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ABSTRACT

Objectives Iberdomide is a high-affinity cereblon
ligand that promotes proteasomal degradation of
transcription factors lkaros (/KZF1) and Aiolos (IKZF3).
Pharmacodynamics and pharmacokinetics of oral
iberdomide were evaluated in a phase 2b study of
patients with active systemic lupus erythematosus (SLE).
Methods Adults with autoantibody-positive SLE

were randomised to placebo (n=83) or once daily
iberdomide 0.15mg (n=42), 0.3 mg (n=82) or 0.45mg
(n=81). Pharmacodynamic changes in whole blood
leucocytes were measured by flow cytometry, regulatory
T cells (Tregs) by epigenetic assay, plasma cytokines by
ultrasensitive cytokine assay and gene expression by
Modular Immune Profiling.

Results Iberdomide exhibited linear pharmacokinetics
and dose-dependently modulated leucocytes and
cytokines. Compared with placebo at week 24,
iberdomide 0.45mg significantly (p<0.001) reduced B
cells, including those expressing CD268 (TNFRSF13C)
(—58.3%), and plasmacytoid dendritic cells (~73.9%),
and increased Tregs (+104.9%) and interleukin 2 (IL-2)
(+144.1%). Clinical efficacy was previously reported

in patients with high /KZF3 expression and high type

Il interferon (IFN) signature at baseline and confirmed
here in those with an especially high IFN signature.
Iberdomide decreased the type I IFN gene signature only
in patients with high expression at baseline (—81.5%;
p<0.001) but decreased other gene signatures in all
patients.

Conclusion Iberdomide significantly reduced activity
of type I IFN and B cell pathways, and increased IL-2
and Tregs, suggesting a selective rebalancing of immune
abnormalities in SLE. Clinical efficacy corresponded to
reduction of the type | IFN gene signature.

Trial registration number NCT03161483.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a heteroge-
neous autoimmune inflammatory disorder arising
from the interaction of a genetically determined
immune phenotype with environmental factors.'
Disease susceptibility is influenced by genes related
to immune response pathways and major histocom-
patibility complex classes 1 and II. Dysregulated
immune responses lead to B cell hyperactivity and
production of pathogenic autoantibodies. Immune
complexes containing nucleic acids are potential
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Key messages

What is already known about this subject?

= |berdomide is a high-affinity cereblon ligand
which promotes proteasomal degradation
of lkaros (IKZF1) and Aiolos (IKZF3) and is
currently in development for the treatment of
patients with systemic lupus erythematosus
(SLE), multiple myeloma and lymphoma.

= In a phase 2a trial in patients with active SLE,
iberdomide significantly reduced B cells and
plasmacytoid dendritic cells (pDCs) and showed
trends of improvements in SLE disease severity.

What does this study add?

= In this larger phase 2b study, iberdomide
significantly improved lupus disease activity and
reduced hallmarks of the immunopathogenesis
of SLE by decreasing B cells, pDCs and myeloid
dendritic cells, and by increasing interleukin 2
and regulatory T cells.

= In patients with a high type | interferon
(IFN) gene signature at baseline, iberdomide
treatment reduced the IFN gene signature
score by as much as 81% from the median
at baseline, an effect that coincided with
an improved SLE Responder Index-4 clinical
response rate.

How might this impact on clinical practice or

future developments?

= This study confirmed the mechanism of action
of iberdomide in vivo in patients with SLE and
identified the high type I IFN gene signature
as a predictive biomarker for evaluation as
a selection tool in future clinical studies of
iberdomide.

stimuli of the innate immune system, leading to
type I interferon (IFN) production in SLE.

Ikaros (IKZF1) and Aiolos (IKZF3) are zinc finger
transcription factors involved in immune cell devel-
opment and homeostasis.”™ Ikaros is required for
development of B cells and plasmacytoid dendritic
cells (pDCs), which are important producers of
IFN-o. Ikaros also represses interleukin 2 (IL-2)
transcription.® Aiolos is a B cell modulator and
is required for maturation of plasma cells. IKZF1
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and IKZF3 mRNA and proteins are overexpressed in the cells
of patients with SLE.*’ 7' Genetic variants in the IKZF1 and
IKZF3 loci are associated with an increased risk of developing
SLE.?'° In particular, the IKZF1 polymorphism rs4917014 was
identified as a trans-expression quantitative trait locus (eQTL)
increasing expression of type I IFN response genes (HERCS,
IFI6, IFIT1, MX1 and TNFRSF21).°

Iberdomide (CC-220) is a high-affinity cereblon ligand, which
promotes ubiquitination and proteasomal degradation of Ikaros
and Aiolos.* > ' The binding affinity of iberdomide to cere-
blon is higher than that of other related cereblon binders, such
as lenalidomide or pomalidomide. In vitro studies have shown
a potent effect of iberdomide in reducing Ikaros and Aiolos
protein levels in B cells, T cells and monocytes from healthy
donors. In peripheral blood mononuclear cells from patients
with SLE, iberdomide inhibited autoantibody production and
B cell differentiation. Iberdomide also increased T cell-derived
IL-2 production in the whole blood of healthy volunteers owing
to an iberdomide-mediated decrease in the repressive activity of
Ikaros and Aiolos.” In a pilot phase 2 trial of ascending doses
of iberdomide in patients with SLE, strong correlations were
observed between iberdomide exposure and reductions in the
numbers of B cells and pDCs.'?

A phase 2 randomised, controlled trial evaluated the efficacy
and safety of iberdomide compared with placebo over 24 weeks
in patients with active SLE. As reported elsewhere, the primary
efficacy endpoint of SLE Responder Index-4 (SRI-4) response
was met with 54% of patients receiving iberdomide 0.45 mg
once daily having achieved an SRI-4 response versus 35% in
the placebo group (stratified difference: 19.4%; 95% CI 4.1 to
33.4; p=0.01) at week 24. Furthermore, the treatment effect of
iberdomide 0.45 mg compared with placebo for SRI-4 response
was greater in the prespecified biomarker-defined subsets of
patients with high expression of IKZF3 at baseline (64% vs 33%;
p=0.011) and high expression of type I IFN at baseline (60%
vs 33%; p=0.006). As understanding of SLE pathophysiology
increases, the precise biological impact of therapeutic agents is
of great interest and may be useful in identifying biomarkers of
clinical response. Therefore, the effects of iberdomide on immu-
nologic biomarkers in patients with active SLE were further eval-
uated in this phase 2 study.

PATIENTS AND METHODS

Study design

The study design of the phase 2, multinational, randomised,
placebo-controlled, double-blind study has been reported."
Briefly, patients with active SLE were randomised (2:2:1:2) to
receive oral iberdomide (0.45 mg, 0.3 mg or 0.15 mg) or placebo
once daily for 24 weeks while continuing standard-of-care
medications.

Patients

Eligible patients were adults (=18 years of age) with a diagnosis
of SLE for at least 6 months, a Systemic Lupus Erythematosus
Disease Activity Index 2000 score =6 points and positive for
autoantibodies associated with SLE. Stable doses of corticoste-
roids (=20mg prednisone or equivalent daily) were allowed.
Exclusion criteria were active, severe or unstable neuropsy-
chiatric lupus disease, antiphospholipid syndrome or history
of thrombosis, estimated glomerular filtration rate <45mL/
min/1.7 m? or proteinuria >2000 mg/d, or active lupus nephritis,
which may require induction therapy.

Pharmacokinetic assessments

One predose blood sample was collected at week 4, week 12 and
week 24 for pharmacokinetic analysis. Iberdomide concentra-
tion was determined by a validated assay."* A population phar-
macokinetic analysis was performed (see online supplemental
methods), and individual oral clearance values were used to
calculate area under the concentration-time curve.

Pharmacodynamic assessments

Blood samples were collected at baseline, week 4, week 12 and
week 24 for analysis of whole blood leucocytes, plasma proteins
and whole blood gene expression. Flow cytometry (Covance,
Indianapolis, Indiana, USA) was used to analyse B cells (CD19+
and CD20+), T cells (including CD4+ and CD8+), plasmab-
lasts, pDCs and myeloid dendritic cells (mDCs). T helper 17
(Th17) cells, regulatory T cells (Tregs) and T follicular helper
(Tfh) cells were measured by epigenetic assays (Epiontis ID;
Epiontis GmbH, Berlin, Germany), an approach that correlates
strongly with flow cytometry.>~"

Plasma cytokines, IL-2, IL-10, IL-17A, IL-17F and the B
lymphocyte stimulator (BLyS; TNFSF13b) were determined
by the ultrasensitive Singulex assay (Erenna; EMD Millipore,
Burlington, Massachusetts, USA). The DxTerity Autoimmune
Profiler (DxTerity, Rancho Dominguez, California, USA) was
used to analyse whole blood stabilised through direct collection
into DxCollect tubes for subsequent gene expression using chem-
ical ligation probe amplification technology for generating PCR
products. The resultant PCR amplicons were then separated by
capillary electrophoresis on the ABI 3500xL Dx Genetic Analyzer
(ThermoFisher Scientific, Waltham, Massachusetts, USA) for the
following gene modules: B cell (CD19, BACH2 and CD22),
type I IEN (IFI27, IFI44, IFI44L and RSAD2'®), Ikaros (eQTL)
type I IFN (HERCS, IF16, IFIT1, MX1 and TNFRSF21°) and T
cell exhaustion (CTLA4, IL7R, LAG3, PDCD1 and ABCE1").
Samples were also tested for IKZF1 (Ikaros) and IKZF3 (Aiolos)
gene expression levels.

Cut-off values for each gene expression module were deter-
mined a priori based on an independent training data set from
the peripheral blood samples of 96 patients with SLE who
were receiving standard-of-care medications but not biologics
(DxTerity). An exploratory analysis was conducted on study data
for the type I IFN and Aiolos signatures using a bootstrapping
and aggregating of thresholds from trees procedure (see online
supplemental methods).?

Given that greater clinical treatment effect was observed in
patient subsets with elevated expression of type [ IFN and Aiolos
modules, we analysed biomarkers in these subsets at baseline and
as median per cent change from baseline.

Statistical analyses

Pharmacokinetic analyses were performed for all patients who
were randomised and received =1 dose of iberdomide with =1
quantifiable plasma concentration. Pharmacodynamic anal-
yses included patients with a baseline value and a value at the
time point reported. Data were reported as adjusted mean per
cent changes from baseline. Treatment comparison of adjusted
means was based on multiple imputation in conjunction with a
regression model that used M-estimation, had the absolute value
or change from baseline at a given time point as the response
variable and adjusted for treatment group, baseline value and
stratification factors. There was no correction for multiple
comparisons.
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RESULTS

Patients

A total of 288 patients received treatment. As reported else-
where, baseline patient demographics and disease characteristics
were balanced between treatment groups.”> The proportions of
patients with expression of specific gene modules were generally
similar between the treatment groups (online supplemental table
1). High Aiolos gene expression was more common in the iber-
domide 0.3 mg and 0.45 mg dose groups, and type I IFN module
high expression was more common in the 0.45 mg group.

Pharmacokinetics

Iberdomide exhibited linear pharmacokinetics (online supple-
mental figure 1A). Exposure increased in a dose-related manner
over the dose range of 0.15-0.45 mg once daily, with a 3-fold
dose increase resulting in an approximately 2.5-fold increase
in the area under the concentration—-time curve at steady state.
Age, body weight, creatinine clearance, race, sex, ethnicity and
disease status did not have a clinically significant effect on iber-
domide exposure. There were no differences in iberdomide
pharmacokinetics between patients with low and high type I IFN
signature or Aiolos expression at baseline (online supplemental
figure 1BC).

Pharmacodynamics

At week 24, iberdomide significantly decreased CD19+
and CD20+ B cells and increased CD8+ cytotoxicT cells from
baseline in a dose-dependent manner compared with placebo
(figure 1). Iberdomide had no effect on the numbers of CD4+
Th cells or natural killer cells. The difference in adjusted mean
per cent change from baseline to week 24 in B cells expressing
CD268 (TNFRSF13C, encoding BLyS receptor) for iberdomide
0.45 mg compared with placebo was —58.3% (p<0.001) and for
post-switched memory B cells was —40.8% (p<0.001). Signif-
icant treatment differences for iberdomide 0.45 mg were also
noted for pDCs (—73.9%; p<0.001) and mDC 1 cells (—36.8%;
p=0.004), Tregs (104.9%; p<0.001) and Tth cells (+32.6%;
p<0.001) at week 24 (figure 1). No significant changes were
noted for plasmablasts or plasma cells, which were not signifi-
cantly elevated at baseline, or Th17 cells.

Iberdomide increased IL-2 levels from baseline compared with
placebo (figure 2). Iberdomide treatment resulted in a dose-
dependent increase in IL-2, reaching +144.1% for the 0.45 mg
dose (p<0.001), +91.7% for the 0.3 mg dose and +75.2% for
the 0.15 mg dose versus placebo. No dose-dependent changes in
IL-10, IL-17A, IL-17F, IL-21 or BLyS were noted.

Iberdomide decreased expression of gene modules repre-
senting the type I IFN, Ikaros eQTL type I IFN gene signature
and B cell pathways and increased expression of Ikaros and
Aiolos genes (figure 3). A dose-response relationship was noted
for the B cell gene module but not for the type I IFN module.

The distribution of patient subsets by gene expression at base-
line is shown in figure 4 with the type I IFN signature showing
a biphasic distribution. Greater SRI-4 responses were noted in
subsets having a high level of Aiolos and type I IFN gene expres-
sion at baseline (figure 5). In an exploratory analysis, the subset of
patients in the 0.45 mg group with the highest expression of the
type I IFN signature (baseline type I IFN gene signature >0.615)
was found to have an SRI-4 response rate treatment difference
of 54% at week 24 versus placebo (figure 6). Response rate
plots (figure 7) showed that as the baseline IFN gene signature
increased in magnitude, the week 24 SRI-4 response increased
for iberdomide 0.45 mg up to 100% but decreased for placebo.

Analysis of changes in pharmacodynamic markers showed that
patients with a high baseline type I IFN signature manifested a
significant reduction in the IFN signature as a result of active
treatment, whereas those with low baseline IFN signature did
not. In contrast, both groups exhibited a significant reduction
in B cells and pDCs and significant increases in IL-2 and Tregs
(online supplemental figure 2). Baseline Aiolos expression had
no impact on changes in type I IFN signature or any other phar-
macodynamic parameter (online supplemental figure 3).

DISCUSSION

Pharmacodynamic analyses showed that iberdomide treatment
reduced activity of the B cell and type I IFN pathways. These
effects were evident in reductions in total B cells and B cells
expressing the gene for the BLyS receptor and in switched
memory B cells. Elevated BLyS levels have been documented in
patients with SLE and shown to correlate with disease activity.*!
BLyS also induces plasmablast differentiation and drives autoan-
tibody production in SLE.**! Among patients with elevated anti-
dsDNA antibodies at baseline, higher doses of iberdomide (0.3
mg and 0.45 mg) resulted in dose-dependent reductions versus
placebo at week 24. Although there was no change in plasma
cells in the blood, there may have been a change in plasma cell
production of autoantibodies and/or plasma cells located in
tissues. Treatment with iberdomide was associated with a signif-
icant, dose-dependent reduction in pDCs and mDCs, which are
primary sources of type I IFNs.’

In patients with SLE, levels of IL-2 have been reported to
vary.*?* A reduction in IL-2 production from T cells has been
associated with impaired Treg development. Iberdomide has
been shown to increase IL-2 production from T cells® and, in this
clinical trial of SLE patients, iberdomide increased serum levels
of IL-2 and expanded the Treg population in the blood. Ikaros is
a repressor of IL-2 gene tra\nscription,6 2 and, therefore, reduc-
tion of Ikaros protein would be expected to result in transcrip-
tional de-repression and an increase in IL-2 production. Because
IL-2 is a major driver of Treg expansion and maintenance,** the
observed increase in Tregs (up to +104.9%) could be explained
by the increase in IL-2 (+144.1%). Besides the increase in IL-2,
there were no dose-dependent effects of iberdomide on the other
cytokines measured (IL-10, IL-17A, IL-17F, IL-21 and BLyS).
No effect of iberdomide was observed on IL-17 plasma levels or
Th17 cells, consistent with a lack of effect on the Th17 immune
response in patients with lupus. These effects confirm the unique
mechanism of action of iberdomide, suppressing dendritic cells
and the type I IFN response, reducing B cells and anti-dsDNA
antibodies, and augmenting IL-2 and Tregs, consistent with
the role of Ikaros and Aiolos in immune homeostasis and with
prior studies in healthy volunteers and patients with SLE.*® The
increase in IKZF1 and IKZF3 gene expression by iberdomide
may be explained by the negative feedback each transcription
factor can have on its own expression.”

The majority of patients enrolled in this trial had elevated
expression of genes in the type I IFN and Ikaros pathways,
which are typical of the SLE population.? Dysregulation of
the type I IFN pathway can contribute to clinical features,
immune dysregulation and laboratory manifestations in SLE.?
However, the strongest association to gene expression changes
is found with autoantibodies, which are influenced by patient
ancestry.”® In addition, patients with active SLE have decreased
Treg numbers and function, as excess IFN prevents normal acti-
vation and expansion of Tregs in response to inflaimmation.? In
the current study, a correlation analysis of baseline variations in
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Figure 1

Time course of change from baseline during iberdomide treatment in whole blood leucocyte counts and selected B cells, T cells and NK

cells by flow cytometry (Covance, Indianapolis, Indiana, USA) (A), CD268, plasma blasts, switched memory B cells DC subset counts and plasma cells
by flow cytometry (B) and Tregs, Tth cells and Th17 cells by epigenetic assay (Epiontis ID, Epiontis GmbH, Berlin, Germany) (C). *p<0.05; **p<0.01;

* k%

p<0.001 vs placebo. Values shown are the treatment comparison vs placebo of adjusted mean per cent change from baseline. See online

supplemental table 2 for numeric data. BLyS, B lymphocyte stimulator; DC, dendritic cell; NK, natural killer; Tfh, T follicular helper; Th17, T helper 17;

Tregs, regulatory T cells.
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Figure 2 Change from baseline in plasma cytokines during
iberdomide treatment by ultrasensitive cytokine assays (Erenna, EMD
Millipore, Burlington, Massachusetts, USA). *p<0.05; **p<0.01;
***p<0.001 vs placebo. Values shown are the treatment comparison
vs placebo of adjusted mean per cent change from baseline. See online
supplemental table 3 for numeric data. BLyS, B lymphocyte stimulator;
IL, interleukin.

gene expression with clinical features found that the type I [FN
gene module was directly proportional to SLEDAI and Cuta-
neous Lupus Erythematosus Disease Area and Severity Index
(CLASI) score, and was higher in patients on oral corticosteroids
or azathioprine. This is consistent with previous literature asso-
ciating the type I IFN gene signature with more severe disease
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Aiolos (IKZF3) gene expression was not proportional to SLEDAI
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Figure 3 Change from baseline in whole blood gene expression
during iberdomide treatment by multiplex PCR-based chemical ligation
probe amplification target capture on the ThermoFisher ABI 3500xL

DX Genetic Analyzer (DxTerity CLIA-certified laboratory)?®. *p<0.05;
**p<0.01; ***p=<0.001. °B cell module: CD19, BACH2 and CD22;

type | IFN module: IFI27, IFI44, IF144L and RSAD2'®; Ikaros type | IFN
module: HERC5, IFI6, IFIT1, MX1 and TNFRSF21%; and T cell exhaustion
module: CTLA4, IL7R, LAG3, PDCD1 and ABCE1."® Values shown are the
treatment comparison vs placebo of adjusted mean per cent change
from baseline. See online supplemental table 4 for numeric data. IFN,
interferon.
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Figure 4 Patient subsets based on peripheral blood gene expression
at baseline. The cut-offs were set a priori based on an independent
training data set (96 samples from patients with SLE, data not shown).
The type | IFN module and the Ikaros type I IFN (eQTL) module had
bimodal distributions and the cut-offs were set at the antimode: type
I IFN module (IFI27, IFI44, IFI44L and RSAD2)=-1.38; Ikaros type
I IFN module (HERCS, IFI6, IFITT, MX1 and TNFRSF21)=—0.76.The
distributions of Ikaros, Aiolos and B cell module were unimodal, and
the cut-offs were set at the median: Ikaros (/KZF1)=-0.58; Aiolos
(IKZF3)=-0.49; B cell module (CD19, BACH2 and CD22)=-0.3; T cell
exhaustion module (CTLA4, IL7R, LAG3, PDCD1 and ABCE1)=-0.51.
eQTL, expression quantitative trait locus; IFN, interferon.

or CLASI score and was not different in any subgroups based on
medication (data not shown).

As previously reported," iberdomide decreased anti-dsDNA
antibodies among patients with high levels at baseline (=8 TU/mL),
with 0.45 mg decreasing levels by 61.2% (p=0.008) and 0.3 mg
decreasing levels by 56.1% (p=0.027) compared with placebo.
The clinical efficacy of iberdomide in patients with active SLE in
this phase 2 study was greater among subgroups who had high
expression of the type I IFN or Aiolos gene signature at base-
line."® Moreover, exploratory analysis indicates that the highest
cut point for the type I IFN subgroup (representing 31% of the
total study population) was associated with the most enhanced
relationship with response, providing a treatment difference of
54% versus placebo. At the extreme high IFN gene signature

Overall
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Ikaros IFN high —|

T cell exhaustion low —|
B cell high o
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B cell low
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SRI-4 at week 24 (stratified difference %, +95% Cl)

Figure 5 Clinical efficacy treatment comparison (week 24 SRI-4
response rate, iberdomide 0.45 mg—placebo) within prespecified
patient subsets defined by gene expression at baseline. Gene module
score cut-offs were set as described in figure 5. See online supplemental
table 5 for numeric data. IFN, interferon; SLE, systemic lupus
erythematosus; SRI-4, SLE Responder Index-4.
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Figure 6 SRI-4 response rate at week 24 in the patient subsets
defined by type I IFN gene signature at baseline. A=stratified difference
from placebo (95% Cl); n=number of responders; N=number of patients
per subset within each treatment group. IFN, interferon; SLE, systemic
lupus erythematosus; SRI-4, SLE Responder Index-4.

(expressed by 14% of patients), 100% (11/11) of patients had
an SRI-4 response to iberdomide 0.45 mg, suggesting that the
SRI-4 clinical response rate to iberdomide is proportionate to
the baseline expression level of the type I IFN gene signature.
Iberdomide significantly decreased the type I IFN gene signature
only in the IFN-high patient subgroup, which corresponded to
stratified treatment differences for SRI-4 in the IFN-high group
ranging from 25.6% to 26.8% versus placebo. Iberdomide did
not significantly reduce the type I IFN gene signature in the IFN-
low patient population, with no significant differences in SRI-4
from placebo in this subgroup. In other studies, the relation-
ship between IFN gene signature and disease activity has varied,
a finding that is likely a result of disease and gene expression
heterogeneity as well as differences in the methods used to
define gene signatures across studies. In several cross-sectional
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Figure 7 Relationship between baseline type I IFN signature and
SRI-4 response rates at week 24 comparing placebo and iberdomide
0.45mg treated SRI-4 cumulative response rates across the range of
baseline type | IFN signature values (IFI27, IFI44, IFI44L and RSAD2). In
exploratory analysis using bootstrapping and aggregating of thresholds
from trees, the type | IFN signature optimal cut point was at 0.615
(interaction p=0.0037), SRI-4 at 0.45 mg=74% vs placebo=20%,
OR=11.3 (2.9-43.8). this 'IFN-Superhigh’ cut point captured 90/288
(31%) patients. At the extreme IFN >1.31 (top 14% of patients), in

the iberdomide 0.45 mg group, 11/11 (100%) patients had an SRI-4
response. IFN, interferon; SLE, systemic lupus erythematosus; SRI-4, SLE
Responder Index-4.

gene expression studies, the type I IFN gene signature has iden-
tified a distinct subset of lupus patients who have greater disease
severity and a worse clinical prognosis.*”*' In a recent longitu-
dinal study, the type I IFN gene signature was prognostic for
early development of lupus nephritis after adjusting for age at
SLE diagnosis, gender and race (HR: 3.36).>>

The pharmacodynamic and pharmacokinetic analyses were
conducted based on 24 weeks of iberdomide treatment. Longer-
term treatment or discontinuation effects were not evaluated.
Patients continued to receive standard-of-care medications,
including corticosteroids with no mandatory tapering, but
the results of iberdomide pharmacodynamic analyses were as
predicted, suggesting that background treatment did not impact
results. Other factors, including concomitant medication use
(antimalarials and immunosuppressants) and ancestral diver-
sity, may impact our findings. Additional analyses of the phar-
macodynamic effects could examine the influence of baseline
disease characteristics and other response measurements. Results
of exploratory cut point analyses require validation in future
studies.

The most common adverse events with iberdomide (urinary
tract infection, upper respiratory tract infection, neutropenia,
influenza, nasopharyngitis and diarrhoea)”” might be related
to the modulatory effects of iberdomide on innate or adaptive
immunity.

In conclusion, iberdomide showed significant improvement
in the treatment of patients with active SLE.'* * Predominant
pharmacologic activity was observed on the type I IFN and B
cell/plasma cell pathways, leading to reductions in B cells, pDCs
and autoantibody levels. Increased levels of Tregs and IL-2
suggest immune system rebalancing. An elevated type I IFN gene
signature was associated with improved response and the largest
change from baseline to week 24 in the gene signature expres-
sion. These findings may provide an opportunity to implement
precision medicine to evaluate therapy on a molecular basis and
potentially identify biomarkers associated with response to iber-
domide for evaluation in future clinical studies.
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Supplementary Methods

Cut point determination

In this training dataset, the type | IFN module and the Ikaros type | IFN module (genes
acting with IKZF1 as expression quantitative trait loci [eQTL]) had bimodal distributions,
and the cut points were set at the antimode (i.e., the lowest point in the distribution
curve between the two modes): type | IFN module —1.38 and lkaros type | IFN module
-0.76. The distributions of IKZF1, IKZF3, the B cell module and T cell exhaustion
module were unimodal, and the cut points were set at the median (/IKZF1, -0.58; IKZF3,

—-0.49; B cell module, -0.3; T cell exhaustion module, —0.51).

Exploratory analyses

The bootstrapping and aggregating of thresholds from trees (BATTing) procedure

is designed to provide a robust cut point estimate for the single marker being evaluated
(e.g., type I IFN). The original data (placebo + 0.45 mg dose groups, with total N from
these groups noted as Notal) is bootstrap sampled (randomly sampled with size Notal,
with replacement), and the optimal cut point (C) forms the “tree” by partitioning the data
into groups above and below C. C is equivalent to the minimum P value for interaction
of placebo and iberdomide 0.45 mg SRI-4 response rates in a logistic regression
setting, for groups above and below C in the bootstrapped sample. The bootstrapping
step is repeated B times (B=1000), and the B values of C are aggregated, with the
median of these values determining the optimal cut point. Due to bootstrapping, the
threshold is robust to small perturbations, or outliers, in the data and not prone to

overfitting. The other dose groups (0.15 and 0.30 mg) are then tested using the optimal
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cut point, for validation of the result. This analysis identified a higher type | IFN cutoff

point of 0.615, hereafter referred to as IFN super-high.

Pharmacokinetics

Sparse pharmacokinetic data were pooled with pharmacokinetic data collected
previously from healthy subjects and patients with SLE and analysed using population
methods to determine individual pharmacokinetic exposure parameters and explore the

effect of covariates on exposure.
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Supplementary Table 1. Baseline mRNA and DNA expression by treatment group (ITT

population)
Iberdomide
Placebo 0.15mgQD 0.3mgQD 0.45mg QD

Patients, n (%) (n=83) (n=42) (n=82) (n=81)
lkaros (IKZF1) high 56 (68) 28 (67) 53 (65) 64 (79)
Aiolos (IKZF3) high 27 (33) 14 (33) 32 (39) 36 (44)
Type | IFN module high 48 (58) 25 (60) 49 (60) 57 (70)
lkaros IFN module high 49 (59) 30 (71) 49 (60) 62 (77)
T cell exhaustion module low 60 (72) 29 (69) 65 (79) 66 (82)
B cell module high 46 (55) 24 (57) 48 (59) 54 (67)

The cutoffs were set a priori based on an independent training data set. The type | IFN

module and the lkaros type | IFN (eQTL) module had bimodal distributions and the

cutoffs were set at the antimode: type | IFN module [IFI27, IFI44, IFI44L, RSADZ]=,

-1.38, and lkaros type | IFN module [HERCS, IFI6, IFIT1, MX1, TNFRSF21]=-0.76. The

distributions of lkaros, Aiolos and B cell modules were unimodal, and the cutoffs were

set at the median: Ikaros [IKZF1]=-0.58; Aiolos [IKZF3]=—-0.49; B cell module [CD189,

BACH2, CD22]=-0.3; and T cell exhaustion [CTLA4, IL7R, LAG3, PDCD1, ABCET]

=—0.51.

IFN, interferon; ITT, intent-to-treat; QD, once daily.
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Supplementary Table 2. Numeric data for Figure 1: Time course of change from

baseline during iberdomide treatment in selected blood cells

Adjusted mean (SE) Week 0 Week 4 Week 12 Week 24
CD19 B cells (10%L)

163.211 166.824 166.903

Placebo 180103 5 715 (7.430)  (10.817)
. 136.145 134.922 119.444
Iberdomide 0.15 mg QD 188.639 (10.893) (10.042) (11.039)
. 113.232 102.133 96.007
Iberdomide 0.3 mg QD 197.616 (8.174) (7.581) (8.574)
Iberdomide 0.45 mg QD 211.972 90.019 71.137 60.083

(8.488) (7.697) (9.124)

CD20 B cells (109/L)

21.640 21.060 18.210

Placebo 30.492 (1.826) (1.488) (1.926)
. 16.127 15.098 12.212
Iberdomide 0.15 mg QD 31.674 (2.101) (1.759) (1.819)
. 11.782 9.653 8.940
Iberdomide 0.3 mg QD 38.912 (1.553) (1.267) (1.381)
Iberdomide 0.45 mg QD 39.914 7.217 0-056 4.038

(1.496) (1.303) (1.430)

Total CD3 T cells (10%/L)
1145.725 1134.861 1133.939

Placebo 1086.059 35715y  (44.756)  (51.177)
. 1128.985 1324.183  1256.970
Iberdomide 0.15 mg QD 1237.639 (54.688) (66.503) (63.590)
_ 1134530  1291.049  1236.539
loerdomide 0.3 mg QD TB1014  oloe @r.sta) (49.49)
loerdomide 0.45 mg QD 1250.1g3 1031406 1148.483 1112613

(40.670)  (47.101)  (47.559)
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CD4 helper T cells (10%/L)
701.100 691.668 692.040

Placebo 681.588  o3746)  (26.724)  (31.989)
| 637.010 747584  712.739
Iberdomide 0.15 mg QD 719.222 (33.878) (39.111) (38.355)
| 656170  732.973  715.382
Iberdomide 0.3 mg QD 695904 23997)  (28278)  (29.039)
erdomide 0.45 mg G L6745 598295 630336 618636

(24.476)  (28.022)  (28.474)

CD8 cytotoxic T cells (10%/L)
422.735 424.266 413.080

Placebo 380912 47031)  (20412)  (22.862)
. 445980 524817  498.460
Iberdomide 0.15 mg QD 498.028 (24.328) (30.733) (29.554)
. 439529  527.051  484.170
Iberdomide 0.3 mg QD 435.137 (17.341) (22.918) (23.982)
Iberdomide 0.45 mg QD 445350 405957 472.78 463.766

(17.421)  (22.190)  (24.543)

NK cells (10%/L)
152.525 154.705 150.036

Placebo 154912 77502 (8849)  (9.796)
. 144.369 163.395 162.187
Iberdomide 0.15 mg QD 175.722 (10.529) (12.442) (13.197)
. 154.067 171.117 161.796
Iberdomide 0.3 mg QD 163.096 (7.696) (9.682) (10.747)
Iberdomide 0.45 mg QD 148.169 138.913 145.904 147.980

(7.571) (8.928) (9.531)
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CD268 B cells (109/L)
161.419  163.784  163.015

Placebo 178.196 (9.091) (7.711) (10.194)
. 133.339 132239 117577
Iberdomide 0.15 mg QD 181.091 (11.168) (9.999) (10.836)
. 112.763  103.979 96.794
Iberdomide 0.3 mg QD 191.328 (8.266) (7.698) (8.432)
Iberdomide 0.45 mg QD 212.301 86.103 67.928 57.405

(8.919) (7.891) (9.135)

Plasma blasts (10%/L)

0.681 0.827 0.629

Placebo 0.645 (0.075) (0.154) (0.123)
. 0.682 0.853 0.636
Iberdomide 0.15 mg QD 0.601 (0.093) (0.179) (0.116)
. 0.640 0.926 0.758
Iberdomide 0.3 mg QD 0.722 (0.069) (0.143) (0.127)
Iberdomide 0.45 mg QD 0.664 0.595 1.043 0.707

(0.073) (0.163) (0.097)

Plasmacytoid DC (cells/uL)

2525 2567 2.719
Placebo 2.975 (0.165)  (0.162)  (0.206)

| 1.045 1315 1.555
Iberdomide 0.15 mg QD 3.614 (0.214) (0.206) (0.229)

| 1116 1.030 1.012
Iberdomide 0.3 mg QD 3.007 (0.175) (0.157) (0.173)
Iberdomide 0.45 mg QD 3.000 1.323 1.011 0.866

(0.189) (0.165) (0.169)
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Switched memory B cells (10%/L)

Placebo 31.319 (215_;118961) (215?.2:7753) (222..00081%
Iberdomide 0.15 mg QD 29.476 (11991713(; (11%49257) (11%0256)
Iberdomide 0.3 mg QD 31.954 (11628531?; (117.;6311) (11641151(;
Iberdomide 0.45 mg QD 38.573 (1:;165958) (112_;191022) (11%497643
Plasma cells (10%L)
Placebo 7.606 (:34712) (gg?g) (?ST;:)
Iberdomide 0.15 mg QD 5.801 (?233) (?ggg) (17322)
Iberdomide 0.3 mg QD 5.057 (100_5892:; (111_'197339) (?ggl)
Iberdomide 0.45 mg QD 4.789 (111_6319:; (8333) (gg;%
Myeloid DC1 (cells/uL)
Placebo 7.615 (gggg) (gigg) (gggg)
Iberdomide 0.15 mg QD 9.650 (gggg) (gg:g) (g%?)
Ioerdomide 0.3 mg QD 7.071 (g:glg) (g:ig?) (gjgﬁ;)
loerdomide 0.45 mg QD 8.549 5837 >89 e

(0.346) (0.392) (0.460)
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Regulatory T cells (%)

Placebo 2.125 (g:ggg) (3?1 ;) (2):?22)
Iberdomide 0.15 mg QD 1.845 (311832) (3?23) (51722)
Iberdomide 0.3 mg QD 2.240 (3?132) (2122;) (21222)
Iberdomide 0.45 mg QD 2.173 (gfgg) (g?:‘;) (g?gg)
T follicular helper cells (%)
Placebo 3.818 (gzgg) (8:2481) (g;gg)
Iberdomide 0.15 mg QD 4.049 (g;gg) (3222) (gggi)
Iberdomide 0.3 mg QD 4.276 (g?gi) (319519;) (gggg)
Iberdomide 0.45 mg QD 3.896 (g?g?) (3?23) (g;g%
T helper 17 cells (%)
Placebo 2.764 (S:?:)g) (SZ??Z) (g:?g;)
Iberdomide 0.15 mg QD 2.615 (5?23) (S?gi) (5?2?)
Iberdomide 0.3 mg QD 3.141 (517?1) (5?22) (5?471;1)
Iberdomide 0.45 mg QD 2.725 (gfgs) (5?12) (g?gg)

BLyS, B lymphocyte stimulator; DC, dendritic cell; NK, natural killer; SE, standard error.
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Supplementary Table 3. Numeric data for Figure 2: Change from baseline in plasma

cytokines during iberdomide treatment by ultra-sensitive cytokine assays

Adjusted mean (SE) Week 0 Week 4 Week 12 Week 24
IL-2 (pg/mL)
Placebo 0.277 (8322) (852?) (8322)
Iberdomide 0.15 mg QD 0.229 (g:gig) (g:gig) (8:322)
Iberdomide 0.3 mg QD 0.311 (832;) (8322) (83481?)
Iberdomide 0.45 mg QD 0.282 (g:ggg) (g:ggg) (gjgiﬁ)
IL-10 (pg/mL)
Placebo 2.276 (51 g;) ((1)?;2)) ((1)?22))
Iberdomide 0.15 mg QD 2.586 (SZTSS) (;:2‘122) (8:?22)
Iberdomide 0.3 mg QD 2.593 (ngig) (S:ng) (g:?i;)
Iberdomide 0.45 mg QD 2.092 (5:?33) (ﬁj% (gﬁgg)
IL-17A (pg/mL)
Placebo 0.490 (gzggi) (gjgié) (8:32?)
Iberdomide 0.15 mg QD 0.683 (82322) (8;32‘2‘) (83‘22)
Iberdomide 0.3 mg QD 0.511 (Sjégﬁ) <81§23> (82322)
Iberdomide 0.45 mg QD 0.346 (g:ggg) (8:322) (8:323)
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IL-17F (pg/mL)

Placebo 1.921 (gﬂ g) ((1)??12) ((1)17;3)
Iberdomide 0.15 mg QD 1.800 (3132;) (:)?gg) (815;2)
Iberdomide 0.3 mg QD 1.680 (3132) ((1)?;2) ((1)17;2)
Iberdomide 0.45 mg QD 2.650 (3??2) ((1)?1:) ((1)1722)
IL-21 (pg/mL)
Placebo 8.930 (g):g?g) (g:ﬂ g) (g:gég)
Ioerdomide 0.15 mg QD 3.649 (g:ggg) (ﬁjﬁ% (fﬁ?})
Iberdomide 0.3 mg QD 11.487 (;ggg) ((1)‘912‘51) (?ggg)
Iberdomide 0.45 mg QD 4.793 (ég;;) (gigg) (siig)

BLyS (pg/mL)
349.972 257.891 240.733

Placebo 190 57884y (28.241)  (28.804)
. 033758  258.327  194.094
Iberdomide 0.15 mg QD 366.604 (36.399) (36.882) (31.097)
. 262.041  258.493 192539
Iberdomide 0.3 mg QD 330.969 (27.318) (30.421) (24.621)
Iberdomide 0.45 mg QD 423.164 282.603 271.577 220.855

(26.910) (27.586) (24.755)
BLyS, B lymphocyte stimulator; IL, interleukin; SE, standard error.
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Supplementary Table 4. Numeric data for Figure 3: Change from baseline in whole

blood gene expression during iberdomide treatment

Adjusted mean (SE) Week 0 Week 4 Week 12 Week 24
B cell module
Placebo 1.183 (égz) (2)82:) ((1)822)
Iberdomide 0.15 mg QD 1.274 (g:ggg) (8:322) (8:322)
Iberdomide 0.3 mg QD 1.280 (83%) (8328) (8333)
Iberdomide 0.45 mg QD 1.389 (82322) (g:gi;) (8:3?12)
Type 1 IFN module
Placebo 1.124 (832;) ((1)2)23) (g)g)s?)
Iberdomide 0.15 mg QD 1.273 (8:332) (8:332) (8:382)
lberdomide 0.3 mg QD 1.258 (gggg) (83%) (8323)
Iberdomide 0.45 mg QD 1.191 (8:322) (g:g%) (8:835)
Ikaros
Placebo 0.820 (gggg) (gggg) (8322)
Iberdomide 0.15 mg QD 0.786 (gjgﬁ) (81312) (gigfﬂ)
Iberdomide 0.3 mg QD 0.798 (Sjggg) ((1):822) «1)1333)
Iberdomide 0.45 mg QD 0.845 (8:338) (818§§> ((1):822)
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T cell exhaustion module

0.691 0.705 0.712

Placebo 0.739 (0.015) (0.015) (0.017)
. 0.691 0.674 0.677
Iberdomide 0.15 mg QD 0.741 (0.020) (0.021) (0.021)
. 0.699 0.687 0.693
Iberdomide 0.3 mg QD 0.710 (0.015) (0.016) (0.018)
Iberdomide 0.45 mg QD 0.693 0.724 0.699 0.709

(0.015) (0.016) (0.017)

Ikaros Type 1 INF module

Placebo 1.118 (éggg) ((1)82;) ((1)(1)233)
Iberdomide 0.15 mg QD 1.160 (Sjg’?g) (8j3%> (8:3;2)
Iberdomide 0.3 mg QD 1.084 (gggg) (gg;?) (gggg)
Iberdomide 0.45 mg QD 1.226 (83‘22) (82323) (g:ggg)
Aiolos
Placebo 0.635 (8322) (8323) (8323)
Iberdomide 0.15 mg QD 0.637 (gggg) (83%) (88%)
Iberdomide 0.3 mg QD 0.704 (g:ggg) (g:gg?) (g:ggg)
Iberdomide 0.45 mg QD 0.692 0.688 0.7 o

(0.028) (0.030) (0.030)

IFN, interferon; SE, standard error.
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Supplementary Table 5. Numeric data for Figure 5: Clinical efficacy treatment
comparison (Week 24 SRI-4 response rate, iberdomide 0.45 mg — placebo) within
prespecified patient subsets defined by gene expression at baseline

Stratified Difference, %,

Patient subset SRI-4 at Week 24 95% CI
Overall 19.4 4.12,33.42
Aiolos high 32.9 7.74,52.90
Type 1 IFN high 26.8 7.49, 43.54
lkaros IFN high 24.3 5.45, 40.76
T cell exhaustion low 21.9 4.30, 37.77
B cell high 20.4 0.74, 38.01
Ikaros low 21.5 -9.16, 48.45
B cell low 17.1 —7.45, 39.64
Ikaros high 16.1 -1.76, 32.65
Aiolos low 9.0 -10.11, 27.50
Ikaros IFN low 8.3 —-17.65, 34.68
Type 1 IFN low 7.0 -18.01, 32.11
T cell exhaustion high 41 —24.69, 33.88

Cl, confidence interval; IFN, interferon; SLE, systemic lupus erythematosus; SRI, SLE
responder index.

Lipsky PE, et al. Ann Rheum Dis 2022;0:1-7. doi: 10.1136/annrheumdis-2022-222212



BMJ Publishing Group Limited (BMJ) disclaims al liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Ann Rheum Dis

Supplementary Figure 1. Population-predicted exposure by dose in A) all patients, B)
patients by type | IFN signature at baseline and C) patients by Aiolos expression at
baseline. The horizontal bold line in each boxplot represents the median value. The top
and bottom edges of the box represent the 25th and 75th percentiles, respectively.

Whiskers represent 1.5 x interquartile range. Dots are outliers. AUCss, area under

concentration-time curve at steady state.
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Supplementary Figure 2. Biomarker baseline and percent change from baseline values in IFN-Low (type | IFN genes <
-1.38) and IFN-High (type | IFN genes > —-1.38) subsets for type | IFN signature score [IFI27, IFI44, IFI44L, RSADZ2),
CD303+ plasmacytoid dendritic cells, CD19+ B cells, interleukin-2, regulatory T cells, and double-stranded DNA

antibodies (in patients with baseline dsDNA Abs = 8 |IU/mL). *p<0.05, **p<0.01,***p<0.001.

From N Engl J Med, Merrill JT, Werth VP, Furie R, van Vollenhoven R, Dérner T, Petronijevic M, et al, Phase 2 trial of iberdomide in systemic lupus
erythematosus, Volume No. 386, 1034-1045. Copyright © 2022 Massachusetts Medical Society. Reprinted with permission.
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Supplementary Figure 3. Biomarker baseline and percent change from baseline values in Aiolos-Low (/IKZF3 < -0.49)
and Aiolos-High (IKZF3 > -0.49) subsets: IFN signature score, CD303+ plasmacytoid dendritic cells, CD19+ B cells,

interleukin-2, regulatory T cells, and double-stranded DNA antibodies (in patients with baseline dsDNA Abs = 8 IU/mL).

*p<0.05, **p<0.01,***p<0.001.
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