Cox PHmodel) was fit on all data points, in a univariate fashion assuming a linear

relationship between Aiolos percent change and PFS (the simplest model testing association). The log hazard ratio (and its 95% con-

fidence interval), and p value for the Wald test, which tests whether the coefficient of a variable in the Cox PH model is equal to zero

(showing that the variable is not a significant predictor of the outcome) is reported. The survival curves for different levels of Aiolos

degradation are calculated and shown.

ADDITIONAL RESOURCES

Additional details on the clinical study can be found at: https://clinicaltrials.gov/study/NCT02773030.
Cell Reports Medicine 5, 101571, June 18, 2024 e4
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Data S1: Overview of datasets, patient and biomarker sample characteristics, related to STAR Methods 
 
Median age (65 years), median number of prior therapies (n=5), performance status (~51-56% ECOG1) and time since 
diagnosis (median ~7 years) were similar across the clinical and individual biomarker cohorts (Supplemental Table 1). Prior 
treatment exposure in the biomarker cohorts was similar to that of the clinical cohorts with all patient subsets exposed to 
LEN, >80% exposed to an IMiD plus a proteasome inhibitor (PI), >75% exposed to POM, and >75% exposed to an approved 
anti-CD38 monoclonal antibody. Nearly all patients (>97%) in the biomarker cohorts were refractory to an IMiD, >80% to a 
PI, >60% refractory to both LEN and POM (Double IMiD Ref), >80% refractory to LEN and a PI, 80% refractory to LEN 
and an anti-CD38 antibody, and ~70% were triple class refractory (refractory to ≥1 IMiD, ≥1 PI, and ≥1 anti-CD38). In 
addition, ~27% of patients received POM in their last line of treatment before study entry. The patient cohorts, treatment 
schedule, biomarker sample types, sample collection times and the analysis plan for IHC, genomics, immunophenotyping, 
and CyTOF are schematically depicted in Supplemental Figure 1.   
 
Pre-Treatment Immune and Tumor Profiles of Biomarker Subsets      
To gain further insight into the immunophenotypes of the RRMM patients, we extended the analysis to NDMM subjects 
enrolled in other cohorts of the CC220-MM-001 study using the same assay and analysis (Supplemental Figure 2A). The 
NDMM subjects appeared to differ from the RRMM patient profiles, having a greater number of CD4+ T-cells and lower 
proportion of CD4+ T-cells expressing HLA-DR and higher proportion exhibiting a naïve phenotype (Supplemental Figure 
2B) and significantly lower levels of PD-1+ CD4+ T-cells and Tregs (Supplemental Figure 2C). 
 
 
 
 
References for Data S1 
 
1. Gooding S, Ansari-Pour N, Towfic F, et al. Multiple Cereblon genetic changes associate with acquired resistance to 
Lenalidomide or Pomalidomide in Multiple Myeloma. Blood. 2020;137(2):232-237. 
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Supplemental Figures 
 
 

 
Supplemental Figure 1: Study Overview, related to STAR Methods and Supplemental Table 1 
Diagram describing clinical cohorts, dosing schedules, and biomarker sampling. Patients in CC-220-MM-001 Dose 
escalation (Cohort A [IBER 0.3–1.0 mg]) and Cohort B [IBER 0.3-1.6 mg + Dexamethasone (Dex)] and Dose Expansion 
(Cohort D [IBER 1.6 mg+Dex] were treated as shown by downward facing arrows. IBER was administered on days 1-21 of 
each 28-day cycle (purple arrows) and Dex was given weekly on days 1, 8, 15, 22 (black arrows). Samples were collected for 
biomarker analysis as shown in the middle panel. Bone marrow aspirate (BMA) / biopsy samples (BMB, blue) were collected 
at screening, Cycle 2 Day 15 and, at end of treatment (EOT). Peripheral blood samples were collected pre-dose on Cycle 1 
Day 1, Cycle 2 Day 1, Cycle 2 Day 15, Cycle 4 Day 1 (cohorts A and B only), Cycle 4 Day 15 (cohorts A and B only), Cycle 
6 Day 15, and EOT. Bone marrow biopsies were analyzed by immunohistochemical analysis, bone marrow aspirates by 
genomics and CyTOF, and peripheral blood samples for immunophenotyping.  
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Supplemental Figure 2: Iberdomide NDMM immunophenotyping, related to Figure 1C.  
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Analysis of peripheral blood immunophenotypes on cycle 1 day 1 in newly diagnosed (NDMM) vs relapsed/refractory 
(RRMM) cohorts. Each dot represents individual patient, line represents median, top and bottom of box represents 25th and 
75th percentile, respectively, whiskers represent 95% confidence interval. A) Plot of absolute (ABS) cells per ul in peripheral 
blood of subjects for monocytes (CD14+), B-cells (CD3-CD19+), NK-cells (CD3-CD56+/CD16+), T-cells (CD3+), CD4+ T-
cells (CD3+CD4+) and CD8+ T-cells (CD3+CD8+). B) Plot of proportion of cells from indicated lineage positive for 
phenotypic markers, including proportion of NK and T-cells proliferating (Ki-67+), CD4+ T-cells and CD8+ T-cells 
activated (HLA-DR+ or ICOS+), CD4+ T-cells and CD8+ T-cells in naive state (CD45RO-CCR7+), CD4+ T-cells and 
CD8+ T-cells in central memory state (CD45RO+CCR7+), CD4+ T-cells and CD8+ T-cells in effector memory state 
(CD45RO+CCR7-). C) Plot of proportion of cells from indicated lineage positive for exhaustion markers, including 
proportion of CD4+ and CD8+ T-cells expressing LAG-3 (CD223), PD-1 (CD279) and Tim-3 (CD366) and proportion of 
CD4+ Tregs (CD25+CD127-/loFoxP3+). * = p < 0.05, ** = p < 0.01, *** = p < 0.001.  
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Supplemental Figure 3: Baseline DNA-based genomic aberrations for patients with WGS-only (n=109), related to 
Figure 1E. 
Oncoplot of most prevalent mutations (green), copy number aberrations (CNV, blue) and translocations (orange) or DNA-
based CRBN dysregulation (CRBN mutation, CRBN loss of heterozygosity, or 2q (COPS7b/COPS8) deletion) at baseline 
(pink) in patients with available whole genome sequencing data (N=109). Prevalence is shown on left y-axis and is limited to 
aberrations present in ≥3% of patients.  
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Supplemental Figure 4: Supplemental Iberdomide Immune Pharmacodynamics, related to Figure 2. 
Analysis of dose dependent iberdomide induced changes in peripheral blood immunophenotypes from cycle (C) 1 day (D) 1. 
Adjacent doses were grouped together based on overlapping exposures. For line graphs, dots represent median change at 
indicated visit with standard error.  For box and whisker plots, each dot represents individual patient change at either C2D15 
or C4D15, line represents median, top and bottom of box represents 25th and 75th percentile, respectively, whiskers represent 
95% confidence interval. (A) Box plot of percent change in absolute B cells (CD3-CD19+) vs cohort and dose group. B) Line 
graph of longitudinal percent change in proportion of NK cells (CD3-CD56+/CD16+) proliferating (%Ki67+) over time by 
dose group in cohorts B and D. C) Line graph of longitudinal percent change in proportion of T cells (CD3+) proliferating 
(%Ki-67+) over time by dose group in cohorts B and D. D) Box plot of percent change in proportion of CD4+ T cells 
(CD3+CD4+) activated (HLA-DR+) vs cohort and dose group. E) Box Plot of percent change in proportion of CD4+ T-cells 
(CD3+CD4+) with naive phenotype (%CD45RO-CCR7+) vs cohort and dose group. F) Percent change in proportion of 
CD4+ T-cells (CD3+CD4+) with effector memory phenotype (%CD45RO+CCR7-) vs cohort and dose group.  
 



Amatangelo and Flynt_Supplemental Material 8

 

 
 
 
Supplemental Figure 5: Statistical analysis for trends in dose dependent immune changes induced by Iberdomide 
treatment, related to Figure 2. 
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Statistical analysis of iberdomide induced changes in absolute B-cells, proportion of proliferating NK and T Cells and 
proportion of naïve and effector memory (EM) CD4+ T-cells from cycle (C) 1 day (D) 1 to either C2D15 or C4D15. 
Adjacent doses were grouped together based on overlapping exposures. Median, 25th and 75th percentile by dose group is 
listed on the left, p-value for test of median inferiority between dose groups is listed in the middle. Binning of patients into 
multiple dosage groups to test for trends creates lower sample sizes, therefore, further binning of adjacent doses was 
performed to test for overall trends with increased data points (right). As a consequence of these limitations, p-values with 
lesser statistical significance. p <= 0.15 (in red) were considered suggestive of weak association in the context of exploratory 
analysis, and p <= 0.05 (in red, boldface) suggestive of strong association in the context of strict hypothesis testing. See 
methods for additional statistical analysis details.  
 
 

  
 
Supplemental Figure 6: Iberdomide induced Immune changes in Patients Receiving Dara or Pom in the Last Line of 
treatment, related to Figure 2. 
Analysis of baseline and iberdomide + dexamethasone (Cohorts B and D) induced changes from cycle (C) 1 day (D) 1 (at 
doses above 0.75 mg) in peripheral blood immunophenotypes for patients who received DARA or POM as last line of 
treatment 3 months or less prior to enrollment. For box and whisker plots, each dot represents individual patient change at 
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either C2D15 or C4D15, line represents median, top and bottom of box represents 25th and 75th percentile, respectively, 
whiskers represent minimum and maximum. A) Box and whisker plots of proportion proliferating NK cells (CD3-
CD56/CD16+ %Ki67), T cells (CD3+ %Ki67), activated T cells (CD3+CD4+ %HLA-DR+), and CD4 effector memory 
(EM) T cells (CD45RO+CCR7-) in patients who were 5th line of therapy or later (5L+, blue), were refractory to 
pomalidomide (Pom, orange), or Daratumumab (Dara, red), or were triple class refracoty (purple). B) Box and whisker plot 
of in absolute NK-cell (CD3-CD16/CD56+) counts at screening in patients who received or did not receive daratumumab in 
their last line of treatment less than 3 months from enrollment. C) Box and whisker plots of immune changes post 
daratumumab treatment. Total NK cells ((CD3-CD16/CD56+), proportion of proliferating CD16+ or CD7+ NK cells (CD3-
CD56+ %Ki67), proportion of proliferating T cells (CD3+ %Ki67+), and proportion of activated CD4+ T cells CD3+CD4+ 
%HLA-DR+) in patients who were daratumumab naïve (blue) or directly post daratumumab treatment (orange) at Cycle2 
Day15. *** = p < 0.001.  
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Supplemental Figure 7: Supplemental Pharmacodynamics Immune and Tumor, related to Figure 3. 
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Analysis of Aiolos and Ikaros protein expression in patient peripheral blood samples or tumor biopsies from screening and on 
treatment. A) Line graph of longitudinal changes in Aiolos expression in peripheral blood (PB) T- and B-cells. Each line 
represents one patient percent change post-dose from pre-dose C1D1. B) Line graph of Aiolos expression in patient tumors at 
screening and on treatment (C2D15 or C3D15 if C2D15 sample unavailable) from patients in Cohort D. Each dot represents 
one patient value, middle line represents median, top and bottom of box represents 25th and 75th percentile, respectively, 
whiskers represent minimum and maximum. Connecting lines represent paired longitudinal samples from the same patient 
over time.  C) As in panel B, but Ikaros expression in patient tumors at screening and on treatment in Cohorts A (left) and B 
and D (right) with doses color-coded as shown. D) Percent change in Aiolos degradation by refractory status in patients who 
received lenalidomide (Len) last line, were refractory to pomalidomide (PomR), received pomalidomide last line (Pom last), 
were 5th line of treatment or later (5L+) were tripe refractory (triple ref), or who had high (H-score > 100) or low CRBN at 
baseline (H-Score < 100). E) Representative immunohistochemistry images of CRBN, Aiolos and Ikaors staining at 
screening and cycle (C) 2 day (D) 15 of bone marrow bioposies from two patients, one patient lenalidomide (LEN) refractory 
and pomalidomide (POM) naïve (left) and the other triple class refractory who received POM in their last line. CD138 
stained in red, indicated protein in brown. Black bar represents 25 uM.  
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Supplemental Figure 8: Response by Immunohistochemistry and Immune Biomarkers, related to Figure 3. 
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For box and whisker plots, each dot represents one patient value, middle line represents median, top and bottom of box 
represents 25th and 75th percentile, respectively, whiskers represent minimum and maximum. A) Cereblon (CRBN) levels 
versus response in Cohorts B (left) and D (right). B) Aiolos levels by response versus non-response and by depth of response. 
Dose groups are color-coded as indicated. C) Change in immune parameters from baseline in patients with <25% decrease in 
Aiolos and progression free survival (PFS) >200 days. Proportion of total proliferating T cells (CD3+ %Ki67),  proliferating 
CD4+/CD8+ T cells (CD3+CD4+/CD8+ %Ki-67+), activated CD4+/CD8+T cells (CD3+CD4+/CD8+ %HLA-DR+), 
effector memory (EM) CD4+/CD8+ T cells (CD3+CD4+/CD8+CD45RO+CCR7-), naive CD4+/CD8+ T cells (CD45RO-
CCR7+), and level of granzyme B ( GZMB) in bone marrow plasma. D) Representative immunohistochemistry images from 
bone marrow at screening and Cycle2 Day 15 for Aiolos and IRF4 from patient with >50% Aiolos degradation but PFS < 200 
days. Scale bar 25 uM. E) Analysis of iberdomide + dex (Cohorts B and D) induced changes in immune cell subsets from 
cycle (C) 1 day (D) 1 over time by level of clinical response. Line graph of median percent change with standard error in 
absolute B-cell (CD19+) counts. F) Line graph of median percent change with standard error in proportion of proliferating 
CD4+ T-cells (CD3+CD4+ %Ki67+) over time by level of clinical response. G) Line graph of median percent change with 
standard error in proportion of activated CD8+ T-cells (CD3+CD8+ %HLA-DR+) over time by level of clinical response.  
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Supplemental Figure 9: Patients with NGS data available for molecularly defined patient segment analysis, related to 
Figure 4. 
Flowchart summarizing the types of genomic calls available from the total N=124 genomics cohort for analysis of clinical 
outcomes (Figure 5). Of the N=124 patients with genomics, the numbers of patients with mutations (SNVs), structural 
variants (SVs), copy number aberrations (CNA), and those with CNA plus RNASeq plus purity (required to call CRBN-del-
exon11) and clinical outcomes are shown. *Includes one patient where a baseline sample was not available, but a CRBN 
aberration was detected in C2D1 sample.  
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Supplemental Figure 10: Best Response in High-risk or Targetable Patient Segments in Patients (all doses), related to 
Figure 4. 
Patient-level best response data in high-risk and targetable patient segments. For each bar, the total number of patients called 
as being positive for that segment are shown at the end of the bar, followed by the total number of patients with the type of 
data required to make a call. The second set of numbers reports percentage of patients with best response ≥partial response 
(PR) and ≥very good partial response (VGPR). Best response is color-coded as shown below the bar graph. 
RAS_muts=mutation in KRAS<NRAS, or BRAF. 1qAmp=≥4 copies 1q. biTP53 or highCCFTP53=biallelic inactivation of 
TP53 or cancer clonal fraction ≥0.55 del17p.  
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Supplemental Figure 11: Iberdomide Response by Mutations/Genomic Aberrations, related to Figure 4.  
A) Oncoplot of most prevalent mutations (green), copy number aberrations (CNV, blue) and translocations (orange) or DNA-
based CRBN dysregulation (CRBN mutation, CRBN loss of heterozygosity, or 2q (COPS7b/COPS8) deletion) at baseline 
(pink) in patients with available whole genome sequencing data split by non-responders (left) versus responders (right) based 
on best overall response (BOR). Prevalence is shown on left y-axis and is limited to aberrations present in ≥3% of patients. 
B) Analysis of the genomic aberrations in the six patient samples available at the time of clinical progression. C) Lollipop 
diagram of one non-responder patient (out of the samples available at progression in panel B) who had 2 de novo CRBN 
mutations detected at progression.  
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Supplemental Tables  
 

 
Supplemental Table 1: Patient Baseline Demographics, related to STAR Methods and Figures 1-4. 
Patient demographics at baseline are provided from CC-220-MM-001 by patients enrolled into the clinical population 
(Cohorts A, B, and D), followed by characteristics for each of the biomarker populations for immunophenotyping, 
immunohistochemistry, and genomics. SCT=stem cell transplant, Immunomodulatory agents=thalidomide, lenalidomide or 
pomalidomide, PI = bortezomib, carfilzomib, oprozomib, marizomib, or ixazomib. CD38=daratumumab or isatuximab. 
Triple class refractory=refractory to ≥1 immunomodulatory agent, ≥1 PI, and ≥1 anti-CD38 antibody.  
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Segment 
Number of Pts Positive / 
Total Population* (%) 

ORR 
(≥PR) 

Median 
PFS (m) 

Median 
DOR (m) 

All Patients with NGS data (all doses) 124 / 124 (100%) 27% 
(33/124) 

3.25 9.4 

IMiD-resistant segments  

CRBN dysregulation + 2q loss 34 / 82 (42%) 18% 
(6/34) 

2.79 9.5 

CRBN locus dysregulation 25 / 79 (32%) 16% 
(4/25) 

2.76 12 

2q (COPS7b/8) loss 17 / 96 (18%) 18% 
(3/17) 

3.72 10.6 

High-risk segments  

1qAmp 21 / 96 (22%) 10% 
(2/21) 

2.79 5.6 

High CCF del17p and/or BiTP53 17 / 92 (19%) 6% (2/17) 2.79 7.2 

Targetable segments  

KRAS/BRAF/NRAS mut 37 / 101 (37%) 22% 
(8/37) 

3.19 12.2 

t(11;14) 13 / 100 (13%) 23% 
(3/13) 

3.19 8.3 

 
Supplemental Table 3: Summary of Molecular Patient Segments, related to Figure 4. 
Molecularly-defined patient segments were called from whole genome and whole transcriptome data. Summary of prevalence 
of select patient segments and associated overall response rate (ORR) and median progression free survival (PFS) are shown. 
The total genomic dataset is provided as a reference. Patient segments are grouped by IMiD-resistant, High-risk, and 
Targetable segments. CRBN dysregulation + 2q loss includes patients with CRBN loss of heterozygosity, mutation, or high 
expression of the CRBN-del-exon10 transcript or loss of 2q (either one or both COPS7b / COPS8). CRBN locus includes 
only patients with CRBN loss of heterozygosity, mutation, or high expression of the CRBN-del-exon10 transcript. 2q loss 
row includes only patients with loss of either one or both COPS7b / COPS8. High CCF del17p (CCF >0.55) and biallelic 
TP53 (BiTP53) were combined due to low numbers. Mutations in KRAS, BRAF, and NRAS were grouped. The number of 
patients positive for a give abnormality are listed out of the total dataset where that type of genomic call (eg, mutation) could 
be assessed (See Supplemental Figure 6). 
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Supplemental Table 5: Wild-type CRBN Responders, related to Figure 4. 
Patients with WT CRBN called from genomics analysis. Information provided as in Supplemental Table 4.  
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  T cells      NK cells     

   CD3   Total T cells      CD8a   NK cell subsets    

   CD4   CD4+ T cells      CD16   NK cell subsets    

   CD5          CD38   Activation    

   CD8a   CD8+ T cells      CD56   NK cell subsets    

   CD25   Treg, activation      Granzyme B Cytotoxicity    

   CD27   Maturation      HLA-DR   Activation    

   CD28   Co-stimulatory receptor      NKG2A   Checkpoint    

   CD38   Maturation, activation      NKG2D   Activating receptor    

   CD45RA   Naïve/memory cells      T-bet   Maturation    

   CD56   NKT cells, T cell subsets               

   CD57              

   CD127   T cell subsets, Treg     Myeloid cells    

   CD197 CCR7 Naïve/memory cells             

   CD226 DNAM-1     CD1c   Conventional DC    

   CD274 PD-L1 Checkpoint      CD11b   
Monocytes, 
macrophages    

   CD278 ICOS Co-stimulatory receptor      CD11c   
Monocytes, macrophages, 
DC  

   CD279 PD-1 Checkpoint      CD14   Monocyte subsets    

   Granzyme B   Cytotoxicity      CD16   Monocyte subsets    

   HLA-DR   Activation      CD33   Total myeloid cells    

   KLRG1          CD123   Plasmacytoid DC    

   NKG2A          CD274 PD-L1 Checkpoint ligand    

   NKG2D          HLA-DR   Antigen presentation    

   T-bet   T cell subsets               

   TIGIT   Checkpoint          

   TIM-3   Checkpoint     B cells     

                       

         CD5   B cell subsets    

  General       CD19   Total B cells    

              CD25   Activation    

   CD45   Total immune cells      CD27   Naïve/memory cells    

   CD66b   Exclusion of granulocytes      CD38   Naïve/memory cells    

   CD138   Exclusion of plasma cells      CD43   B cell subsets    

   Ki67   Proliferation      HLA-DR   Antigen presentation    

                       

             
Supplemental Table 6: Mass cytometry panel used for immune phenotyping, related to STAR Methods. 
Cell surface markers used to identify specific immune populations by mass cytometry analysis.  
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Mass cytometry panel A Vendor Clone Conc. (mg/mL) 

Anti-human CD45 - 89Y Fluidigm HI30 1:100 (1µl in 100 
µl staining 
volume) 

Anti-human CD57 - 113In Biolegend HNK-1 0.1 

Anti-human CD11c - 115In Biolegend BU15 0.1 

Anti-human Ki67 - 141Pr BD Biosciences B56 0.4 

Anti-human CD19 - 142Nd Miltenyi REA675 0.1 

Anti-human CD45RA - 143Nd Miltenyi REA562 0.1 

Anti-human KLRG1 - 144Nd Biolegend SA231A2 0.1 

Anti-human CD4 - 145Nd Miltenyi REA623 0.2 

Anti-human CD8 - 146Nd Miltenyi REA734 0.2 

Anti-human ICOS - 147Sm Biolegend C398.4A 0.1 

Anti-human CD16 - 148Nd Miltenyi REA423 0.4 

Anti-human CD127 - 149Sm Fluidigm A019D5 1:100 

Anti-human CD1c - 150Nd Miltenyi REA694 0.4 

Anti-human CD123 - 151Eu Miltenyi REA918 0.1 

Anti-human CD66b - 152Sm Miltenyi REA306 0.05 

Anti-human TIGIT - 153Eu Fluidigm MBSA43 1:100 

Anti-human TIM3 - 154Sm Fluidigm F38-2E2 1:100 

Anti-human CD27 - 155Gd Miltenyi REA499 0.2 

Anti-human PD-L1 - 156Gd Biolegend 29E.2A3 0.4 

Anti-human CD33 - 158Gd Fluidigm WM53 1:100 

Anti-human CD138 - 159Tb Biolegend MI15 0.4 

Anti-human CD14 - 160Gd Miltenyi REA599 0.1 

Anti-human CD56 - 161Dy Miltenyi REA196 0.5 

Anti-human NKG2A - 162Dy Miltenyi REA110 0.1 

Anti-human CD5 - 163Dy Biolegend UCHT2 0.1 

Anti-human CD43 - 164Dy Biolegend CD43-10G7 0.4 

Anti-human NKG2D - 165Ho Biolegend 1D11 0.2 

Anti-human CD25 - 166Er Miltenyi REA570 0.2 

Anti-human CCR7 - 167Er Fluidigm G043H7 1:100 

Anti-human CD3 - 168Er Miltenyi REA613 0.1 

Anti-human Tbet - 169Tm Biolegend 4B10 0.2 

Anti-human CD38 - 170Er Miltenyi REA671 0.1 

Anti-human CXCR3 - 171Yb Miltenyi REA232 0.2 

Anti-human CD28 - 172Yb Biolegend CD28.2 0.1 

Anti-human CD226 - 173Yb Biolegend 11A8 0.1 

Anti-human HLA-DR - 174Yb Miltenyi REA805 0.05 

Anti-human PD-1 - 175Lu Fluidigm EH12.2H7 1:100 

Anti-human GranzymeB - 176Yb Miltenyi REA226 0.1 

Anti-human CD11b - 209Bi Fluidigm ICRF44 1:100 

Supplemental Table 7: Mass cytometry panel used for immune phenotyping, related to STAR methods. 
Listing of antibody clones, metal conjugation, and concentrations used for mass cytometry analysis.  
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