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University, Canberra, ACT, Australia, 2 Immunology Service, Department of Laboratory Medicine, National Institutes of Health
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The normal expression of Ikaros (IKZF1) is important for the proper functioning of both
the human and murine immune systems. Whilst our understanding of IKZF1 in the
immune system has been greatly enhanced by the study of mice carrying mutations
in lkzf1, analyses of human patients carrying germline IKZF1 mutations have been
instrumental in understanding its biological role within the human immune system and its
effect on human disease. A myriad of different mutations in IKZF1 have been identified,
spanning across the entire gene causing differential clinical outcomes in patients including
immunodeficiency, immune dysregulation, and cancer. The majority of mutations in
humans leading to IKAROS-associated diseases are single amino acid heterozygous
substitutions that affect the overall function of the protein. The majority of mutations
studied in mice however, affect the expression of the protein rather than its function.
Murine studies would suggest that the complete absence of IKZF1 expression leads to
severe and sometimes catastrophic outcomes, yet these extreme phenotypes are not
commonly observed in patients carrying IKZF1 heterozygous mutations. It is unknown
whether this discrepancy is simply due to differences in zygosity, the role and regulation
of IKZF1 in the murine and human immune systems, or simply due to a lack of similar
controls across both groups. This review will focus its analysis on the current literature
surrounding what is known about germline IKZF1 defects in both the human and the
murine immune systems, and whether existing mice models are indeed accurate tools
to study the effects of IKZF1-associated diseases.

Keywords: primary immunodeficiency, inborn errors of immunity, transcription factors, infection, cytopenia, T cell,
B cell, hypogammaglobulinemia

INTRODUCTION
IKZF1 and Lymphocyte Lineage Commitment

IKZF1 (Ikaros Zinc Finger Protein 1), encoding for Ikaros, is a zinc finger transcription factor that
is essential for immune cell development, homeostasis, and function (1). It regulates transcriptional
programs through the coordination of six highly conserved C2H2 zinc finger (ZF) domains;
the first four at the N-terminus are essential for regulating gene transcription through DNA
binding, and the last two at the C-terminus facilitate multimer formation as both a homodimer
and as a heterodimer with other family members: IKZF2 (Helios), IKZF3 (Aiolos), IKZF4 (Eos),
and IKZF5 (Pegasus) (2). IKZF1 is able to regulate gene expression through direct binding and
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activating of promoter regions (2-4), but predominantly
negatively regulates gene transcription through repression
of chromatin and recruitment of co-repressors (4-11). The
expression of IKZF1 is important in guiding hematopoietic
cell fate decisions in the early development of uncommitted
lymphocytes as well as controlling transcriptional programs
essential for later B and T cell development. IKZF1 expression
can be detected from the earliest stage of hematopoietic
development in the fetal liver and adult bone marrow and
its expression is continued through until mature B and T
cells (12-15).

Lymphocyte development first begins with pluripotent and
self-renewing hematopoietic stem cells (HSCs) upregulating
Flt3 to become multipotent progenitors (MPPs) (16). This
upregulation of FIt3 removes the ability of MPPs to self-renew
and restricts them to either a lymphocyte or myeloid fate (17).
In mice, the subsequent upregulation of interleukin-7 receptor
(IL7Ra or CD127) will commit a cell to the lymphoid lineage,
defining them as a common lymphoid progenitor (CLP) (18),
thereby facilitating a dependency on IL7 that is secreted by
stromal cells in the bone marrow (19-21). This however, is
true only in mice as human B cells do not require IL7 for
normal development (22). From here, CLPs can then differentiate
into either B, T, dendritic cells, or natural killer cells (18, 23,
24). IKZF1 is an important regulator that guides lymphoid
commitment. In the complete absence of IKZF1 expression,
a failure to establish the lymphoid program in the fetal liver
results in the absence of B and T cell development (25, 26)
that can be attributed to the loss of II7r and Flt3 upregulation
(27). The expression of IKZF1 however, is not limited to early
hematopoietic progenitors as IKZF1 also has important roles
both early in B cell development (28) and in the regulation of
mature B cells (29).

IKZF1 Isoforms

Multiple isoforms of IKZF1 have been described in both humans
and mice, all products of alternative splicing. These isoforms
differ in the number and combination of zinc finger domains and
can be broadly split into two groups: DNA binding and non-DNA
binding, based on whether the N-terminal zinc finger domains
are present or not (2, 3, 30, 31). As the information available
describing both murine and human IKZF1 isoforms are not
free of discrepancies and scientific controversies, we will focus
on the most generally accepted data to avoid overcomplicating
this review. Dimers containing IKZF1 isoforms that lack a
DNA-binding domain are transcriptionally inactive and are not
able to activate gene transcription in-vitro (2). This generally
suggests a dominant negative effect of the shorter isoforms
that are non-DNA binding, yet later studies demonstrated that
this is only observed when there is a drastic reduction in the
amount of longer DNA binding isoforms available (7). Over six
isoforms have been discovered in mice and humans with slight
differences between murine and human isoforms (Figure 1). In
mice, all isoforms maintain the C-terminal dimerization domain
consisting of ZF5 and ZF6. Surprisingly, only two of the six
murine isoforms contain a DNA binding domain with at least
three N-terminal zinc fingers, compared with approximately half

of the human isoforms. This would suggest that in mice, only the
canonical isoform VI and potentially isoform V are functionally
relevant as transcriptional activators as they are the only isoforms
able to bind DNA with high affinity. A larger variety of isoforms
have been discovered in humans, the majority of which are DNA
binding isoforms that maintain at least three N-terminal zinc
finger domains.

IKZF1 binds to pericentromeric repeats through direct DNA
binding at pericentromeric-heterochromatin (PC-HC) (5) and is
able to recruit repressed genes to PC-HC by binding directly to
their promoter regions (7). It was originally hypothesized that
PC-HC localization and promoter binding are exclusive events,
as IKZF1 binding to pericentromeric repeats would obscure the
DNA binding domain and prevent binding to target genes (5).
Yet the ability of IKZF1 to both directly bind target genes and
simultaneously bind to pericentromeric repeats was later shown
to be facilitated through the formation of IKZF1 multimers
consisting of individual IKZF1 monomers bound to either target
genes or PC-HC (7). In endogenous systems, IKZFI can be
alternatively spliced to produce multiple isoforms containing
different combinations of each zinc finger (Figure 1) that are
expressed during different stages of lymphoid development (3,
8, 30). These isoforms can interact with each other in different
configurations, either as a homo or heterodimers, the outcome
of which produces different functional activities (2, 31-34).
Whilst the longest isoform mainly associates with PC-HC, some
evidence suggests that other isoforms can direct transcriptional
regulation outside of PC-HC (35). Furthermore, it was originally
believed that shorter isoforms that do not contain the DNA
binding domain disrupted the DNA binding ability of longer
isoforms that do contain the N-terminal DNA binding domain
(2, 5). Yet experiments by Trihn et al. (7) demonstrated that
this in fact is not the case. Co-expressing murine isoforms VI
and I in NIH3T3 cells and observing their nuclear location
using immunofluorescence, showed localization of both isoforms
at PC-HC. Yet over-expression of the shorter isoform I alone
showed diffuse staining indicating an inability to localize to
centromeric foci consistent with its lack of DNA binding
domain (7), thus demonstrating that isoforms that lack the DNA
binding domain are still able to associate with PC-HC when co-
recruited by an isoform that contains a DNA binding domain.
Furthermore, the expression of the smaller isoform I had no effect
on DNA binding by endogenous IKZF1 isoforms (7). The authors
therefore concluded that smaller isoforms that are unable to bind
DNA are able to associate with larger isoforms in multimeric
structures at PC-HC and that dominant negative effects of shorter
isoforms are only apparent when the expression of the longer
isoforms is lost.

MURINE STUDIES INTO THE ROLE OF
IKZF1

Early Lymphocyte Development

Our understanding of IKZF1 biology has been greatly enhanced
through the analysis of many Ikzfl mouse models [summarized
in Heizmann et al. (36)]. The first reported Ikzfl mutant
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FIGURE 1 | IKZF1 isoforms in mice and humans. IKZF1 contains six zinc finger domains, with the first four at the N terminus (ZF1-ZF4) responsible for DNA binding,
and the last two at the C terminus (ZF5 & ZF6) responsible for protein dimerization.
acid locations for zinc fingers. Data obtained from UniProt (IKZF1-mouse: Q03267 and IKZF1-human: Q13422), isoform numbers may differ across other databases.
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mice have a dominant negative mutation that removes ZF1,
ZF2, and ZF3 in the DNA binding domain, rendering the
protein unable to bind DNA (2, 25). Mice homozygous for this
mutation (IkzfIPN/PN) have a complete absence of all lymphoid
progenitors in the fetal liver and postnatal bone marrow and
have no mature B, T, or NK cells, thus defining IKZF1’s role
in the establishment of the lymphoid fate (25). Additionally,
TkzfIPN/PN mice have only a very rudimentary thymus and no
lymph nodes, and die at a very young age due to increased
opportunistic infections and septicemia (25). Surprisingly, a few
potential CD4 progenitors could be found in the rudimentary
thymus in postnatal mice, potentially suggesting differential
requirements of IKZF1 in T cell establishment compared with
B cell establishment (25). Mice heterozygous for this mutation
(Ikzf1+/PN) show no obvious B cell defects but spontaneously
develop thymic derived leukemia as a result of the loss of the
wildtype allele in clonally expanded populations (37). Ikzf1PN/PN
mice highlighted the crucial role IKZF1 plays in hematopoietic
stem cell commitment to the lymphoid lineage, but Ikzf1+/PN
mice demonstrated the effects that mutant Ikzfl alleles can
have on the functioning of wildtype Ikaros family members. By
definition, the dominant negative nature of the IkzfI”N mutation
meant that in a heterozygous state, the mutant IKZF1PN protein
could interfere with DNA binding of the wildtype IKZF1 protein,
thus reducing the functionality of the wildtype protein (2, 37).
This opened the door for exploring the effects that this type of
mutation would have on the functioning of other Ikaros family
members. It was plausible to assume that in a homozygous state,
the IKZF1PN protein could similarly be interfering with IKZF3

DNA binding (13), thus obscuring the sole effect of IKZF1 during
lymphoid development.

In attempt to address this, the same group created an IkzfI-
null mouse (Ikzﬂ_/ ~) (26), where deleting exon 7 at the
C-terminal dimerization domain resulted in the production
of unstable null proteins that are not functional and are
transcriptionally inactive (2). Wildtype IKZF1 isoforms VI and
V (described as Ik-1 and Ik-2) were unable to be detected
by western blot in thymocytes from Ikzfl~/~ mice (26). No
lymphocyte progenitors could be found in the fetal liver (26)
due to a reduction in HSC numbers and activity (38) leading
to a subsequent absence of B, T, and NK cells. B cell precursors
could not be found in the bone marrow of adult mice and
subsequently, no mature B cells ever developed in Ikzfl~/~
mice (26). Conversely, low frequencies of T cell precursors were
identified in the thymus of postnatal Ikzf1~/~ mice, despite there
being no evidence of lymphocyte commitment in the fetal liver.
Aberrant TCR signaling in the thymus (39) resulted in a skew
toward CD4 single positive thymocytes at the expense of double
positive thymocytes. As Tkzfl~/~ mice aged, T cells could be
found at almost normal frequencies in the spleen, suggesting
seeding from the thymus in adult mice was not affected (26). In
support of this, y8 T cells that are normally found in the skin
and epithelium that are seeded from the thymus during fetal
development (40-45), were not present in Ikzfl ™/~ mice, yet y§
T cells in the spleen and lymph nodes that are seeded from the
thymus postnatally could be identified (26).

Unlike ITkzfIPN/PN mice, Tkzfl=/~ mice are born at the
expected frequency and survive into adulthood (26). Whilst
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Tkzf1~/~ mice were intended to overcome the issue of dominant
negative effects of the IkzfIPN/PN mutation, the result was
unfortunately not as clear-cut as first expected. It later became
evident that removing IKZF1 expression entirely results in
compensation from other Ikaros family members (31, 46,
47). Through both homodimerization and heterodimerization,
IKZF1 creates macromolecular complexes that serve functionally
different roles in the hematopoietic system (13, 14, 31, 48, 49).
The complete removal of IKZF1 expression or function such
as in Tkzfl=/~ and IkzfI®N/PN mice creates a hole in the
repertoire that is potentially able to be filled by other Ikaros
family members, thereby obscuring the direct role of IKZF1 in
the hematopoietic system. This was demonstrated through the
discovery of an ENU-induced point mutation in ZF3, HI91R,
that specifically disrupts DNA binding and localization to PC-
HC but maintains protein scaffold structure and expression (46).
When in homozygosity, the HI91R mutation (Ikzf1Pst/Pistc)
creates a much more severe phenotype than the Ikzfl~/~ and
Tkzf1PN/PN mutations, with embryonic lethality at day E15.5 and
a complete loss of B and T cell development in the fetal liver.
Reconstitution experiments using either 100% Ikzf1P5</Pist or
50:50 Ikzf1/* and Ikzf17'/ PS¢ fetal liver cells failed to produce
any macrophages, myeloid, or lymphoid cell subsets that were
derived from the mutant cells. Heterozygous mice (Ikzf1*/7)
survive into adulthood but develop T cell lymphoma. A partial
blockage of B cell development at the pro-B cell stage in the
adult bone marrow also causes a reduction in mature B cell
numbers in Isz1+/ Pistc mice. As all three mutations (Ikzf1 -/,
TkzfIPN/PN "and [kzf1Pste/Pist) affected DNA binding and PC-
HC localization, the difference in severity between the three
mice models could not simply be accounted for by the absence
of IKZF1 binding DNA. By preserving protein expression in
Tkzf1P5%/Piste mice, the niche that IKZF1 fills does not have to
be maintained by other Ikaros family members and therefore
the effects of the sole loss of IKZF1 functionality could account
for the severity of the Ikzf1”*¢/Pi¢ phenotype. Paradoxically,
it was noted in Schjerven et al. (50) that when Ikzfl =/~ mice
were attempted to be bred onto a pure C57BL/6 background, no
homozygotes were born, likely due to embryonic lethality. This
would suggest that the reported difference in severity between
Tkzf1=/~ mice originally bred on a mixed 129SV background,
and ITkzf1?5/Plt¢ mice bred on a C57BL/6 background, could
simply be due to genetic differences among background strains.
Despite this, several other authors have reported differences in
phenotypes between mice with the DN or null mutation when
bred on the same mixed 129SV x C57BL/6 background (39, 51)
suggesting differences in the underlying mechanism between the
two mutations.

Late Lymphocyte Development

It has become increasingly clear that IKZF1 is absolutely required
for both T and B cell development, but exactly how IKZF1
discerns between these two transcriptional programs is still
under debate. The absence of lymphopoiesis in the fetal liver of
Tkfz1PN/PN | Tkzf1=/=, and ITkzf1P5/P5 mice, but presence of
some lymphoid development in the thymus of surviving adult
mice suggests differential requirements of IKZF1 in T and B

cell commitment between the fetal liver and the bone marrow.
Additionally, the thymus of Ikzf1P%/Ps embryos contains a
decent proportion of B2207CD19~ precursor B cells in lieu
of any Thy-17 precursor T cells (46). This shift in T and B
frequencies in the thymus affirmed previous suggestions that
IKZF1 has a role in the regulation of T and B cell fate decisions.

The role of IKZF1 in B cell development was originally
investigated by inserting a P-galactosidase reporter in-frame
into the second exon of Ikzfl, which is present in all IKZF1
isoforms, just upstream of the N-terminal zinc finger domains
(28). Mice homozygous for this mutation (Ikzf1*/%) lowly
express a truncated form of IKZF1 and no full-length protein.
Interestingly, this causes a complete block of B cell development
in the fetal liver, and a partial blockage in the adult bone marrow
between the pro- and pre-B cell stages. This was later shown
to be because IKZF1 ensures B cell lineage commitment by
positively regulating Vi rearrangements by directly binding to
and activating Ragl and Rag2 expression, as well as facilitating
accessibility and compaction of the Igh locus (52). The few B cells
that were able to successfully rearrange their BCR in IkzfIL/*
mice surprisingly had a lower threshold for BCR activation in-
vitro, and fewer germinal centers in response to bovine serum
albumin (BSA) immunization, as well as reduced basal IgG3
secretion (28). These mice demonstrated that the low expression
of a smaller IKZF1 protein can still establish B cell commitment
in the postnatal bone marrow, compared with a complete loss of
IKZF1 expression and/or function where B cell development is
completely abolished.

To further this work, selectively removing either zinc finger
1 or zinc finger 4 demonstrated differential roles that each zinc
finger plays in directing B and T cell development (50). Removing
zinc finger 1 (Ikzf1?f'/#F1) induces a B cell specific defect with
a partial block of development at the pro-B cell stage in the
adult bone marrow, whilst deleting zinc finger 4 (Ikzf1?F4/#F4)
prevents T cell development in the thymus and attenuation of
development in large pre-B cells in the bone marrow. This would
suggest that ZF4 is largely responsible for T cell development,
but also has roles in B cell development, whilst ZF1 is exclusively
responsible for B cell development. This work could also suggest
that ZF1 and ZF4 are responsible for site-directed DNA binding
but thus far, no DNA motifs that are specifically recognized
by either ZF1 or ZF4 have been identified. Furthermore, the
deletion of the entire zinc finger in these models has also removed
the regulatory regions in the upstream flanking sequences (50),
potentially impacting the interpretations of the independent roles
each zinc finger has in regulating lineage-specific genes.

Recently, our group has described a mouse with a novel
mutation in ZF1, L132P, that similarly to the Plastic mice
have altered DNA binding capabilities but maintain full-length
protein expression (53). Mice homozygous for this mutation,
Tkzf1M32P/LI32P - have reduced B cell development and an
impaired T dependent humoral immune response, yet show no
defects in T cell development. As the mutation lies within the first
zinc finger, this provides further evidence that each zinc finger
plays a different role in regulating lineage specific events.

With early lymphoid development in both the fetal liver and
the adult bone marrow being dependent on IKZF1 expression, it
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has been impossible to determine the role of IKZF1 in mature
B cell development and function. To achieve this, Schwickert
et al. (29) created a conditional knock-out where IkzfI is deleted
in mature B cells only using Cd23-Cre. IkzfI®~ mice have
normal early B cell development, but develop splenomegaly
and autoimmunity with elegant experiments demonstrating how
IKZF1 maintains anergy induction in follicular B cells by directly
regulating the anergic signature and also by restraining MyD88-
dependent TLR signaling (29). Additionally, by conditionally
knocking-out IkzfI in the germinal center using Aicda-Cre, they
demonstrated the crucial and intrinsic role of IKZF1 in the
humoral immune response as TkzfI®“B~, mice failed to elicit a
strong germinal center and long-lived plasma cell response after
T-dependent immunization (29).

Whilst collectively these mice demonstrate how even small
amino acid substitutions to larger deletions of entire regions can
cause widespread failure of the immune system, the differences
between each mouse model highlight how complex IKZF1’s
involvement is from the earliest common lymphoid progenitor
through until mature B cells. The mechanism of how IKZF1 aids
different functions across the immune system by interacting not
only with itself in different isoforms, but also with its family
members, adds another layer of complexity that is yet to be fully
explored. It is currently unknown how IKZF1 regulates such
vastly different transcriptomes and how this shapes infection
and immunity.

IKZF1 IN HUMAN DISEASE

In recent years, our group and others have reported several
different germline heterozygous mutations causing various
immune defects in human patients [reviewed in (54-56)] leading
to different forms of IKAROS-associated diseases. Since 2012,
over 30 different variants in IKZF1 have been identified across
more than 100 individuals to cause various manifestations of
immunological defects. The majority of these mutations lie
within the functional regions of IKZF1, clustering mostly around
ZF2 and ZF3 (part of the DNA binding domain) or ZF5 and
ZF6 (the dimerization domain). Few mutations have been found
outside of these functional domains and only one mutation
has been reported in ZF1 (56, 57). Both large gene deletions
and single missense mutations have been identified to cause
immunological defects in individuals, the location of which
can underly the pathomechanism of disease. Deletions that
cause complete loss of protein expression leave only wildtype
protein available to interact with itself thereby resulting in
a haploinsufficient mechanism. Loss of function heterozygous
missense variants also lead to haploinsufficiency. Depending
on the location of the mutation, point mutations can affect
either the DNA binding or dimerization properties of the IKZF1
protein. This can either result in the loss IKZF1 function of the
mutant allele and retention of normal function of the wildtype
allele and thus a haploinsufficient (HI) mode of disease, or
it can result in the mutant protein negatively impacting the
function of the wildtype protein and the complete loss of IKZF1
function, resulting in a dominant negative (DN) mode of disease.

In some cases, the mutant IKZF1 can negatively affect the
functioning of other Ikaros family members, such as IKZF3,
in a dominant negative fashion (58). Lastly, mutations located
in or directly affecting the dimerization domain that negatively
impact dimerization in a haploinsufficient manner are classified
as dimerization defective (DD) mutations (59).

DN mutations generally present with more severe disease
manifestations compared with HI mutations (54, 55), presenting
as severe and early onset combined immunodeficiency in eight
patients, and a milder phenotype with antibody deficiency
in one patient (60). Of the nine individuals identified, eight
of those carry the same NI159S mutation with the ninth
patient carrying a different substitution affecting the same
amino acid, N159T. The N159S/T mutations prevent both the
mutant and wildtype protein localizing to PC-HC, yet maintain
normal homodimerization and heterodimerization with IKZF3
(58). Additionally, the mutant protein also interferes with the
localization of IKZF3 to PC-HC (58). Functionally, the N159S/T
mutations cause severe defects in early B cell development
resulting in an almost complete absence of B cells in the periphery
and absent plasma cells with all patients developing profound
hypogammaglobulinemia. T cell defects arising through skewed
frequencies of naive and memory/effector populations as well
as impaired responses to TCR stimulation in-vitro are also
present in individuals with IKZF1 DN mutations. Recurrent and
severe infections to Pneumocystis jirovecii and a broad range of
bacterial, viral, and other fungal pathogens have been reported
in most DN patients. While hematologic malignancies (e.g., T-
cell acute lymphoblastic leukemia) were reported among these
patients, immune dysregulation was not. Hematopoietic stem cell
transplantation were curative for this severe form of IKAROS-
associated disease (61).

HI mutations are more frequently reported but cause a less
severe phenotype than DN mutations. To date, more than 16
different HI mutations have been reported in patients with
common variable immunodeficiency (CVID) phenotypes. More
than 65 individuals have shown to carry the HI mutations and
about one third of them are asymptomatic mutation carriers (54,
56). The presence of asymptomatic cases in HI IKZFI mutations
compared with DN mutations, suggests either incomplete
penetrance or delayed onset of disease. Bacterial infections,
mainly Streptococcus pneumoniae, are most commonly reported
in CVID patients with IKZFI HI mutations, mainly affecting the
respiratory tract. Reduced B cells and a progressive decline of
serum IgG are present in the majority of HI patients, with T cell
counts in the normal to high range. Immune dysregulation (e.g.,
immune thrombocytopenia) and hematologic malignancies (e.g.,
B-cell acute lymphoblastic leukemia) were also reported in this
form of the disease (Table 1).

Recently, in a multicenter international collaboration, a
novel allelic variant associated with IKZF1 DD mutations
causing mostly hematological disorders with limited infectious
disease susceptibility in four unrelated families was reported
by our group (59). These DD variants are located towards
or compromise the C-terminus of the protein and affect
homo- and hetero- dimerization of IKZFI1. Clinically, patients
presented with a range of symptoms including hematopoietic
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TABLE 1 | Key findings of heterozygous IKZF1 germline mutations in human disease and corresponding mouse models.

Allelic variants

Haploinsufficiency through DNA
binding defect (WT/null or WT/mis
expression)

Haploinsufficiency
through Dimerization
defect

Dominant Negative (N159S/T) through
DNA binding defect

Mouse models

Clinical phenotype

Infections Recurrent, variable severity
Sinopulmonary are the most frequent;
Streptococcus pneumoniae most
commonly isolated
Mostly bacterial, small subset of patients
with mild viral infections

Autoimmunity/ Present in ~1/3 of patients

immune Commonly of childhood onset

dysregulation ITP, SLE, arthritis, APLS

Malignancy Incidence: 6.2%

B-ALL (3 patients)
Solid pancreatic tumor (1 patient)

Immunological phenotype

Lymphoid lineage

B cells Low B cells (70%)
Low IgG, IgA, IgM
Progressive decline of B cell numbers and
immunoglobulin levels

T cells Normal or high T cell numbers in the
periphery
Trend toward increased CD8+ with
inverted CD4/CD8 ratio (mostly in
missense mutations)

Recurrent in ~20% of
patients, neither severe
nor invasive
Sinopulmonary are the
most frequent

Bacterial

Present in ~1/2 of
patients

Presentation usually in
the first decade of life
ITP, AIHA, neutropenia,
Evans syndrome

Incidence: 20%
T-ALL (1 patient)
B-ALL (1 patient)
Burkitt Lymphoma
(1 patient)

Low B cells (~36%)
Low IgG, IgA, IgM

Normal or high T cell
numbers

Early onset, recurrent and severe
Sinopulmonary, skin abscesses,
meningitis; Pneumocystis jirovecii
pneumonia;

Bacterial, viral (RSV, HSV, adenovirus,
influenza, molluscum),

mycobacterial, parasitic

Not reported

Incidence: 11.1%
T-ALL (1 patient)

B cells nearly absent
Profoundly low 1gG, IgA, IgM

Variable counts

Predominance of phenotypically naive
cells

Reduction in memory/effector T cells
Failure to acquire a memory phenotype
after in vitro stimulation

Impaired T cell proliferation in response to
weak TCR stimuli

Septicemia leading to early mortality in Ikzf1PN/PN mice

Ikzf18= mice develop systemic autoimmunity due to lack of B cell
tolerance

Ikzf1=/~ have high penetrance of T-cell leukemia/lymphoma
Heterozygous Ikzf1+/PN T cell malignancies a few months after
birth

Heterozygous Ikzf1+/75¢ T cell leukemia a few months after birth

Absence of B cells in the fetal liver or adult bone marrow; no
mature B cells in lkzf1=/~

Low B cell numbers and failure to mount proper humoral immune
response in kzf1L132P/L132P and [zf1+/L132P

Reduced in lkzf1271/2F1 and Ikzf17F4/7F4

Complete block of fetal B cell development and partial block in
post-natal bone marrow in lkzf1-/t

Absent in Ikzf17/st¢/Piste  nartially blocked at pro-B cell stage in
post-natal bone marrow of lkzf1+/7¢ mice

Absent in lkzf1PN/BN

Normal B cell numbers in Ikzf1+/PN 1 month after birth

Absence of fetal T cells in lkzf1~/~, aberrant post-natal
development skewed toward CD4*; clonal expansion results in
normal T cell numbers in adult spleen

Absent in lkzf1751/Pst and partially blocked in lkzf1+/75% thymi
Reduced in lkzf17F4/2F4

Absent in lkzf1ON/ON

Normal T cell numbers in kzf1+/°N 1 month after birth

(Continued)
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Normal NK cell numbers in kzf1+/°N 1 month after birth
NK cell deficiency is one of the main features of Ikaros

Absence of fetal NK cells in /kzf1~/~
transgenic mice

Mouse models
Absent in lkzf1PN/EN

Dominant Negative (N159S/T) through

DNA binding defect
Normal or low

Allelic variants
Haploinsufficiency
through Dimerization
defect
Normal or low

Reduced in ~1/5 of patients (mostly in

Haploinsufficiency through DNA
binding defect (WT/null or WT/mis
missense mutations)

expression)

TABLE 1 | Continued

NK cells

Myeloid lineage

Ikzf1~/~ mice — severe reduction in thymic dendritic cells

Specific defect in pDC in lkzf1-/-

Eosinopenia; neutropenia

Skewed DC subset differentiation:

Monocyte dysfunction in in vitro studies

Mild reduction in pDC

reduction in pDC and increase in cDC1

Terminal granulocyte differentiation defective in lkzf17stc/Piste

Ikzf1PN/PN normal production of myeloid lineages but a complete

lack of DC in lymphoid organs (thymus and spleen)

RSV, respiratory syncytial virus; HSV, herpes simplex virus;, DN, dominant negative; ITF, idiopathic thrombocytopenic purpura; SLE, systemic lupus erythematosus; APLS, antiphospholipid antibody syndrome; AIHA, autoimmune hemolytic

anemia; B-ALL, B cell acute lymphoblastic leukemia; T-ALL, T cell acute lymphoblastic leukemia; TCR, T cell receptor; NK, natural killer cell; DC, dendritic cell; pDC, plasmacytoid dendritic cell; cDC1, conventional dendritic cell 1.

cytopenias (some presented with Evans syndrome), various
hematologic  malignancies, immune dysregulation and
hypogammaglobulinemia. Few patients suffered from increased
susceptibility to infections (Table 1). Surprisingly, one of the
four mutations identified (R502L) located in ZF6, was still able to
form dimers at a significantly reduced rate with wildtype IKZF1
and had only moderately decreased heterodimerization with
wildtype IKZF2 and IKZF3. This resulted in the ability of the
mutant protein to bind PC-HC, whilst the other 3 DD mutations
had lost this ability. Direct DNA-binding was still achievable
in all DD mutants, yet only the R502L mutation allowed for
DNA binding as a monomer and dimer, the others were only
able to bind as monomers. Additionally, partial dimerization
of the R502L mutant allowed for normal repression of gene
transcription, whilst the other DD mutations could not do so
in-vitro. Protein stability was affected in all DD but not other
allelic variants such as HI and DN mutations.

THE COMPLEXITY OF UNDERSTANDING
IKZF1 IN HUMANS AND MICE

The wide variety of pathogenicity of IKZF1-related diseases
suggests different underlying mechanisms that are related to
the location and effect of the mutation on protein function
(54, 55). The molecular effect on DNA binding to chromatin and
the formation of dimeric complexes has been characterized in
most known mutations (55). These analyses have shed light on
how different single point mutations can have vastly different
outcomes in terms of protein function. Analyses in mice and
humans clearly show that IKZF1 works in a complex and
intricate system by not only forming complexes with itself, but
also with four other family members (13). Another added layer
of complexity lies within the different modes of action that
control either activation or repression of gene transcription.
IKZF1 can regulate genes at the local level by binding with the
promoter regions of target genes (2-4). More globally, it can
regulate the chromatin landscape of the cell through acting as
a transcription factor to open up chromatin, forming poised
or active enhances, or by deleting enhancers to repress gene
transcription (4-11, 62). The downstream effects of the multitude
of IKZFI point mutations on site-directed gene transcription
is yet to be fully elucidated. How these mutations affect the
ability to bind to specific DNA sequences is unknown and would
require large-scale molecular modeling combined with RNA and
CHIPseq in both B and T cells. The broad range of clinical
defects observed in patients with IKZFI mutations suggests that
specific point mutations can have selective effects on some parts
of the gene expression profile. Furthermore, the effects of the
loss of heterodimeric complexes as opposed to homodimeric
complexes has not yet been determined. Isolated loss-of-
function experiments in mice have indicated vastly different
roles for Ikaros family members in leukocyte development and
function (63) yet have also highlighted some redundancy and
compensatory mechanisms (15, 46, 64) that obscure the role of
each individual family member.
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Additionally, there is sufficient evidence in mice to suggest
that each zinc finger has a differential role in directing lineage
specific functions. ZF1 and ZF4 allow for differential targeting of
DNA sequences in mice in-vivo; ZF1 appears to bind specifically
to repeat motifs flanking the Ikaros consensus sequence whilst
ZF4 appears to be important for stabilizing DNA-interactions
made by ZF2 and ZF3 (50). Consequently, mutations in ZF1
alone cause B cell defects (53), yet mutations in ZF4 cause
defects in both B and T cells (50). This phenomenon however,
has not yet been explored in humans as thus far only one
mutation in ZF1 has been identified (D120V) in an individual
presenting with systemic lupus erythematosus (SLE), but as
they also carry a likely deleterious heterozygous mutation in
LYN, it is difficult to isolate the IKZFI mutation as the sole
cause of disease (57). Whether the absence of striking ZF1
mutations in humans speaks to the differences between mouse
and human IKZFI, Ikaros family members as a whole, or
even more broad-scale differences between mice and humans
in general have yet to be determined. Mutations in ZF4 in
humans are less common than those in ZF2 or ZF3 and there
is limited data to suggest that ZF1 and ZF4 are able to control
site-directed DNA binding as is the case in mice (50). Another
layer of complexity exists when one considers the effects of single
point mutations in each zinc finger, as is observed in human
patients, vs. the effect of completely removing an entire zinc
finger including the surrounding flanking sequences as studies
performed in mice have done (50). There is already mounting
evidence that individual point mutations can cause very different
functional and pathological outcomes in humans (54) and this
would suggest that even small changes to how IKZF1 interacts
with DNA can have different downstream effects. Collectively
comparing heterozygous point mutations in humans to null
mutations in mice is therefore not an accurate comparison.

Lastly, the biological relevance of multiple isoforms existing
in multimeric structures must not be ignored when considering
the molecular impact of IKZFI mutations. Thus far, all molecular
studies into human IKZF1 mutations and their effects on protein-
protein interactions and DNA binding at PC-HC in-vitro have
been performed on the human Ik-1 isoform. In the case of
heterozygous HI mutations, the presence of one wildtype IKZF1
is sufficient to allow for PC-HC association and DNA binding
in exclusive in-vitro systems. In these scenarios, the mutant
protein is still recruited to pericentromeric foci as a multimer
with wildtype Ik-1. DN mutations however, abolish the ability
of the wildtype Ik-1 protein to localize to PC-HC (58). Yet in
patients with mutations in IKZFI as well as in mice with IkzfI
mutations, there will be endogenous expression of isoforms that
do not contain the mutant allele in-vivo. The multimerization
of mutant isoforms with these otherwise “wildtype” isoforms in-
vivo has not yet been explored. Given that the lack of the DNA-
binding domain does not necessarily negate protein function in
certain isoforms (7), the absence of these isoforms in the exclusive
in-vitro systems in which these mutations were analyzed could
be falsely producing binary on and off answers in an otherwise
complex setting. Whilst the two longest isoforms (VI and V
in mice, and Ik-1 and Ik-2 in humans) are the most highly
expressed within the lymphoid lineages, the concentration of

other isoforms relative to the longer ones changes throughout
lymphoid development (1, 3, 15). The configuration in which
they form multimers and interact with each other can produce
different functional consequences on gene expression (3, 30, 35).
Additionally, the way in which different IKZF1 isoforms interact
with isoforms from other family members such as IKZF2 and
IKZF3, further increases the diversity of multimer formation
influencing downstream DNA binding effects (31-34). Due to
the compensatory nature of Ikaros family members and their
different prevalence across multiple cell types (31, 33), over-
expressing only one isoform of a mutant version of IKZF1 does
not necessarily give the whole picture as to what is happening in-
vivo and how other family members could be compensating for
certain defects across different cell types. It is therefore possible
that multimers consisting of different configurations of mutant
and/or wildtype isoforms have the ability to change the overall
IKZF1-regulated landscape in-vivo.

From Humans to Mice

IKZF1 acts in a complex and dynamic network in-vivo, yet
current attempts to understand the molecular mechanism of
IKZF1 mutations are occurring in isolated in-vitro systems. The
exclusive analysis of overexpression systems, whereby, specific
point mutations that have been discovered in human patients are
artificially expressed in-vitro, does not necessarily or completely
pinpoint the underlying molecular defect causing the full
spectrum of the clinical phenotype of the patient. To understand
these biological networks in the context of mammalian disease,
in-vivo studies demonstrating cause and effect of known IKZFI
mutations in in-vivo systems could be required. The majority of
existing murine models of Tkzfl mutations take a sledge-hammer
approach, whereby, removal of the entire gene or segments
of the gene, causes significant disruptions to the expression
of the protein. This effect of the loss of protein structure
and/or expression is however, not reflected in the majority
of human IKZFI mutations (54, 55). In general, the loss or
reduction of IKZF1 expression in mice causes severe phenotypes.
Ikzf1=/~ mice have no B cells and very few T cells (26),
whilst Tkzf1PN/PN mice have a complete absence of lymphocytes
and die prematurely (2). Selectively removing sections of IkzfI
to either reduce its expression (IkzﬂL/ Ly (27), or reduce the
specific activity of IKZF1 (IkzﬂZFl/ZF1 and Isz]ZF4/ZF4) (50) also
have broader and more severe defects than those observed in
human patients with heterozygous IKZF1 mutations. Conversely,
a single point mutation in ZF3 that still maintains correct protein
expression leads to a severe phenotype with embryonic lethality
when in homozygosity as well as complete absence of lymphoid
cell development (46). Phenotypes to this extreme are not
commonly observed in human patients with IKZFI mutations,
and whilst there are some phenotypes that are reproduced in both
humans and mice expressing mutant IKZF1 alleles, the majority
of more subtle clinical features arising from human IKZFI
mutations have not been replicated in murine models (Table 1).
An exception to this however, is the Tkzf1™/1132P mouse, where
a heterozygous missense mutation in ZF1 leads to a decrease
in mature B cells and progressive decline in immunoglobulin
titers as well as a failure to elicit a robust humoral immune
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response (53). These features are commonly observed in patients
with IKZF1 mutations and demonstrates how specific point
mutations, rather than entire gene deletions, are more equipped
to study the molecular effects of IKZF1 mutant alleles.

Through the use of CRISPR-Cas9, the study of specific point
mutations originally discovered in human patients that have
been redeveloped into the murine germline has been increasing
in popularity (65, 66). This allows for the exact replication of
specific point mutations in mice and facilitates the study of how
these mutant alleles function in an in-vivo system, that has as
of yet been unexplored in the context of IKZFI-related diseases.
Additionally, maintaining the endogenous repertoire of Ikaros
family members preserves these interactions in a biologically
relevant way. Analysis of the changes these mutations make
to the RNA and chromatin landscape, combined with analysis
of site-directed DNA binding outside of heterochromatin and
downstream phenotypic effects will allow for an in-depth
characterization of the effect of individual point mutations in
IKZF]1 causing immune defects in human patients.

CONCLUSION

IKZF1 is a complex protein in how it interacts not only with
DNA, but also with itself and with its family members to create
a large pool of dimers and multimers that have the potential to
change the RNA and chromatin landscape of a cell. The ability
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