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Abstract: The Ikaros zing-finger family transcription factors (IKZF TFs) are important regulators of
lymphocyte development and differentiation and are also highly expressed in B cell malignancies,
including Multiple Myeloma (MM), where they are required for cancer cell growth and survival.
Moreover, IKZF TFs negatively control the functional properties of many immune cells. Thus, the
targeting of these proteins has relevant therapeutic implications in cancer. Indeed, accumulating
evidence demonstrated that downregulation of Ikaros and Aiolos, two members of the IKZF family,
in malignant plasma cells as well as in adaptative and innate lymphocytes, is key for the anti-mye-
loma activity of Immunomodulatory drugs (IMiDs). This review is focused on IKZF TF-related
pathways in MM. In particular, we will address how the depletion of IKZF TFs exerts cytotoxic
effects on MM cells, by reducing their survival and proliferation, and concomitantly potentiates the
antitumor immune response, thus contributing to therapeutic efficacy of IMiDs, a cornerstone in
the treatment of this neoplasia.
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1. Introduction

The Ikaros zinc-finger (IKZF) protein family consists of five Kruppel-like transcrip-
tion factors (TFs) (named Ikaros, Helios, Aiolos, Eos and Pegasus or IKZF1-IKZF5) with a
well-documented role in lymphocyte development and differentiation [1,2]. Lack of Ika-
ros proteins from the hemopoietic system leads to an impaired production of B and T
lymphocytes and Natural Killer (NK) cells [3]. Consistently, altered function of these pro-
teins has been associated with autoimmunity and cancer [4-6]. Indeed, Ikaros proteins act
as tumor suppressors in different types of leukemia (where their function is inhibited),
whereas they are overexpressed in other malignancies (where they are necessary) to sus-
tain the survival and proliferation of cancer cells, such as in Multiple Myeloma (MM) [7,8].

Multiple Myeloma is an incurable cancer in which malignant plasma cells (PCs) grow
and accumulate within bone marrow (BM), causing end-organ dysfunctions and morbid-
ity. MM is a very complex and heterogeneous disease which mainly affects elderly people
with a median age of 65 years [9-11]. In most cases, MM is preceded by a premalignant
condition, named monoclonal gammopathy of undetermined significance (MGUS). The
disease conceivably evolves upon accumulation of genetic mutations and deep alterations
of the BM microenvironment. Increasing evidence highlights how the compromised func-
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tionality of the immune system is crucial for disease progression [12]. A number of mech-
anisms contribute to prevent anti-myeloma immune response, such as the defective func-
tion of dendritic cells (DC) and effector lymphocytes and the expansion of immunosup-
pressive cells (e.g. myeloid-derived suppressor cells and regulatory T cells, Treg) [13]. Ac-
cordingly, some therapeutic approaches to overcome immune dysfunctions have already
been approved for MM treatment and several others are currently under investigation.

A cornerstone in the current MM therapy is represented by immunomodulatory
drugs (IMiDs, e.g. thalidomide, lenalidomide and pomalidomide). Lenalidomide is used
in the treatment of newly diagnosed patients, in the post-transplant maintenance therapy
and in the relapsed/refractory setting, while pomalidomide is used only in the re-
lapsed/refractory disease [14]. IMiDs exert multiple effects on different cellular compo-
nents present in tumor microenvironment accounting for their profound immunostimu-
latory properties and direct antitumor activity. Ten years ago, Ito T. and colleagues
demonstrated that the cellular target of these drugs is Cereblon (CRBN), a ubiquitous pro-
tein which functions as a substrate receptor for the Cullin-4-RING Ubiquitin Ligase
(CLR4) complex also including DDB1, ROC1 and CUL4 [15]. Binding of IMiDs to CRBN
alters its substrate specificity, thus disrupting or promoting the recruitment and ubiquiti-
nation of many proteins [16]. A number of studies described the capability of lenalido-
mide and pomalidomide to induce CRBN-dependent degradation of Ikaros and Aiolos in
different cell types initiating multiple downstream effects, which were shown to be re-
sponsible for the antitumor and immunomodulatory properties of these drugs [7,17,18].

Here, we will summarize evidence from the current literature about the complex role
of IKZF TFs in regulating the survival and susceptibility of MM cells to immune-mediated
attack but also their function in immune effector cells. Moreover, we will discuss how the
inhibition of these critical TFs highly contributes to the clinical activity of IMiDs in MM.

2. IKZF TFs: Molecular Structure and Transcriptional Activity

All IKZF TFs share the same structural properties. They are characterized by func-
tional domains composed of zinc-finger motifs: an N-terminal DNA-binding domain to
bind the consensus sequence A/GGGAA, and two C-terminal dimerization domains to
interact with other IKZF proteins. Moreover, shorter IKZF variants can be generated by
alternative splicing. These isoforms conserve C-terminal dimerization domains but have
a different number of N-terminal zinc fingers. IKZF TFs lacking N-terminal zinc fingers
do not bind DNA and function as dominant negative (DN) [19].

IKZF proteins can act both as repressors and as activators of gene transcription [20].
Upon binding DNA, they trigger epigenetic regulation and chromatin-remodeling
through the direct interaction with two types of remodeling factors, the corepressor (e.g.
the nucleosome remodeling and deacetylase complex, NuRD, or C-terminal binding pro-
tein, CtBP) and coactivator proteins (Switch/Sucrose-Nonfermentable chromatin-remod-
eling complex,SWI/SNF). IKZF TFs can repress gene transcription by histone deacetylase
(HDAC) dependent and independent mechanisms. They can promote hypo-acetylation of
core histones at promoter sites via direct interaction with several corepressor proteins (e.g.
NuRD complex ATPase, Mi-23, Sin3A and Sin3B) which bind HDAC-containing com-
plexes [21]; in addition, they can silence gene expression by recruiting the co-repressor
CtBP, which in turn represses transcription initiation through the interactions with the
general transcription factors TFIIB and TBP in the transcription pre-initiation complex
[22,23]. In a different way, the capability of IKZF TFs to activate gene transcription is due
to the formation of activated enhancers and super-enhancers possibly through their inter-
action with the gene activating complex SWI/SNF [24].

IKZF proteins have different expression patterns. Eos and Pegasus are widely dis-
tributed in different tissues, while Ikaros, Helios and Aiolos are mainly expressed in im-
mune system cells, and in addition Ikaros and Helios can be found in some non-immune
cells, such as erythrocytes. Importantly, several studies demonstrated a role for these pro-
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teins in cancer. Impaired functionality of Ikaros, often caused by IKZF DN isoform over-
expression, deletions or mutations, has been associated with the development of leukemia
(e.g. B and T Acute Lymphoblastic Leukemia,ALL, Acute and Chronic Myeloid Leuke-
mia) [25], indicating a tumor suppressive activity for this transcription factor. In this re-
gard, long-term studies of IMiDs maintenance therapy in MM patients have revealed in-
creased frequencies of hematologic second primary malignancies (SPMs), including B-
ALL [26,27], suggesting the involvement of therapy-induced modulation of these TFs.

In a different way, Ikaros and Aiolos are overexpressed and fully functional in other
hematological and solid cancers. For instance, both proteins are highly expressed in MM
cells at different stages of disease progression from normal PC, MGUS and MM, inde-
pendently of genetic subtypes, and are required for the proliferation and survival of these
cancer cells [28].

3. Aiolos and Ikaros-Dependent Antitumor Activity of IMiDs in MM

Immunomodulatory drugs show remarkable antitumor activity in MM through di-
rect inhibition of MM-cell growth in the BM microenvironment and the promotion of im-
mune effector cell function (Figure 1).

KMDA3
x u

ISGs  KLF2« » IRF4 « » c-Myc

o
A BMF/BIM  Blimp1
Ay S P
PROTEASOME ~
DEGRADATION MM

CYTOTOXICITY

NK Tecells
%

NKG2D-
""’%u: INAM-1

P GZMB

wc.n";?;r“)q-.

Costimulation ,—*WR%:*
Cytokine production i IFN-y
T cell proliferation

IMMUNE ACTIVATION

Figure 1. Role of Ikaros/Aiolos loss in anti-MM activity of IMiDs. The drugs induce proteasome
degradation of IKZF TFs leading to MM apoptotic cell death and increased antitumor immune re-
sponse. The grey or black color indicates a decrease or an increase in the expression levels of the
depicted molecules, respectively. DC, dendritic cells; NK, natural killer cells; ILC1, innate lymphoid
type 1 cells; IMiDs, immunomodulatory drugs; ISGs, IFN-stimulated genes; Ub, ubiquitin.

The mechanism of action of IMiDs has been shown to rely mainly on the altered sub-
strate specificity of the E3 ubiquitin ligase complex CLR4REN and subsequent proteasomal
degradation of new substrate proteins. In MM cells more than 240 proteins were identified
as CRBN interactors which change their affinity after lenalidomide treatment [29]. In par-
ticular, in IMiDs-treated MM cells, there is a significant reduction of the amount of 46
CRBN binding proteins and among them the most downregulated are Ikaros and Aiolos
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[7,17,30]. IMiDs activate the CRBN-CRL4 E3 ubiquitin ligase to degrade Ikaros and Aiolos.
Indeed, these drugs redirect the recruitment of these TFs to CRBN-conjugated E3 ubiqui-
tin ligase leading to their proteolysis via proteasome [16,30]. As part of their transcrip-
tional program, Ikaros and Aiolos serve as anti-apoptotic transcription factors in MM cells
and their loss causes reduced proliferation and cell death [7,8]. Indeed, genetic silencing
of either Aiolos or Ikaros as well as the overexpression of an Aiolos DN mutant is suffi-
cient to inhibit growth of lenalidomide-sensitive MM cells. Accordingly, low Ikaros ex-
pression levels were associated with poor response to IMiDs and shorter overall survival
in MM patients treated with these drugs [29].

Although the IKZF TFs target genes responsible for MM cell survival have yet to be
fully characterized, different mechanisms have been proposed.

Importantly, depletion of Ikaros and Aiolos leads to the downregulation of c-Myc
and Interferon regulatory factor 4 (IRF4), two known critical TFs/ oncogenes sustaining
MM growth and survival [28], and this represents one of the most important mechanisms
of the antiproliferative and pro-apoptotic activity mediated by IMiDs in these cells. Nota-
bly, in malignant PCs, the sustained expression of c-Myc and IRF4 is a consequence of
activating mutations and translocations, and their levels increase during MM progression
from early stage MGUS to symptomatic MM, suggesting a major role for these transcrip-
tion factors in the pathogenesis of the disease [31,32]. A peculiar regulatory circuitry, in
which IRF4 and c-Myc regulate each other in a positive feedback loop, sustains the abnor-
mal proliferation of MM cells [33]. Indeed, IRF4 binds to the c-myc promoter region pro-
moting its expression, and, in turn, c-Myc transactivates irf4 gene. Numerous studies have
demonstrated that genetic or pharmacologic suppression of either IRF4 or c-Myc expres-
sion induces cell cycle arrest and compromises MM viability. c-Myc target genes include
regulators of cell cycle (e.g. Cdks, cyclins and E2F TFs), apoptosis and cellular metabolism
(e.g. GLUT1) [34]. Importantly, a large group of genes (over 200) involved in the regula-
tion of MM growth and survival are also transcriptionally controlled by IRF4. Among
them, a key role is played by Kriippel-like Factor 2 (KLF2) and B-lymphocyte-induced
maturation protein-1 (Blimp-1).

KLF?2 is linked to IRF4 by a positive feedback loop involving also a third protein, the
histone lysine (K)-specific demethylase 3A (KDMA3) [35]. In this regulatory loop, IRF4
and KLF2 mutually transactivate expression of each other but are also targets of KDMA3,
which upregulates both kif2 and irf4 gene expression by removing H3K9 methyl marks at
their promoters. This protein triad controls key processes of MM pathogenesis, such as
survival and homing of malignant PCs to BM. Indeed, as for IRF4, depletion of either KLF2
or KDMAS triggers apoptosis and reduces the adhesion of MM cells to BM stromal cells,
which is critical for sustaining their growth and survival; more intriguingly, the loss of
each protein impairs MM cell migratory ability and homing to BM by reducing the ex-
pression of the adhesion molecule Integrin alpha-4/beta-7 (ITGB?7) [35].

The TF Blimp-1 cooperates with IRF4 in the regulation of PC differentiation and is
required for antibody secretion [36]. Due to IRF4 overexpression, MM cells also express
high levels of Blimp-1. Compared to PCs, MM cells overexpress the truncated form Blimp-
13 which contributes to the deregulation of different genes. Such isoform has a lower re-
pressive activity than wild type protein; consequently, several genes, which are generally
inhibited by Blimp-1 in normal PCs, including c-Myc and Bcl6, are expressed in MM cells.
IMiDs can regulate Blimp-1 expression and activity through various mechanisms. First,
as a direct IRF4 target gene, Blimp-1 expression is inhibited at the transcriptional level.
Second, lenalidomide can also promote ubiquitination and proteasomal degradation of
Blimp-1 [37]. Third, Aiolos interacts and cooperates with Blimp-1 to repress apoptosis-
related genes, such as ASK1, TRAIL, NOXA and KLF10. Indeed, Blimp-1 knockdown
leads to MM cell apoptosis as a consequence of the de-repression of the same genes which
are upregulated in Aiolos-silenced MM cells [37].
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More recently, survival dependence of MM cells on IRF4 was attributed to the regu-
lation of two related pro-apoptotic members of the BH3-only subgroup of the BCL2 pro-
tein family: BCL2 modifying factor (BMF) and BCL2-like 11 apoptosis facilitator (BIM)
[38]. IRF4 directly represses genes encoding BMF and BIM, and, accordingly, the expres-
sion of these proteins increases in IRF4-depleted MM cells. More importantly, the absence
of BMF alone or in combination with loss of BIM can rescue MM cells from apoptotic cell
death upon IRF4 inactivation.

Although these findings highlight the relevant role for IRF4 in driving the pro-sur-
vival and proliferative activity of IKZF TFs in MM cells, a recent study also demonstrated
that enforced IRF4 expression failed to rescue cell viability after Ikaros inactivation, thus
indicating that multiple mechanisms may concur in causing MM cell death in the absence
of IKZF TFs [38]. In this regard, a further contribution may be given by numerous IFN-
stimulated genes (ISGs) emerged as additional transcriptional targets of Ikaros proteins
in these cancer cells, as revealed by RNA sequencing studies. Indeed, like type I Interferon
(IFN), lenalidomide as well as Ikaros inactivation upregulates several ISG in MM cells.
IFN-p reduces MM cell viability, but additive cytotoxic effects are observed in combina-
tion with either IMiDs or genetic silencing of Ikaros, and correlate with increased expres-
sion of interferon stimulated proteins, such as tetratricopeptide repeats (IFIT3) [38]. More-
over, among ISGs, Ikaros and Aiolos repress CD38 expression through interaction with
the nucleosome remodeling and deacetylase complex, and IMiD-induced degradation of
these TFs can upregulate CD38 cell surface expression in MM cells, priming them for
Daratumumab-induced NK cell-mediated antibody-dependent cellular cytotoxicity
(ATCC) [38]. These findings suggest that treatment with IMiDs and IFN may result in
synergistic activity in patients with MM and provide an explanation for the improved
clinical results that have been reported for the treatment with lenalidomide plus daratu-
mumab [39].

In this context, proteasome inhibitors (e.g. bortezomib, carfilzomib) and IMiDs com-
bination therapy have been shown to mediate higher activities in preclinical studies, as
well as improved responses in newly diagnosed and relapsed MM [40—43]. Recent obser-
vations indicate that CRBN can be targeted and degraded by SCFx7 E3 ubiquitin ligase
[44], and sequential treatment with proteasome inhibitors followed by IMiDs can main-
tain high levels of CRBN in MM cells thus potentiating Ikaros/Aiolos degradation and cell
death [45]. These observations suggest a possible mechanism underlying synergistic pre-
clinical and clinical efficacy of these pharmacological approaches in MM [43,46].

4. Aiolos and Ikaros-Dependent Immunomodulatory Activity of IMiDs in MM

Increasing evidence indicates that proteasomal degradation of IKZF TFs plays a crit-
ical role in the molecular mechanisms whereby IMiDs reverse MM-mediated immuno-
suppression (Figure 1). Indeed, these TFs regulate the development and/or function of
different immune cells, therefore their depletion can highly impact on anti-tumor immune
response.

4.1. Role of IKZF Transcription Factors in The Regulation of Innate Immune Response by IMiDs

Key mediators of anti-myeloma immune response include innate and adaptive effec-
tor cells, such as the innate lymphoid cells (ILCs) and T lymphocytes.

Innate lymphoid cells (ILCs) are a heterogeneous immune cell population, lacking
antigen specific receptors and myeloid markers, classified in five major groups based on
their transcription factors signature and cytokine production that drive their functions
[47]. ILCs include Natural Killer (NK) cells, innate lymphoid cell type 1 (ILCls), type 2
(ILC2s) and type 3 (ILC3s) and lymphoid tissue-inducer cells (LTi).

NK cells produce large amounts of cytokines and chemokines, and they are also en-
dowed with powerful cytotoxic activity, which depends on the concerted action of nu-
merous inhibitory and activating receptors [48,49]. Several studies provided compelling
evidence about the important role for NK cells in the control of MM [50]. Among NK cell
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activating receptors involved in recognition and killing of malignant PCs, a prominent
role is played by the activating receptors natural-killer group 2, member D (NKG2D) and
DNAX accessory molecule-1 (DNAM-1) engaged by their ligands on MM cells [51]. In-
deed, these cancer cells can express high levels of NKG2D ligands MHC class I chain-
related protein A and B (MICA/B) and different UL16 binding proteins (ULBPs), and the
DNAM-1 ligands Poliovirus Receptor (PVR) and Nectin-2.

Although the ability of IMiDs to potentiate NK cell function in MM has long been
known, the mechanisms responsible for this effect have become to be elucidated recently.
Initial observations suggested that IMiDs-induced NK cell activity was due to the capa-
bility of these drugs to stimulate IL-2 production by T lymphocytes [52]. Later, Lagrue K.
et al. demonstrated that lenalidomide also exerts a direct effect on NK cells. The drug
increases IFN-y production by NK cells isolated from MM patients by augmenting na-
noscale rearrangements in cortical actin at the immunological synapse and increasing the
proportion of the synapse predicted to be penetrable to IFN-y vesicles after ligation of the
activating receptor CD16 [53]. Importantly, lenalidomide does not trigger IFN-y produc-
tion in unstimulated NK cells, thus avoiding inappropriate activation of these effector
lymphocytes [53]. More recently, it has been reported that IMiDs-induced potentiation of
NK cell activity is predominantly mediated by the increased expression of the cytotoxic
molecule granzyme B (GZM-B) through different mechanisms: direct binding and activa-
tion of kinase ZAP70 and downregulation of Aiolos. This TF acts as a negative regulator
of gzm-b gene, therefore pomalidomide-treated NK cells express increased levels of GZM-
B due to Aiolos depletion [54].

We demonstrated that an additional mechanism accounting for the enhanced NK cell
activity after IMiDs treatment consists in the upregulation on MM cells of molecules in-
volved in NK-cell mediated immunosurveillance. Lenalidomide and pomalidomide in-
crease both NKG2D ligand MICA and DNAM-1 ligand PVR membrane expression on
human MM cell lines and primary malignant PCs, thus enhancing their susceptibility to
NK cell recognition and killing [55]. Silencing of Ikaros and Aiolos is necessary and suffi-
cient for the upregulation of these NK cell activating ligands which occurs at the tran-
scriptional level. These TFs bind to promoter region of mica and pur gene and repress their
expression. Moreover, MICA expression is negatively regulated also by IRF4. IRF4
shRNA-transduced MM cells expressed higher MICA mRNA and cell surface levels and
this correlates with their enhanced capability to stimulate NK cell degranulation in an
NKG2D-dependent manner [55]. Thus, IKZF TFs can control the expression of this
NKG2D ligand on MM cells via direct and indirect mechanisms.

Relevant immune cell targets of IMiDs in MM include also other ILC subsets [56] and
changes in the number and function of ILC populations have been proposed to contribute
to MM progression suggesting that they have a role in tumor immunosurveillance.

Differently from NK cells, other ILC subsets exert mainly an immunomodulatory ac-
tivity. ILC1 express T-bet and produce IFN-vy in response to IL-12, IL-15 and IL-18. ILC2
differentiation and maintenance is characterized by secretion of IL-4, IL-5, IL-13 and am-
phiregulin, and depends on Gata3 activation by IL-25 and IL-33. Finally, ILC3 are defined
by RORYt expression and have the capacity to produce IL-22 and IL-17 upon stimulation
with IL-1p and IL-23.

A recent study demonstrated that ILCs are among the earliest cell subsets enriched
in the tumor microenvironment during the evolution from MGUS to MM even if the sig-
nals that lead to enrichment of these cells remain to be clarified [56]. Indeed, an altered
ILCs number, subset composition and function were detected in MGUS BM. Compared
with healthy donors, MGUS patients in the BM have a higher proportion of ILC1 and a
reduction of ILC2 whose percentage increases in circulation. Intriguingly, even though
ILCs subset composition remains unaltered during progression to MM, their capability to
produce cytokines is significantly compromised, thus suggesting that the functional alter-
ation of these lymphocytes may play an important role in disease evolution. To this re-
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gard, IMiDs were shown to boost ILC activity possibly via modulation of Aiolos and Ika-
ros proteins. Indeed, in vitro and ex vivo studies demonstrated the capacity of pomalido-
mide to reduce Ikaros and Aiolos levels in ILCs and, more interestingly, to enhance IFN-
v production by ILC1 from both healthy controls and MM patients. These findings indicate
that the regulation of ILCs may contribute to immunomodulatory activity of these drugs
in MM.

The role of IKZF TFs in the regulation of ILCs functionality has been corroborated in
other experimental systems, which had also demonstrated the capability of IMiDs to mod-
ulate the activity of these innate lymphocytes [57]. The analysis of IKZF TFs expression in
human non-inflamed tonsil and peripheral blood ILC populations showed significantly
higher levels of Aiolos in ILC1 and NK cells as compared to ILC2 and ILC3, while Ikaros
is expressed by all ILCs subsets and Helios only by ILC3. These observations suggested a
differential role of these TFs in the regulation of specific ILC subsets. ILCs are character-
ized by a high plasticity since they can modify their phenotype and functions in response
to local environmental signals [58,59]. In this context, Aiolos and Ikaros emerged as im-
portant regulators of ILC3-ILC1/NK cell trans-differentiation. In vitro IL-12 plus IL-1p
driven-conversion of ILC3 into ILC1 is accompanied by a specific upregulation of Aiolos,
a process inhibited by lenalidomide. The presence of this drug in the trans-differentiation
cultures leads to a lower frequency of Aiolos and Ikaros expressing ILCs, downregulates
the expression of ILC1 and NK cell related transcripts (e.g. prfl, gzmb, cd244, lefl, ncr3) and
causes a marked reduction of IFN-y producing cells. Concomitantly, lenalidomide in-
creases the proportion of IL-22 producing-ILC3 and upregulates several ILC3-related
genes (e.g. rorc, baff, il22 and nrp1). These findings indicate that IKZF TFs are important for
the rheostatic regulation of cytotoxic and immunomodulatory activity of NK/ILC1, but
they are also necessary to maintain the functional signature of these subsets. Although
our understanding of the role of different ILCs subsets and their plasticity in tumor im-
munity is only just beginning, these studies suggest that the targeting of Aiolos and Ikaros
may be a relevant therapeutic tool to regulate the different ILC activities in cancer.

Among innate immune cells, DCs have a critical role in antigen presentation for
adaptive immune response activation, and a number of studies showed how altered func-
tionality of these cells contributes to MM-immune evasion. MM patient-derived DCs are
tolerogenic since they express very low amounts of maturation markers (HLA-DR, CDA40,
and CD80) and are unable to induce allogeneic T-cell proliferation [60-62]. Lenalidomide
affects the maturation and functionality of MM patients-derived DCs as antigen present-
ing cells [63,64]. Moreover, it has been hypothesized that suppression of Aiolos and Ikaros
TFs may play an important role in these mechanisms [65]. Upon lenalidomide treatment,
DCs differentiated in vitro from BM and PB monocytes of MM patients express higher
levels of CD86, HLA-DR and CD209, produce increased amount of cytokines and chemo-
kines (IL-8, TNF, CCL2, CCL5) and have an enhanced ability to stimulate allogeneic T cell
proliferation. At molecular level, these stimulatory effects are associated with Aiolos and
Ikaros degradation even if the impact of this modulation remains to be clarified. In this
regard, a study in a human Ikaros deficiency documented how this TF regulates DC de-
velopment and function [66]. Individuals harboring a heterozygous mutation of Ikaros
have deficiency of plasmacytoid DC (pDC) but the expansion of conventional DC (cDC).
These effects may be mediated by Ikaros-dependent regulation of DNA-binding protein
inhibitor (ID2) and Basic leucine zipper transcriptional factor ATF-like 3 (BATF3), two TFs
driving pDC development and c¢DC terminal differentiation, respectively. Interestingly,
similar effects were also found ex vivo in patients affected by hematological malignancies
treated with lenalidomide or during in vitro generation of DCs from primary BM progen-
itors. As pDCs have been shown to support MM cell growth and mediate myeloma-asso-
ciated immunodeficiency [67], the negative impact of Ikaros loss or lenalidomide treat-
ment on development of this cell subset may be helpful in antitumor response.



Int. ]. Mol. Sci. 2021, 22, 1103

8 of 13

4.2. Role of IKZF Transcription Factors in The Regulation of Adaptive Immune Response by
IMiDs

Concerning the adaptive immune system, in MM patients the immunostimulatory
activity of IMiDs on T cells has been extensively described. IMiDs promote myeloma-spe-
cific CD4 and CD8 T cell response and concomitantly inhibit the expansion and the func-
tionality of Treg [68]. Modulation of Ikaros and Aiolos expression by IMiDs could mediate
many of these effects since IKZF TFs act as critical regulators of T cell homeostasis. They
are required for T cell development and can control T cell activation and differentiation.
Initial studies on splenic T cells heterozygous for either an inactivating or a dominant-
negative mutation in Ikaros gene demonstrated that this protein can regulate TCR signal-
ing events and control T cell activation. Indeed, Ikaros-mutant T cells are hyperresponsive
to TCR and IL-2 signaling leading to a higher proliferative rate compared to wild-type T
cells. These findings indicated the capability of this TF to set the threshold for T cell acti-
vation [69], thus suggesting that its absence may promote antitumor immune T cell re-
sponse. Later, a role for Ikaros proteins in cytokine signaling pathways and T cell differ-
entiation has emerged, but conflicting results were reported in different mouse models.
Studies using T cells from mice with germline mutations in the Ikaros gene demonstrated
that Ikaros negatively regulates T helper 1 (Thl) cell polarization whereas it promotes
Th17 and Treg cell differentiation. In this context, Ikaros negatively regulates T-bet, re-
sponsible for Th1 polarization, and cytokine production (IFN-y and IL-2) [70-72].

Differently, a recent study in an Ikaros conditional knockout (Ikflox) mouse model,
in which Ikaros was deleted only in mature T cells [73], showed that the absence of Ikaros
impairs only the generation of Treg and results in differentiation towards Th17. Moreover,
also in this model, Ikaros deficient-T cells, when activated, express increased levels of pro-
inflammatory cytokine genes, including those encoding for IL-2, IFN-y, TNF-a and GM-
CSF, as well as genes associated with type I IFN response.

These findings confirmed a role for Ikaros as a key regulator of cytokine production
by T lymphocytes. More importantly, they suggest that changes in the expression/function
of this TF can significantly affect the T cell compartment in MM microenvironment in a
way similar to that observed following IMiDs treatment, which is also associated with
reduced number and function of Treg and increased conventional T cell activation. Ac-
cordingly, it was shown that the loss of IKZFs is responsible for an enhanced IL-2 produc-
tion by IMiDs-treated T lymphocytes [52]. Ikaros and Aiolos bind the il2 promoter region
and repress gene transcription. Consistently, knockdown of either Ikaros or Aiolos is suf-
ficient to promote il-2 mRNA expression in T cells and this effect could not be further
enhanced by lenalidomide, thus indicating a key role for these IKZF TFs in mediating IL-
2 induction by this drug. These observations also suggest that the prolonged/continuous
use of IMiDs, in particular as maintenance therapy in MM, could increase the frequency
of uncontrolled immunostimulatory activities through induction of chronic inflammatory
reactions or autoimmunity [74,75].

Notably, these immune stimulating effects of IMiDs persist and also have a therapeu-
tic potential in clinical drug-refractory status. Indeed, in lenalidomide-refractory MM pa-
tients, treated with the combination of low dose cyclophosphamide, prednisone and le-
nalidomide, the degradation of Ikaros and Aiolos in T, B and NK cells was still observed,
and it was associated with increased activation of these lymphocytes and better outcome
[76]. Similarly, immune activating effects have been described in lenalidomide-refractory
MM patients treated with pomalidomide-dexamethasone [77]. These findings highlight
the importance of immunomodulatory activity of these drugs and pave the way to new
possible combination therapies in which this relevant property of IMiDs can be exploited.

5. Conclusions

Ikaros and Aiolos control multiple aspects of MM biology and anti-tumor immune
response. Even though the molecular mechanisms behind this are not fully characterized,
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the role of these TFs in MM pathogenesis is well documented. Moreover, emerging evi-
dence highlighted how they repress the functional activity of different immune cells, thus
restraining immunosurveillance against MM.

To this regard, the identification of these proteins as targets of IMiDs has taken a
great step forward regarding MM biology. On one hand, as Ikaros/Aiolos depleting-
drugs, IMiDs represent a powerful experimental tool to investigate the complexity of
pathways dependent on these proteins in MM as well in immune effector cells. On the
other hand, identification of Ikaros and Aiolos gene targets is relevant to better delineate
the therapeutic effects of IMiDs as well as to design new pharmacologic agents to achieve
better efficacy and overcome IMiDs resistance, one of the major complications in MM
therapy. In this context, novel thalidomide analogs, named Cereblon E3 ligse Moldulating
Drugs (CELMoDs), have been synthesized and are currently in clinical trials both as mon-
otherapy and in combination with other drugs (NCT01421524; NCT02773030;
NCT03374085) [78]. They include avadomide (CC-122), iberdomide (CC-220), CC-885 and
CC-92480 [79-82]. All these drugs bind CRBN with higher affinity than lenalidomide or
pomalidomide, thus increasing the amount of CRBN-CRL4 capable to recruit cellular sub-
strates. Consistently, CELMoDs induce a more potent Ikaros and Aiolos degradation in
MM cells as compared to lenalidomide or pomalidomide [80,82], and, more importantly,
they have strong antitumor and immune stimulatory activities also in relapsed/refractory
MM patients, thus representing promising therapeutic opportunities. The development of
these new drugs has also revealed that small differences in their chemical structure could
significantly affect the substrate ubiquitination, expanding the spectrum of potential
druggable targets as well as creating the possibility of selective degradation of proteins in
cancer cells. Indeed, although Ikaros and Aiolos are relevant common targets of all these
drugs, only lenalidomide induces the degradation of the serine/threonine kinase CKla
[83], while CC-885 also triggers the depletion of the translation termination factor GSPT1
[81]. However, further studies are needed to better identify all substrates of these drugs
and define their clinical effects.

Author Contributions: M.C. wrote and referenced the review. H.S. prepared the figure. H.S., AK,,
S.P. and A.G. participated in the investigation, writing and editing of the manuscript. A.S. critically
revised the manuscript. C.F. designed, wrote and edited the manuscript. All authors reviewed the
manuscript.

Funding: This research was funded by Italian Association for Cancer Research (AIRC 5x1000 cod.
21147), the Italian Ministry for University and Research (2017NTK4HY_005) and “Sapienza” Uni-
versity of Rome (RM11715C353C47A9; RG11816426E8448B; RP120172A7CD4ACB).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
conflict of interest.

Abbreviations: Ikaros family transcription factors (IKZF TFs); Multiple Myeloma (MM); Immuno-
modulatory drugs (IMiDs); Natural Killer (NK); Plasma cells (PCs); Bone marrow (BM); Second pri-
mary malignancies (SPMs); Acute Lymphoblastic Leukemia (ALL); Monoclonal gammopathy of
undetermined significance (MGUS); Dendritic cells (DCs); Regulatory T cells (Tregs); Cereblon
(CRBN), Cullin-4-RING Ubiquitin Ligase (CLR4); Dominant negative (DN); Nucleosome remodel-
ing and deacetylase complex (NuRD); C-terminal binding protein (CtBP); Switch/Sucrose-Nonfer-
mentable chromatin-remodeling complex (SWI/SNF); Interferon regulatory factor 4 (IRF4); Kriip-
pel-like Factor 2 (KLF2); B-lymphocyte-induced maturation protein-1 (Blimp-1); lysine (K)-specific
demethylase 3A (KDMAB3); Integrin alpha-4/beta-7 (ITGB7); BCL2 modifying factor (BMF); BCL2-
like 11 apoptosis facilitator (BIM); IFN-stimulated genes (ISGs); type I Interferon (IFN); Tetratrico-
peptide repeats (IFIT3); Innate lymphoid cells (ILCs); Natural-killer group 2, member D (NKG2D);
DNAX accessory molecule-1(DNAM-1); MHC class I chain-related protein A and B (MICA/B); UL16
binding proteins (ULBPs); Poliovirus Receptor (PVR); Granzyme B (GZM-B); Plasmacytoid DC



Int. ]. Mol. Sci. 2021, 22, 1103 10 of 13

(pDC); Conventional DC (cDC); DNA-binding protein inhibitor (ID2); Basic leucine zipper tran-
scriptional factor ATF-like 3 (BATF3); T helper 1 (Thl); T helper 17 (Th17); Ikaros conditional knock-
out (Ikflox); Histone deacetylase (HDAC); Cereblon E3 ligse Moldulating Drugs (CELMoDs).

References

1. Heizmann, B.; Kastner, P.; Chan, S. The Ikaros family in lymphocyte development. Curr. Opin. Immunol. 2018, 51, 14-23.

2. Powell, M.D.; Read, K.A.; Sreekumar, B.K.; Oestreich, K.J. Ikaros zinc finger transcription factors: Regulators of cytokine sig-
naling pathways and CD4(+) T helper cell differentiation. Front. Immunol. 2019, 10, 1299.

3. Georgopoulos, K. Haematopoietic cell-fate decisions, chromatin regulation and ikaros. Nat. Rev. Immunol. 2002, 2, 162-174.

4.  Schwickert, T.A.; Tagoh, H.; Schindler, K.; Fischer, M.; Jaritz, M.; Busslinger, M. Ikaros prevents autoimmunity by controlling
anergy and Toll-like receptor signaling in B cells. Nat. Immunol. 2019, 20, 1517-1529.

5. Schjerven, H.; Ayongaba, E.F.; Aghajanirefah, A.; McLaughlin, J.; Cheng, D.; Geng, H.; Boyd, J.R.; Eggesbo, L.M.; Lindeman, L;
Heath, J.L,; et al. Genetic analysis of Ikaros target genes and tumor suppressor function in BCR-ABL1(+) pre-B ALL. J. Exp. Med.
2017, 214, 793-814.

6. Boutboul, D.; Kuehn, H.S.; Van de Wyngaert, Z.; Niemela, J.E.; Callebaut, I.; Stoddard, J.; Lenoir, C.; Barlogis, V.; Farnarier, C.;
Vely, F.; et al. Dominant-Negative IKZF1 mutations cause a T, B, and myeloid cell combined immunodeficiency. J. Clin. Investig.
2018, 128, 3071-3087.

7. Lu, G; Middleton, R.E.; Sun, H.; Naniong, M.; Ott, C.J.; Mitsiades, C.S.; Wong, K.K.; Bradner, J.E.; Kaelin, W.G., Jr. The myeloma
drug lenalidomide promotes the cereblon-dependent destruction of Ikaros proteins. Science 2014, 343, 305-309.

8. Kronke, J.; Udeshi, N.D.; Narla, A.; Grauman, P.; Hurst, S.N.; McConkey, M.; Svinkina, T.; Heckl, D.; Comer, E.; Li, X,; et al.
Lenalidomide causes selective degradation of IKZF1 and IKZF3 in multiple myeloma cells. Science 2014, 343, 301-305.

9. Rajkumar, S.V. Multiple myeloma: 2020 update on diagnosis, risk-stratification and management. Am. J. Hematol. 2020, 95, 548—
567.

10. Palumbo, A.; Anderson, K. Multiple myeloma. N. Engl. ]. Med. 2011, 364, 1046-1060.

11. Kumar, S.K.; Rajkumar, S.V. The multiple myelomas—Current concepts in cytogenetic classification and therapy. Nat. Rev. Clin.
Oncol. 2018, 15, 409-421.

12. Nakamura, K.; Smyth, M.].; Martinet, L. Cancer immunoediting and immune dysregulation in multiple myeloma. Blood 2020,
136.

13. Tamura, H. Inmunopathogenesis and immunotherapy of multiple myeloma. Int. ]. Hematol. 2018, 107, 278-285.

14. Dimopoulos, M.A.; Jakubowiak, A.J.; McCarthy, P.L.; Orlowski, R.Z.; Attal, M.; Blade, J.; Goldschmidt, H.; Weisel, K.C.; Rama-
samy, K.; Zweegman, S.; et al. Developments in continuous therapy and maintenance treatment approaches for patients with
newly diagnosed multiple myeloma. Blood Cancer ]. 2020, 10, 17.

15. Tto, T.; Ando, H.; Handa, H. Discovery of the target for immunomodulatory drugs (IMiDs). Rinsho Ketsueki 2016, 57, 556-562.

16. Chamberlain, P.P.; Lopez-Girona, A.; Miller, K.; Carmel, G.; Pagarigan, B.; Chie-Leon, B.; Rychak, E.; Corral, L.G.; Ren, Y.J.;
Wang, M,; et al. Structure of the human Cereblon-DDB1-lenalidomide complex reveals basis for responsiveness to thalidomide
analogs. Nat. Struct. Mol. Biol. 2014, 21, 803-809.

17. Kronke, J.; Hurst, S.N.; Ebert, B.L. Lenalidomide induces degradation of IKZF1 and IKZF3. Oncoimmunology 2014, 3, €941742.

18. Sievers, Q.L.; Gasser, J.A.; Cowley, G.S.; Fischer, E.S.; Ebert, B.L. Genome-Wide screen identifies cullin-RING ligase machinery
required for lenalidomide-dependent CRL4(CRBN) activity. Blood 2018, 132, 1293-1303.

19. Fan, Y.; Lu, D. The Ikaros family of zinc-finger proteins. Acta Pharm. Sin. B 2016, 6, 513-521.

20. Koipally, J.; Georgopoulos, K. A molecular dissection of the repression circuitry of Ikaros. J. Biol. Chem. 2002, 277, 27697-27705.

21. Koipally, J.; Renold, A.; Kim, J.; Georgopoulos, K. Repression by Ikaros and Aiolos is mediated through histone deacetylase
complexes. EMBO J. 1999, 18, 3090-3100.

22. Koipally, J.; Georgopoulos, K. Ikaros interactions with CtBP reveal a repression mechanism that is independent of histone
deacetylase activity. J. Biol. Chem. 2000, 275, 19594-19602.

23. Bottardi, S.; Mavoungou, L.; Milot, E. IKAROS: A multifunctional regulator of the polymerase II transcription cycle. Trends
Genet. 2015, 31, 500-508.

24. Ding, Y.; Zhang, B.; Payne, ].L.; Song, C.; Ge, Z.; Gowda, C.; Iyer, S.; Dhanyamraju, P.K.; Dorsam, G.; Reeves, M.E.; et al. Ikaros
tumor suppressor function includes induction of active enhancers and super-enhancers along with pioneering activity. Leukemia
2019, 33, 2720-2731.

25. Marke, R.; van Leeuwen, F.N.; Scheijen, B. The many faces of IKZF1 in B-cell precursor acute lymphoblastic leukemia. Haema-
tologica 2018, 103, 565-574.

26. Holstein, S.A.; McCarthy, P.L. Immunomodulatory drugs in multiple myeloma: Mechanisms of action and clinical experience.
Drugs 2017, 77, 505-520.

27. Khan, AM.; Muzaffar, J.; Murthy, H.; Wingard, J.R.; Moreb, ]J.S. Corrigendum to “Acute lymphoblastic leukemia following

lenalidomide maintenance for multiple myeloma: Two cases with unexpected presentation and good prognostic features”. Case
Rep. Hematol. 2019, 2019, 1548610.



Int. ]. Mol. Sci. 2021, 22, 1103 11 of 13

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.
50.

51.

52.

53.

54.

55.

Bjorklund, C.C; Lu, L,; Kang, J.; Hagner, P.R.; Havens, C.G.; Amatangelo, M.; Wang, M.; Ren, Y.; Couto, S.; Breider, M.; et al.
Rate of CRL4(CRBN) substrate Ikaros and Aiolos degradation underlies differential activity of lenalidomide and pomalidomide
in multiple myeloma cells by regulation of c-Myc and IRF4. Blood Cancer ]. 2015, 5, e354.

Zhu, Y.X,; Kortuem, K.M.; Stewart, A.K. Molecular mechanism of action of immune-modulatory drugs thalidomide, lenalido-
mide and pomalidomide in multiple myeloma. Leuk. Lymphoma 2013, 54, 683-687.

Lu, G.;; Weng, S.; Matyskiela, M.; Zheng, X.; Fang, W.; Wood, S.; Surka, C.; Mizukoshi, R.; Lu, C.C.; Mendy, D.; et al. UBE2G1
governs the destruction of cereblon neomorphic substrates. eLife 2018, 7, e40958.

Chapman, M.A_; Lawrence, M.S.; Keats, ].J.; Cibulskis, K.; Sougnez, C.; Schinzel, A.C.; Harview, C.L.; Brunet, ].P.; Ahmann, G.J.;
Adli, M.; et al. Initial genome sequencing and analysis of multiple myeloma. Nature 2011, 471, 467-472.

Lohr, J.G.; Stojanov, P.; Carter, S.L.; Cruz-Gordillo, P.; Lawrence, M.S.; Auclair, D.; Sougnez, C.; Knoechel, B.; Gould, J.; Saksena,
G.; et al. Widespread genetic heterogeneity in multiple myeloma: implications for targeted therapy. Cancer Cell 2014, 25, 91-101.
Shaffer, A.L.; Emre, N.C.; Lamy, L.; Ngo, V.N.; Wright, G.; Xiao, W.; Powell, J.; Dave, S.; Yu, X.; Zhao, H.; et al. IRF4 addiction
in multiple myeloma. Nature 2008, 454, 226-231.

Jovanovic, K.K.; Roche-Lestienne, C.; Ghobrial, .M.; Facon, T.; Quesnel, B.; Manier, S. Targeting MYC in multiple myeloma.
Leukemia 2018, 32, 1295-1306.

Ohguchi, H.; Hideshima, T.; Bhasin, M.K.; Gorgun, G.T.; Santo, L.; Cea, M.; Samur, M.K,; Mimura, N.; Suzuki, R.; Tai, Y.T.; et
al. The KDM3A-KLF2-IRF4 axis maintains myeloma cell survival. Nat. Commun. 2016, 7, 10258.

Tellier, J.; Shi, W.; Minnich, M.; Liao, Y.; Crawford, S.; Smyth, G.K.; Kallies, A.; Busslinger, M.; Nutt, S.L. Blimp-1 controls plasma
cell function through the regulation of immunoglobulin secretion and the unfolded protein response. Nat. Immunol. 2016, 17,
323-330.

Hung, K.H.; Su, S.T.; Chen, C.Y.; Hsu, P.H.; Huang, S.Y.; Wu, W.]J.; Chen, M.J.; Chen, H.Y.; Wu, P.C,; Lin, F.R;; et al. Aiolos
collaborates with Blimp-1 to regulate the survival of multiple myeloma cells. Cell Death Differ. 2016, 23, 1175-1184.

Fedele, P.L.; Willis, S.N.; Liao, Y.; Low, M.S,; Rautela, J.; Segal, D.H.; Gong, ].N.; Huntington, N.D.; Shi, W.; Huang, D.C.S.; et
al. IMiDs prime myeloma cells for daratumumab-mediated cytotoxicity through loss of Ikaros and Aiolos. Blood 2018, 132, 2166~
2178.

Dimopoulos, M.A.; Oriol, A.; Nahi, H.; San-Miguel, J.; Bahlis, N.J.; Usmani, S.Z.; Rabin, N.; Orlowski, R.Z.; Komarnicki, M.;
Suzuki, K.; et al. Daratumumab, lenalidomide, and dexamethasone for multiple myeloma. N. Engl. |. Med. 2016, 375, 1319-1331.
Richardson, P.G.; Weller, E.; Jagannath, S.; Avigan, D.E.; Alsina, M.; Schlossman, R.L.; Mazumder, A.; Munshi, N.C.; Ghobrial,
IM.; Doss, D.; et al. Multicenter, phase I, dose-escalation trial of lenalidomide plus bortezomib for relapsed and relapsed/re-
fractory multiple myeloma. J. Clin. Oncol. 2009, 27, 5713-5719.

Abe, Y.; Ishida, T. Inmunomodulatory drugs in the treatment of multiple myeloma. [pn. J. Clin. Oncol. 2019, 49, 695-702.

Attal, M.; Lauwers-Cances, V.; Hulin, C.; Leleu, X.; Caillot, D.; Escoffre, M.; Arnulf, B.; Macro, M.; Belhadj, K.; Garderet, L.; et
al. Lenalidomide, bortezomib, and dexamethasone with transplantation for myeloma. N. Engl. ]. Med. 2017, 376, 1311-1320.
Alanazi, F.; Kwa, F.A.A; Burchall, G.; Jackson, D.E. New generation drugs for treatment of multiple myeloma. Drug Discov.
Today 2020, 25, 367-379.

Song, T.; Liang, S.; Liu, J.; Zhang, T.; Yin, Y.; Geng, C.; Gao, S.; Feng, Y.; Xu, H.; Guo, D.; et al. CRL4 antagonizes SCFFbxo7-
mediated turnover of cereblon and BK channel to regulate learning and memory. PLoS. Genet. 2018, 14, e1007165.

Liu, J.; Song, T.; Zhou, W.; Xing, L.; Wang, S.; Ho, M.; Peng, Z.; Tai, Y.T.; Hideshima, T.; et al. A genome-scale CRISPR-Cas9
screening in myeloma cells identifies regulators of immunomodulatory drug sensitivity. Leukemia 2019, 33, 171-180.

Avigan, D.; Rosenblatt, J. Current treatment for multiple myeloma. N. Engl. ]. Med. 2014, 371, 961-962.

Vivier, E.; Artis, D.; Colonna, M.; Diefenbach, A.; Di Santo, J.P.; Eber], G.; Koyasu, S.; Locksley, R-M.; McKenzie, A.N.].; Mebius,
R.E.; et al. Innate lymphoid cells: 10 years on. Cell 2018, 174, 1054-1066.

Vivier, E.; Raulet, D.H.; Moretta, A.; Caligiuri, M.A.; Zitvogel, L.; Lanier, L.L.; Yokoyama, W.M.; Ugolinij, S. Innate or adaptive
immunity? The example of natural killer cells. Science 2011, 331, 44-49.

Vivier, E.; Nunes, ].A.; Vely, F. Natural killer cell signaling pathways. Science 2004, 306, 1517-1519.

Fionda, C,; Stabile, H.; Molfetta, R.; Soriani, A.; Bernardini, G.; Zingoni, A.; Gismondji, A.; Paolini, R.; Cippitelli, M.; Santoni, A.
Translating the anti-myeloma activity of Natural Killer cells into clinical application. Cancer Treat. Rev. 2018, 70, 255-264.
Fionda, C.; Soriani, A.; Zingoni, A.; Santoni, A.; Cippitelli, M. NKG2D and DNAM-1 ligands: Molecular targets for NK cell-
mediated immunotherapeutic intervention in multiple myeloma. Biomed. Res. Int. 2015, 2015, 178698.

Gandhi, A.K;; Kang, J.; Havens, C.G.; Conklin, T.; Ning, Y.; Wu, L.; Ito, T.; Ando, H.; Waldman, M.F.; Thakurta, A.; et al. Im-
munomodulatory agents lenalidomide and pomalidomide co-stimulate T cells by inducing degradation of T cell repressors
Ikaros and Aiolos via modulation of the E3 ubiquitin ligase complex CRL4(CRBN.). Br. ]. Haematol. 2014, 164, 811-821.

Lagrue, K.; Carisey, A.; Morgan, D.J.; Chopra, R.; Davis, D.M. Lenalidomide augments actin remodeling and lowers NK-cell
activation thresholds. Blood 2015, 126, 50-60.

Hideshima, T.; Ogiya, D.; Liu, J.; Harada, T.; Kurata, K.; Bae, J.; Massefski, W.; Anderson, K.C. Inmunomodulatory drugs acti-
vate NK cells via both Zap-70 and cereblon-dependent pathways. Leukemia 2020, 35, 177-188.

Fionda, C.; Abruzzese, M.P.; Zingoni, A.; Cecere, F.; Vulpis, E.; Peruzzi, G.; Soriani, A.; Molfetta, R.; Paolini, R.; Ricciardi, M.R.;
et al. The IMiDs targets IKZF-1/3 and IRF4 as novel negative regulators of NK cell-activating ligands expression in multiple
myeloma. Oncotarget 2015, 6, 23609—-23630.



Int. ]. Mol. Sci. 2021, 22, 1103 12 of 13

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

Kini, B.J.; Mehta, S.; Zhang, L.; Neparidze, N.; Parker, T.; Bar, N.; Anderson, T.; Xu, M.L.; Dhodapkar, K.M.; Dhodapkar, M.V.
Changes in bone marrow innate lymphoid cell subsets in monoclonal gammopathy: target for IMiD therapy. Blood Adv. 2017,
1,2343-2347.

Mazzurana, L.; Forkel, M.; Rao, A.; Van, A.A.; Kokkinou, E.; Ichiya, T.; Almer, S.; Hoog, C.; Friberg, D.; Mjosberg, J. Suppression
of Aiolos and Ikaros expression by lenalidomide reduces human ILC3-ILC1/NK cell transdifferentiation. Eur. J. Immunol. 2019,
49, 1344-1355.

Lim, A.L; Verrier, T.; Vosshenrich, C.A.; Di Santo, J.P. Developmental options and functional plasticity of innate lymphoid cells.
Curr. Opin. Immunol. 2017, 44, 61-68.

Bald, T.; Wagner, M.; Gao, Y.; Koyasu, S.; Smyth, M.]. Hide and seek: Plasticity of innate lymphoid cells in cancer. Semin. Immu-
nol. 2019, 41, 101273.

Ratta, M.; Fagnoni, F.; Curti, A.; Vescovini, R.; Sansoni, P.; Oliviero, B.; Fogli, M.; Ferri, E.; Della Cuna, G.R.; Tura, S.; et al.
Dendritic cells are functionally defective in multiple myeloma: The role of interleukin-6. Blood 2002, 100, 230-237.

Banerjee, D.K,; Dhodapkar, M.V.; Matayeva, E.; Steinman, R.M.; Dhodapkar, K.M. Expansion of FOXP3high regulatory T cells
by human dendritic cells (DCs) in vitro and after injection of cytokine-matured DCs in myeloma patients. Blood 2006, 108, 2655
2661.

Shinde, P.; Fernandes, S.; Melinkeri, S.; Kale, V.; Limaye, L. Compromised functionality of monocyte-derived dendritic cells in
multiple myeloma patients may limit their use in cancer immunotherapy. Sci. Rep. 2018, 8, 5705.

Vo, M.C.; Anh-NguyenThi, T.; Lee, H.J.; Nguyen-Pham, T.N.; Jaya, L.T.; Jung, S.H.; Kim, H.].; Lee, ]J.J. Lenalidomide enhances
the function of dendritic cells generated from patients with multiple myeloma. Exp. Hematol. 2017, 46, 48-55.

Yamamoto, K.; Kitawaki, T.; Sugimoto, N.; Fujita, H.; Kawase, Y.; Takaori-Kondo, A.; Kadowaki, N. Anti-Inflammatory modu-
lation of human myeloid-derived dendritic cell subsets by lenalidomide. Immunol. Lett. 2019, 211, 41-48.

Costa, F.; Vescovini, R.; Bolzoni, M.; Marchica, V.; Storti, P.; Toscani, D.; Accardi, F.; Notarfranchi, L.; Dalla, P.B.; Manferdini,
C.; et al. Lenalidomide increases human dendritic cell maturation in multiple myeloma patients targeting monocyte differenti-
ation and modulating mesenchymal stromal cell inhibitory properties. Oncotarget 2017, 8, 53053-53067.

Cytlak, U.; Resteu, A.; Bogaert, D.; Kuehn, H.S.; Altmann, T.; Gennery, A.; Jackson, G.; Kumanovics, A.; Voelkerding, K.V;
Prader, S; et al. Ikaros family zinc finger 1 regulates dendritic cell development and function in humans. Nat. Commun. 2018, 9,
1239.

Chauhan, D,; Singh, A.V.; Brahmandam, M.; Carrasco, R.; Bandi, M.; Hideshima, T.; Bianchi, G.; Podar, K.; Tai, Y.T.; Mitsiades,
C.; et al. Functional interaction of plasmacytoid dendritic cells with multiple myeloma cells: a therapeutic target. Cancer Cell
2009, 16, 309-323.

Galustian, C.; Meyer, B.; Labarthe, M.C.; Dredge, K ; Klaschka, D.; Henry, J.; Todryk, S.; Chen, R.; Muller, G; Stirling, D.; et al.
The anti-cancer agents lenalidomide and pomalidomide inhibit the proliferation and function of T regulatory cells. Cancer Im-
munol. Immunother. 2009, 58, 1033-1045.

Avitahl, N.; Winandy, S.; Friedrich, C.; Jones, B.; Ge, Y.; Georgopoulos, K. Ikaros sets thresholds for T cell activation and regu-
lates chromosome propagation. Immunity 1999, 10, 333-343.

Thomas, R-M.; Chunder, N.; Chen, C.; Umetsu, S.E.; Winandy, S.; Wells, A.D. Ikaros enforces the costimulatory requirement for
IL2 gene expression and is required for anergy induction in CD4+ T lymphocytes. J. Immunol. 2007, 179, 7305-7315.
Bandyopadhyay, S.; Montagna, C.; Macian, F. Silencing of the I12 gene transcription is regulated by epigenetic changes in aner-
gic T cells. Eur. J. Immunol. 2012, 42, 2471-2483.

Quintana, F.J.; Jin, H,; Burns, E.J.; Nadeau, M.; Yeste, A.; Kumar, D.; Rangachari, M.; Zhu, C.; Xiao, S.; Seavitt, J.; et al. Aiolos
promotes TH17 differentiation by directly silencing I12 expression. Nat. Immunol. 2012, 13, 770-777.

Lyon De, A.C.; Arakcheeva, K.; Agnihotri, P.; Derosia, N.; Winandy, S. Lack of Ikaros deregulates inflammatory gene programs
in t cells. J. Immunol. 2019, 202, 1112-1123.

Brissot, E.; Clavert, A.; Blin, N.; Roland, V.; Guillaume, T.; Dubruille, V.; Mahe, B.; Gastinne, T.; Le, G.S.; Gaugler, B.; et al.
Impact of lenalidomide on immune functions in the setting of maintenance therapy for multiple myeloma. Leukemia 2015, 29,
2098-2100.

Montefusco, V.; Galli, M.; Spina, F.; Stefanoni, P.; Mussetti, A.; Perrone, G.; De Philippis, C.; Dalto, S.; Maura, F.; Bonini, C.; et
al. Autoimmune diseases during treatment with immunomodulatory drugs in multiple myeloma: Selective occurrence after
lenalidomide. Leuk. Lymphoma 2014, 55, 2032-2037.

Franssen, L.E.; Nijhof, I.S.; Bjorklund, C.C.; Chiu, H.; Doorn, R.; van Velzen, J.; Emmelot, M.; van Kessel, B.; Levin, M.D.; Bos,
G.M.]J,; et al. Lenalidomide combined with low-dose cyclophosphamide and prednisone modulates Ikaros and Aiolos in lym-
phocytes, resulting in immunostimulatory effects in lenalidomide-refractory multiple myeloma patients. Oncotarget 2018, 9,
34009-34021.

Sehgal, K,; Das, R.; Zhang, L.; Verma, R.; Deng, Y.; Kocoglu, M.; Vasquez, J.; Koduru, S.; Ren, Y.; Wang, M.; et al. Clinical and
pharmacodynamic analysis of pomalidomide dosing strategies in myeloma: impact of immune activation and cereblon targets.
Blood 2015, 125, 4042-4051.

Gao, S.; Wang, S.; Song, Y. Novel immunomodulatory drugs and neo-substrates. Biomark. Res. 2020, 8, 2.

Rasco, D.W.; Papadopoulos, K.P.; Pourdehnad, M.; Gandhi, A.K.; Hagner, P.R.; Li, Y.; Wei, X.; Chopra, R.; Hege, K.; DiMartino,
J.; et al. A first-in-human study of novel cereblon modulator avadomide (CC-122) in advanced malignancies. Clin. Cancer Res.
2019, 25, 90-98.



Int. ]. Mol. Sci. 2021, 22, 1103 13 of 13

80.

81.

82.

83.

Matyskiela, M.E.; Zhang, W.; Man, HW.; Muller, G.; Khambatta, G.; Baculi, F.; Hickman, M.; LeBrun, L.; Pagarigan, B.; Carmel,
G.; et al. A cereblon modulator (CC-220) with improved degradation of Ikaros and Aiolos. J. Med. Chem. 2018, 61, 535-542.
Matyskiela, M.E.; Lu, G.; Ito, T.; Pagarigan, B.; Lu, C.C.; Miller, K; Fang, W.; Wang, N.Y.; Nguyen, D.; Houston, |.; et al. A novel
cereblon modulator recruits GSPT1 to the CRL4(CRBN) ubiquitin ligase. Nature 2016, 535, 252-257.

Hansen, ].D.; Correa, M.; Nagy, M.A.; Alexander, M.; Plantevin, V.; Grant, V.; Whitefield, B.; Huang, D.; Kercher, T.; Harris, R.;
et al. Discovery of CRBN E3 ligase modulator CC-92480 for the treatment of relapsed and refractory multiple myeloma. J. Med.
Chem. 2020, 63, 6648-6676.

Petzold, G.; Fischer, E.S.; Thoma, N.H. Structural basis of lenalidomide-induced CKlalpha degradation by the CRL4(CRBN)
ubiquitin ligase. Nature 2016, 532, 127-130.



