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ABSTRACT
◥

Purpose: Cereblon (CRBN), a substrate receptor of the E3
ubiquitin ligase complex CRL4CRBN, is the target of the small
molecules lenalidomide and avadomide. Upon binding of the
drugs, Aiolos and Ikaros are recruited to the E3 ligase, ubiqui-
tylated, and subsequently degraded. In diffuse large B-cell lym-
phoma (DLBCL) cells, Aiolos and Ikaros are direct transcrip-
tional repressors of interferon-stimulated genes (ISG) and de-
gradation of these substrates results in increased ISG protein
levels resulting in decreased proliferation and apoptosis. Herein,
we aimed to uncover the mechanism(s) Aiolos and Ikaros use
to repress ISG transcription and provide a mechanistic rationale
for a combination strategy to enhance cell autonomous activities
of CRBN modulators (CELMoD).

Experimental Design: We conducted paired RNA sequencing
with histone modification and Aiolos/Ikaros chromatin immuno-
precipitation sequencing to identify genes regulated by these tran-

scription factors and to elucidate correlations to drug sensitivity.We
confirmed Aiolos/Ikaros mediated transcriptional complex forma-
tion in DLBCL patient samples including those treated with
avadomide.

Results: In DLBCL, the repression of ISG transcription is
accomplished in part through recruitment of large transcriptional
complexes such as the nucleosome remodeling and deacetylase,
which modify the chromatin landscape of these promoters. A
rational combination approach of avadomidewith a specific histone
deacetylase inhibitor leads to a significant increase in ISG tran-
scription compared with either single agent, and synergistic
antiproliferative activity in DLBCL cell lines.

Conclusions: Our results provide a novel role for lineage factors
Aiolos and Ikaros in DLBCL as well as further insight into the
mechanism(s) of Aiolos and Ikaros–mediated transcriptional
repression and unique therapeutic combination strategies.

Introduction
Diffuse large B-cell lymphoma (DLBCL) represents approximately

40% of all non-Hodgkin lymphoma and presents with an aggressive
clinical course with few therapeutic options. DLBCL arises from
genetic abnormalities and epigenetic reprogramming that occur in
the germinal center (GC) reaction, which is normally a finely tuned
program involving lineage factors such as BCL6, PAX5, and EZH2.
These programs regulate cycling, proliferation, and expansion of
centroblasts and centroctyes within the dark and light zones of the
GC to allow somatic hypermutation, interaction with T follicular
helper cells and follicular dendritic cells, and finally differentiation
of na€�ve B cells to high affinity memory and plasma cells. DLBCL is a
genetically heterogeneous disease with over 400 described recurrent
somatic mutations thought to drive the disease (1, 2). Some of the
most frequent mutations and structural variants involve chromatin
modifiers such as CREBBP, KMT2D, EZH2, and transcription

factors including BCL6. Although targeting epigenetic modifiers in
DLBCL has been limited, some therapeutics have demonstrated
clinical activity including inhibitors of EZH2 and histone deacetylase
(HDAC; ref. 3, 4). These data provide a proof of concept that agents
with the ability to target epigenetic and transcriptional dysregulation
are viable therapeutic strategies. Aside from somatically mutated
genes, there are lineage factors that are important in DLBCL disease
biology which are not recurrently mutated but are integral for main-
tenance of the disease.

Normal lymphocyte development and differentiation occurs
through a series of tightly regulated events governed by a number
of lineage transcription factors. Two such factors are Aiolos and
Ikaros, both with transcriptional repressor and activator activities,
which orchestrates a transcriptional reprogramming, potentiating
lymphocyte differentiation from hematopoietic stem cells in mice
(5). The preponderance of evidence for the activity of this family
of transcription factors in lymphocyte development has been
generated through the use of genetically engineered mouse models
by inserting mutations in or deletions of specific zinc finger do-
mains leading to dysfunctional dominant negative isoforms leading
to a lack of B- and T-cell differentiated cells from lymphoid pro-
genitors (6, 7). While Aiolos and Ikaros are important lymphoid
lineage factors, they are not frequently mutated in DLBCL and
therefore are not considered drivers of the disease and conse-
quently have been understudied in lymphoma. We have previously
demonstrated that degradation of Aiolos and Ikaros by lenalido-
mide and avadomide results in upregulation of interferon-
stimulated genes (ISG) such as IRF7, IFIT3, and DDX58 leading
to apoptosis of DLBCL cell lines in an interferon secretion inde-
pendent manner (8). Preclinical studies have demonstrated that
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the antiproliferative activity of lenalidomide is preferentially
observed in ABC-DLBCL cells while avadomide is active in both
ABC- and GCB-DLBCL cell lines. The molecular basis for this
differential activity is unknown and has only been correlated to a
deeper and more rapid kinetics of the degradation of Aiolos and
Ikaros from avadomide compared with lenalidomide. Multiple
clinical trials have demonstrated that lenalidomide and avadomide
both as monotherapy and in combination with chemoimmunother-
apy has demonstrated significant clinical benefit in subsets of
patients with DLBCL (9–12).

Despite these therapeutic benefits, scant data have been reported on
the function of Aiolos and Ikaros in complex with transcriptional
complexes and how they contribute to survival in the malignant clone.
Herein, using DLBCL cell lines and primary DLBCL tissue, we
demonstrate that Aiolos and Ikaros aremembers of the transcriptional
repressor nucleosome remodeling and deacetylase (NuRD) complex
and through their DNA binding capabilities recruits this complex to
modify the chromatin landscape of promoters including ISGs. Aiolos
and Ikaros function in concert with the NuRD complex to repress
transcription of ISGs leading to their function in tumor cell survival
and this repressive activity is greater in the GCB subtype than ABC
contributing to the differential sensitivity of ABC-DLBCL cells to
lenalidomide. In addition, we demonstrate that a rational combination
of degrading Aiolos and Ikaros paired with targeting the NuRD
complex via inhibition of histone deacetylase 1/2 (HDAC1/2), results
in a significant increase in ISG transcription and a synergistic anti-
proliferative activity in a panel of DLBCL cells. Importantly, this
combination was able to demonstrate synergistic activity in cell lines
which are intrinsically resistant to degradation of Aiolos and Ikaros
and provides an opportunity to overcome various degrees of epigenetic
mediated silencing contributing to tumorigenesis. These studies pro-
vide mechanistic rational to investigate Aiolos and Ikaros degraders in
combination therapies with epigenetic modifiers in the clinic.

Materials and Methods
Cell Culture

DLBCL (TMD8, U2932, WSU-DLCL2, SUDHL-4, OCI-LY18, RL,
WILL1, Pfeiffer, SUDHL-8, Riva) were obtained from ATCC and
DSMZ, authenticated through use of AmpFLSTR (ThermoFisher) and
cultured in RPMI1640 containing 10% FBS, 1% Penicillin/Streptomy-
cin, and 1 mmol/L sodium pyruvate.

Immunoblotting
Cells were lysed in NT2 buffer containing 50 mmol/L Tris, pH 7.4,

150 mmol/L NaCl, 1 mmol/L MgCl2, 0.05% Nonidet P-40, 1 mmol/L
sodium orthovanadate, 0.5 mmol/L dithiothreitol, 1 mmol/L phenyl-
methylsulfonyl fluoride, 2 mg/mL aprotinin, 2 mg/mL leupeptin, and
2 mg/mL pepstatin. Proteins from cell lysates were separated by 10%
SDS-PAGE gel electrophoresis (Bio-Rad), and transferred to nitro-
cellulose membranes (Invitrogen). Immunoblots were probed with
antibodies recognizing: Aiolos (Cell Signaling Technology), Ikaros
(Millipore), IRF7 (Cell Signaling Technology), DDX58 (Thermo
Scientific), IFIT3 (Novus Biologicals), c-myc (Abcam), IRF4 (Santa
Cruz), p65 (Cell Signaling Technology), p-p65 Ser236 (Cell Signaling
Technology), p105/p50 (Cell Signaling Technology), p100/p52
(Cell Signaling Technology), Tubulin (Cell Signaling Technology),
TBP (Cell Signaling Technology), and b-actin (Li-Cor). Signals were
detected with a Li-Cor Odyssey imager or WES (Protein Simple).

Flow cytometric analysis for apoptosis
U2932, TMD8, WSU-DLCL2, and SUDHL-4 (1�105 cells/mL)

were treated with either DMSO or various concentrations of lenali-
domide or avadomide for 7 days. On day 7, cells were collected, and
apoptosis was analyzed through flow cytometric analysis of
Annexin V and To-Pro 3 staining according to the manufacturer’s
protocol (Life Technologies). The gating strategy used for deter-
mining the quadrants in the flow cytometry data segregates viable
cells in the DMSO control within each cell line as Annexin V
negative/ToPro-3 negative. All drug treatments are measured rel-
ative to the gating employed in the DMSO control.

Immunoprecipitation
For immunoprecipitation of Aiolos and Ikaros protein:protein

complexes, SUDHL-4, TMD8, and WSU-DLCL2 cells were collected,
and NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo
Scientific) were used to extract nuclear lysates following the manu-
facturer’s instructions. Co-immunprecipitation reactions were carried
out using Dynabeads Co-Immunoprecipitation Kit (Thermo Scien-
tific) following the manufacturer’s protocol.

RNA preparation and qPCR
As previously described “Total RNA was harvested and reverse

transcribed by using TaqMan Reverse Transcription Kit (Applied
Biosystems, Carlsbad, CA) and the resulting cDNA was amplified by
qPCR analysis using gene-specific primer pairs for IRF7, IFIT3,
DDX58, and b-actin. An Applied Biosystems Viia 7 Fast Real-Time
PCR System (Applied Biosystems, Carlsbad, CA) and TaqMan fast
Advanced Master Mix (Applied Biosystems, Carlsbad, CA) were used
to carry out the qPCR analysis” (8).

Proximity ligation assay
DLBCL cell lines treated with DMSO or avadomide were cytospun

onto L-polylysine coated glass slides (Thermo Fisher). Cells were
then fixed with 4% formaldehyde (Thermo Fisher) and permeabilized
with 0.2% triton X or ice-cold methanol for 30 minutes. Cells were
then blocked in proximity ligation assay (PLA) blocking reagent for
30 minutes, followed by incubation with primary antibodies or
corresponding isotype controls diluted in Duolink Antibody Diluent
(Sigma) overnight at 4�C. Additional steps for detection and imaging
were performed according to the manufacturer’s procedures from
Duolink In Situ Detection Reagents (Sigma).

Paraffin-embedded tissue blocks from patient tumor samples were
sectioned at 5-mm thickness and floated in a 40�C water bath

Translational Relevance

Single-agent therapies rarely exhibit broad clinical responses
in patients with diffuse large B-cell lymphoma (DLBCL) and are
frequently combined with other targeted agents. Through an inte-
grated approach of chromatin immunoprecipitation sequencing,
transcriptomic, and proteomic analyses, we identified Aiolos and
Ikaros mediate transcriptional repression of interferon-stimulated
genes (ISG) by recruiting the nucleosome remodeling and de-
acetylase complex to their transcriptional start sites. A rational
combination of an Aiolos/Ikaros degrading cereblon modulator
(CELMoD) with a selective histone deacetylase inhibitor leads to
greater ISG production and synergistic inhibition of DLBCL prolife-
ration. These data support a strategy for identifying epigenetic agents
to combine with Aiolos/Ikaros degradation to further enhance cell
autonomous activity of CELMoDs in patients with DLBCL.
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containing distilled water, prior to transferring onto glass slides. After
dewaxing with xylene/ethanol titrations, slides were transferred to pre-
warmed high pH target retrieval solution (Invitrogen eBioscience IHC
Antigen Retrieval Solution) in a glass container in the water bath set at
95�C for 30 minutes. Background fluorescence was minimized by
soaking slides in 0.2% Sodium Borohydride (Sigma) for 10 minutes.
Permeabilization was carried out by soaking slides in 0.2% triton X
for 5 minutes. PLA in situ Fluorescent detection was carried out
following theDuolinkPLAFluorescentDetection instructions (Sigma)
with the following additions: after the amplification process, slides
were stained with 1:50 Alexa Fluo 488 conjugated anti-CD20 anti-
bodies (clone L26, eBioscience). Finally, nuclei were stained with
DAPI Solution (1 ug/mL, Invitrogen Thermo Fisher Scientific) prior
to mounting slides with VECTASHIELD Antifade Mounting Medium
(Fisher Scientific). Imaging analysis was carried out using NIS Elements
on a Nikon Confocal Microscope A1R. Number of PLA-positive spots
were quantified in each image using Fiji ImageJ software.

When assessing complex via flow cytometry, the manufacturer’s
protocol for Duolink PLA Flow Cytometry (Sigma) was followed with
minor modification. Specifically, following the final wash step, cells
were resuspended in stain buffer (BD) and Hoechst 33342 Ready
Flow Reagent (Invitrogen) was added at 1:30 (vol/vol). Acquisition
of at least 10,000 events per sample analysis was carried out using
BDFortessa flow cytometer. Data were analyzed using FlowJo (v10).

See Supplementary Data file for additional details.

Data Availability
RNA sequencing (RNA-seq) data have been deposited in the Gene

Expression Omnibus under accession number GSE201324.

Results
Induction of ISGs is correlated with antiproliferative activity of
Aiolos and Ikaros degradation by lenalidomide and avadomide

DLBCL cells treated with CRBN-modulating compounds such as
lenalidomide or avadomide, results in CRL4CRBN-mediated degrada-
tion of Aiolos and Ikaros and subsequent proliferative arrest by
lenalidomide exerting cell autonomous activity in primarily ABC-
DLBCL cells whereas avadomide demonstrates antiproliferative activ-
ity in both ABC- and GCB-DLBCL cell line models (8). To define a
panel of cell lines with differential sensitivities to lenalidomide and
avadomide, we measured the proportion of DLBCL cells entering
apoptosis as measured by Annexin V/ToPro-3 following 7 days of
treatment with lenalidomide and avadomide. The data are consistent
with a previous report that ABC-DLBCL cells such as TMD8 and
U2932 are sensitive to both lenalidomide and avadomide. Avadomide
extends its cell autonomous effects to GCB-DLBCL cells such asWSU-
DLCL2, in which lenalidomide does not demonstrate activity, and
there exists a subset of GCB-DLBCL as demonstrated by SUDHL-4
which is intrinsically resistant to both molecules (Fig. 1A and B).

To correlate these findings to downstream molecular mechanisms
of the two drugs, we treated the same panel of sensitive and resistant
DLBCL cell lines with DMSO, lenalidomide, and avadomide for
24 hours and measured degradation of substrates Aiolos and Ikaros,
as well as modulation of ISGs such as IRF7. Interestingly, we observed
that substrate degradation occurs independent of sensitivity to either
lenalidomide or avadomide. Interestingly, IRF7 protein expression
increases upon lenalidomide treatment only in TMD8 and U2932
sensitive cells but not in WSU-DLCL2 and SUDHL-4 resistant cell
lines. Likewise, IRF7 is increased by avadomide in WSU-DLCL2,
which is insensitive to lenalidomide but upon treatment with avado-

midewill exhibit an increased apoptotic fraction (Fig. 1C). In addition,
the magnitude of IRF7 induction in ABC-DLBCL cell lines is greater
with avadomide compared with lenalidomide in agreement with the
difference in potency of Aiolos/Ikaros degradation between the two
molecules. These data suggest that Aiolos/Ikaros degradation is nec-
essary but not always sufficient for ISG upregulation and subsequent
apoptosis in DLBCL.

Intrinsically resistant cell lines to lenalidomide and avadomide
exhibit repressive chromatin modifications at the promoters of
ISGs.

To define the mechanism underlying resistance to lenalidomide
and avadomide as well as the necessity for faster kinetics and
deeper degradation of Aiolos and Ikaros, we performed concomit-
ant RNA-seq and chromatin immunoprecipitation sequencing
(ChIP-seq) for multiple poised and repressive histone marks in the
same panel of four DLBCL cell lines. In these paired experiments,
DLBCL cells were treated with DMSO, lenalidomide, and avado-
mide for 18 hours and mRNA were extracted and subjected to
RNA-seq. Differential gene expression pathways analysis revealed
that the top functional gene categories included ISGs (HALLMARK
Interferon alpha response genes). Similar to the protein data shown
in Fig. 1C, transcription of ISGs is correlated with sensitivity of
DLBCL cells to lenalidomide and avadomide, with SUDHL-4 demon-
strating only a marginal increase in ISG transcription in response to
either drug treatment (Fig. 2A; Supplementary Table S1).

To understand this differential gene expression, we performed
ChIP-seq of poised (H3K27ac and H3K4me3) and repressive
(H3K27me3 and H3K9me3) histone modifications. In a focused
analysis of the transcription start site (TSS) of genes within the
HALLMARK Interferon alpha response gene signature, we identified
that in cells sensitive to avadomide (TMD8,U2932, andWSU-DLCL2)
there is an enrichment for poised/active histone marks compared with
intrinsically resistant SUDHL-4. And conversely, SUDHL-4 exhibits
the highest enrichment of repressive histone modifications at the TSS
and least transcriptionally responsive to Aiolos/Ikaros degradation
compared with sensitive cells lines (Fig. 2B). Furthermore, we
observed a positive correlation between changes in gene expression
and changes in H3K27ac/H3K4me3 at the TSS of ISGs (HALLMARK
Interferon alpha response gene) post-administration of avadomide in
the sensitive TMD8, U2932, and WSU-DLCL2 but not the insensitive
SUDHL-4 (Fig. 2C; Supplementary Fig. S1A). We next examined
ChIP-seq performed using Aiolos and Ikaros and were able to confirm
that both substrates bind to the TSS of ISGs such as IRF9, IRF7, and
ISG20 (Fig. 2D). Interestingly, the abundance of Aiolos and Ikaros at
ISG promoters was not found to be significantly different across cells
lines that are sensitive or resistant to degradation of Aiolos or Ikaros
(P > 0.05). In addition, there was a significant overlap of Aiolos and
Ikaros bound promoters suggesting redundancy of regulatory effects
with these two transcription factors (Supplementary Fig. S1B). These
data further support the hypothesis that the basal chromatin landscape
as defined by histone modifications at the TSS of Aiolos and Ikaros–
regulated ISGs is a major determinant of sensitivity to lenalidomide
and avadomide.

Aiolos and Ikaros interact with the NuRD transcriptional
repressor complex in DLBCL

To gain insight into the transcriptional complexes with which
Aiolos and Ikaros are interacting and contributing to this poised or
repressive chromatin state at the TSS of ISGs, TMT-based proteomics
of immunoprecipitate reactions for Aiolos and Ikaros was applied in
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TMD8, WSU-DLCL2, and SUDHL-4 DLBCL cells. Comparison of
Aiolos and Ikaros with isotype control resulted in 125 proteins being
significantly associated with the two transcription factors (PAdj < 0.05;
Table S2). Through this, we were able to identify transcriptional
complexes associated with Aiolos and Ikaros such as the NuRD

complex and the SWI/SNF ATP-dependent chromatin remodeling
complex (Fig. 3A; Supplementary Table S3).

To confirm these findings, we employed a PLA which produces
an excitation signal when two proteins are in close proximity and
therefore contained within the same complex. As shown in Fig. 3B,

Figure 1.

Degradation of Aiolos and Ikaros and induction of ISGs is correlatedwith induction of apoptosis.A andB,DLBCL cell lineswere treatedwith DMSO, lenalidomide, and
avadomide (0.1–10 mmol/L) for 7 days, after which apoptosis was measured by Annexin V and To-Pro 3 flow cytometric analysis. Graphical representation of two
independent experiments (mean�SEM).C,DLBCLcellswere treatedwithDMSO, lenalidomide (1–10mmol/L), or avadomide (0.1–10mmol/L) for 24hours. Cell lysates
were separated by SDS-PAGE, and levels of Aiolos, Ikaros, IRF7, IRF4, c-myc, and b-actin were assessed by immunoblot analysis.
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in DLBCL cell lines, Aiolos and Ikaros are in complex with CHD4
which is a core nonredundant member of the NuRD complex.
This interaction of Aiolos and Ikaros with the NuRD complex was
demonstrated to be specific as the single antibodies of Aiolos,

Ikaros, or CHD4 alone do not produce a signal and the treatment
of TMD8 and SUDHL-4 cells with avadomide greatly diminishes
the signal due to degradation of Aiolos and Ikaros protein (Fig. 3B;
Supplementary Fig. S2). Given previous reports demonstrating that

Figure 2.

Sensitivity to lenalidomide and avadomide is associated with baseline chromatin state at Aiolos and Ikaros–regulated genes. A,mRNA from indicated DLBCL cells
were purified following treatment with DMSO, lenalidomide, or avadomide (1 mmol/L) for 18 hours and gene expression via RNA-seq was performed. Gene set
variation analysis (GSVA) Hallmark Interferon-a response genes enrichment plot is shown for a category identified as positively enriched with treatment. Values are
scaled as Z-scores. Negative and positive values do not have a specific meaning, but they are rather part of the same continuous scale. B, Comparison of chromatin
states (poised: H3K27ac, H3K4me3; repressive: H3K27me3, H3K9me3) for promoters of Interferon-a response genes in indicated DLBCL cells. C, Scatterplot
demonstrating correlation between average log2 fold change in gene expression and log2 fold change in H3K27ac, H3K4me3 abundance at promoters of Interferon-
a response genes after 18 hours treatment with avadomide in indicated DLBCL cells. D, ChIP-seq peaks demonstrating direct binding of Aiolos and Ikaros at
representative promoters of Interferon-a response genes in TMD8 DLBCL cells.
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treatment of DLBCL cell lines with an Aiolos/Ikaros degrading
molecule results in cell-cycle arrest in a G1 state (12), we examined
these complex formations in each phase of the cell cycle by using the
PLA assay in a flow cytometry format. The specificity of the
interactions was confirmed through comparison to rabbit and
mouse isotype antibodies, as well as to a nonspecific protein UBC9.
In this way, we can observe that Aiolos and Ikaros form a complex
with each other in all phases of the cell cycle (Supplementary
Fig. S3). We next examined the interaction of Aiolos and Ikaros
with HDAC1/HDAC2, the two deacetylase enzymes responsible for
NuRD chromosomal remodeling activity. As shown in Supplemen-
tary Fig. S4, the interaction between Aiolos and Ikaros with the
NuRD complex occurs in all stages of the cell cycle. While the
reported effects of ISG induction involve a G1 arrest of the target

cell, we observe induction of IRF7 in all phases of the cell cycle
(Supplementary Fig. S4C). It remains to be determined if this is
merely a pharmacodynamic effect of the drug mechanism or if ISGs
exert their activity in other parts of the cell cycle not yet discovered.

We subsequently investigated if this complex could be detected in
primary DLBCL tissue. Representative images shown in Fig. 4A
demonstrate that there is a robust association of Ikaros with CHD4
in the nucleus of CD20þ DLBCL cells within a primary tumor. To
further these observations, we probed a tissue microarray (TMA) with
111 DLBCL tumors for the association of Aiolos and Ikaros with
HDAC1 and HDAC2. Through quantification of these foci, we
establish that Aiolos and Ikaros each are in complex with HDAC1
and HDAC2 with a slight trend towards greater interaction between
Aiolos and HDAC1/2 compared with Ikaros (Fig. 4B; Supplementary

Figure 3.

Aiolos and Ikaros interact with NuRD repressive transcriptional complex.A,Visual representation of networks of protein interactionswith Aiolos and Ikaros revealed
through immunoprecipitation of Aiolos and Ikaros followed by TMT-based proteomics.B, Confocal images of PLA reaction between Aiolos or Ikaros and CHD4, core
component of NuRD complex, in TMD8 cells treated with either DMSO or avadomide (100 nmol/L) for 3 days. PLA signal (red), DAPI (blue).
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Fig. S5A). We also characterized the TMA for cell of origin using the
Han’s staining method and found there to be no difference in complex
formation between GCB (n ¼ 32) and non-GCB (n ¼ 79) for Aiolos/
HDAC1 (P ¼ 0.908), Ikaros/HDAC1 (P ¼ 0.184), Aiolos/HDAC2
(P ¼ 0.482), and Ikaros/HDAC2 (P ¼ 0.771). Finally, we were able
to confirm that the interaction between Aiolos/Ikaros and HDAC1/2

is disrupted in patients with relapsed and/or refractory (R/R)
DLBCL that were administered single-agent avadomide treatment
(NCT01421524). In the representative images obtained from paired
tumor biopsies collected during the screening period prior to the
first dose of avadomide and an on-treatment biopsy collected at day
10 in the first cycle of avadomide treatment from the same patient,

Figure 4.

Confirmation of the interaction of Aiolos and Ikaros with NuRD complex proteins in primary DLBCL tumor biopsies. A, Representative fields of FFPE tumor samples
from patients with DLBCL were immunohistochemically stained with Dapi (blue), CD20 (green), and Ikaros, Isotype and CHD4. Positive interactions are shown via
PLA (red foci). B, Graphical representation of interactions formed as measured by PLA foci for Aiolos/Isotype, Aiolos/HDAC1, Ikaros/HDAC1, Aiolos/HDAC2, and
Ikaros/HDAC2 inDLBCL tumors (n¼ 111).C,Representative fields of FFPE samples fromapatientwith relapsed/refractoryDLBCL administeredwith 3mgavadomide
on an intermittent schedule. Screening and on-treatment (cycle 1 day 10) biopsies were obtained. Tissues were then subjected to FFPE PLA immunofluorescence for
Aiolos/Ikaros in complex with HDAC1/2. Dapi (blue), CD20 (green), positive interactions are shown via PLA (red foci).
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there is a demonstrable decrease in complex formation between
Aiolos/Ikaros and HDAC1/2 in the on-treatment biopsy compared
with the screening biopsy (Fig. 4C), confirming our in vitro obser-
vations in the clinic.

Combination of avadomide with an HDAC inhibitor results in
synergistic antiproliferative activity.

Given the interaction of Aiolos/Ikaros with the NuRD complex, we
hypothesized that a combination treatment of avadomide with citar-
inostat (CC-241), a HDAC 1/2/3/6 inhibitor, would result in enhanced
ISG expression and synergistic cell autonomous activity in DLBCL. To
understand the effect of the combination on ISG transcription, we
treated TMD8 (avadomide-sensitive) and SUDHL-4 (avadomide-
resistant) with single-agent avadomide and CC-241 and the combi-
nation for 18 hours and measured mRNA expression of ISGs IFIT3,
DDX58, and IRF7. In the avadomide-sensitive TMD8, we observed
induction of IFIT3, DDX58, and IRF7 to 14, 6.8, and 4.4-fold higher
than DMSO in the combination, while avadomide alone resulted in 8,
3, and 2.7-fold and CC-241 produced 1.7, 2.1, and 0.7-fold compared
with DMSO (Fig. 5A; Supplementary Fig. S6A). Interestingly, in the
avadomide-resistant SUDHL-4 cells, the combination treatment
resulted in upregulation of ISGs. The induction of IFIT3, DDX58,
and IRF7 for the avadomide/CC-241 combination was 4.2, 8.2, and
1.3-fold higher thanDMSO,while avadomide alone resulted in 0.5, 1.5,
and 1.0-fold and CC-241 produced 1.6, 3, and 0.4-fold compared with
DMSO. Increased ISG production was also observed at the protein
level in WSU-DLCL2 and SUDHL-4 cells treated with single agents
and avadomide/CC-241 combination for 72 hours (Fig. 5B).

To understand if this increased ISG expression translated into
enhanced phenotypic effects, we profiled 10 cell lines for their response
to avadomide and CC-241 as single agents for 5 days in tritiated
thymidine incorporation assays to measure proliferation. The
response to avadomide is varied across the panel with antiproliferative
activity in both ABC and GCB cell lines. CC-241 demonstrated an
inhibition of cell proliferation in a dose dependent and cell of origin
independent manner (1–4 mmol/L) in the panel of DLBCL cell lines
(Fig. 5C, top). We next assessed the potential of the combination by
adding either DMSO or a constant 1 mmol/L concentration of ava-
domide to a dose titration of CC-241. The combination resulted in a
synergistic antiproliferative activity in 6 of the 10 cell lines including
avadomide-resistant SUDHL-4 (Fig. 5C, bottom; Supplementary
Fig. S6B). These data confirm that a combination strategy targeting
the Aiolos/Ikaros/NuRD complex can boost ISG expression translat-
ing into a greater than expected cell autonomous effect.

Discussion
Recent genomic analyses of tumors from patients with DLBCL have

highlighted that a number of the most prevalent genes with mutations
or deletions control epigenetic and transcriptional programs such as
EZH2, KMT2D, ARID1A, CREBBP, and EP300 (1, 13). In addition,
approximately 20% of DLBCL tumors have translocations involving
BCL6 which can result in upregulated protein expression and sus-
pension of normal differentiation of GCB-cells intomemory B-cells or
plasma cells (14). The transcription factors, Aiolos and Ikaros, also
participate in B-cell differentiation and development through promo-
tion of IL7R, FLT3, and EBF expression, while repressing genes which
could determine alternative cell fates (15).

In this study, we describe a novel role for hematopoietic lineage
factors Aiolos and Ikaros in DLBCL. While these two transcription
factors are not generally identified as disease drivers, given they are

rarely mutated or deleted in DLBCL, they do play an important role in
maintaining DLBCL cell survival through recruitment of repressive
chromatin remodeling complexes to the TSS of ISGs inhibiting their
transcription. While we have previously reported that CRL4CRBN E3
ligase mediated ubiquitylation and subsequent proteasomal degrada-
tion of Aiolos and Ikaros was necessary for cell autonomous activity of
Aiolos/Ikaros degrading cereblon modulators (CELMoD), this event
was not always sufficient for cell death of all DLBCL cells especially
GCB-DLBCL. Here, we demonstrate that increased kinetics and
greater depth of degradation would result in a broader apoptotic
induction across a DLBCL cell line panel, including activity in intrin-
sically resistant cells. Through a combination of ChIP-seq and pro-
teomics technologies, we were able to confirm that the differential
sensitivity was associated with increased abundance of repressive
histone marks at the promoters of ISGs, at least in part through
recruitment of the NuRD transcriptional complex and increased
enzymatic activity of HDAC1 and HDAC2. Given the additional
inhibition of HDAC3 and HDAC6 with CC-241, additional future
work will be needed to understand the impact of these two enzymes on
the cellular activity presented. To date, there has been scant evidence
for the importance of the NuRD complex in DLBCL outside of the
possible interaction and cooperation with BCL6 through binding of
MTA3 (16, 17). Our data provide novel insight into the pro-survival
activity of the NuRD complex in DLBCL and the importance of its
interaction with Aiolos and Ikaros in governing this activity. Previous
literature has reported that suppression of ISGs was through coordi-
nated repression by either IRF4 or NFkB signaling (18, 19). In
Supplementary Fig. S7A, we demonstrate in ABC-DLBCL TMD8 cells
that neither lenalidomide nor avadomide treatment resulted in effects
on NFkB signaling as measured by translocation of transcriptional
subunits from the nucleus to the cytoplasm, while phorbol 12-myr-
istate 13-acetate (PMA) induced p100/p52 cleavage and p65 reloca-
lization to the nucleus. These data, in addition to upregulation of ISG in
GCB-DLBCL cells, where IRF4 expression is not present lead us to
model of Aiolos and Ikaros directly regulating expression of ISGs
through recruitment of the NuRD complex to the promoter region of
these genes and induction of a repressive chromatin environment
(Fig. 6).

Recently, clinical results from the single-agent avadomide in R/R
DLBCL demonstrated that patients with DLBCL with a preexisting
immune infiltrate of T cells and macrophages in the tumor microen-
vironment benefitted significantly more compared with patients with
limited immune infiltrate and a tumor microenvironment primarily
composed of the malignant DLBCL clone, 44% versus 19% overall
response rate respectively (8). This clinical observation is in line with
the dual mechanism of Aiolos/Ikaros degrading CELMoDs, resulting
in both cell autonomous activity in the DLBCL cell and a pro-
immunomodulatory activity. However, the observation of clinical
benefit in the patients with limited preexisting immune infiltrate
suggests that there is additional benefit to be gained in specifically
targeting the malignant DLBCL clone. Our data indicate that addi-
tional clinical activity in R/R DLBCL may be harnessed through
development of novel Aiolos/Ikaros degrading CELMoDs with even
greater depth of degradation, as well as combination strategies with
epigenetic agents such as HDAC inhibitors to further enhance pro-
duction of ISGs.

What also seems apparent is that Aiolos and Ikaros are not
traditional drivers of DLBCL lymphomagenesis which can be identi-
fied through mutations or variations in the copy numbers, but rather
are important lineage factors that regulate differentiation of normal B
cells that in the disease setting confer pro-survival signals in the
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malignant DLBCL clone. This indicates that therapeutic targets are not
constrained only to those which are dysregulated through geneticmeans
in the disease but may be lineage factors whose normal activity has been
co-opted. Studies to further characterize the role of Aiolos and Ikaros in
theGCofDLBCL and relationship to other driver geneswill be critical to
realize the full potential of Aiolos/Ikaros degrading CELMoDs.
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