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Summary

IKAROS/IKZF1 plays a pivotal role in lymphocyte differentiation and development. Germline mutations in /KZF1, which have been shown to be
associated with primary immunodeficiency, can be classified through four different mechanisms of action depending on the protein expression
and its functional defects: haploinsufficiency, dimerization defective, dominant negative, and gain of function. These different mechanisms are
associated with variable degrees of susceptibility to infectious diseases, autoimmune disorders, allergic diseases, and malignancies. To date,
more than 30 heterozygous /KZF1 germline variants have been reported in patients with primary immunodeficiency. Here we review recent dis-
coveries and clinical/immunological characterization of IKAROS-associated diseases that are linked to different mechanisms of action in IKAROS
function.
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disease; HI: haploinsufficiency; HPV: human papillomavirus; HSV: Herpes Simplex Virus; HSCT: hematopoietic stem cell transplantation; IEl: inborn errors of
immunity; IgGRT: IgG replacement therapy; ITP: idiopathic thrombocytopenic purpura; mDC: myeloid DC; NuRD: the nucleosome remodeling and deacetylase;
PC-HC: pericentromeric heterochromatin; PID: primary immunodeficiency; PJP: Pneumocystis jiroveciipneumonia; PC: plasma cell; pDC: plasmacytoid dendritic
cells; SLE: systemic lupus erythematosus; TEMRA: terminally differentiated effector memory

Introduction

IKAROS, encoded by IKZF1, is one of the IKAROS zinc finger
transcription factor family members [1]. The IKAROS family,
consisting of total five proteins: IKAROS (IKZF1), HELIOS
(IKZF2), AIOLOS (IKZF3), EOS (IKZF4), and PEGASUS
(IKZFS), have a high degree of homology to each other [2-5].
Structurally, IKAROS family members contain two major
functional domains, the DNA-binding domain (N-terminal
zinc fingers) and the dimerization domain (C-terminal zinc
fingers) [6]. IKAROS, AIOLOS, and HELIOS are highly ex-
pressed in lymphocytes and have been shown to play an
essential role in lymphocyte development [7]. The normal
expression and function of IKAROS have been shown to be
critical for hematopoietic development. Somatic and germline
IKAROS deletions and point mutations in humans have been
described in lymphocyte malignances, particularly B-cell acute
lymphoblastic leukemia (B-ALL) [8-10]. In recent years, our
group and others have shown that germline IKAROS point
mutations and deletions were associated with patients with
primary immunodeficiency (PID), immune dysregulation as
well as malignancies [11-24]. The majority of these vari-
ants are either located in or affect the main DNA binding
or dimerization functional domains, leading to different clin-
ical manifestations through four different mechanisms of
action: 1) IKAROS haploinsufficiency (HI) mutations more
frequently present with a higher risk of bacterial infections,
autoimmune diseases, and malignancies [13, 15], 2) dimeriza-
tion defective (DD) mutations mainly manifest with hemato-
logic diseases (autoimmune diseases and malignances) [24], 3)
dominant negative (DN) mutations increase susceptibility to
severe/opportunistic infections, and T-ALL [12], and 4) gain-
of-function (GOF) mutations are commonly associated with
autoimmunity, allergy, and lymphoproliferative disorders
[23]. Different mechanisms of action in the same gene can dis-
rupt proper transcriptional regulation affecting lymphocyte
and/or myeloid cell development, differentiation, and also
impaired immune functions. While the immune and clinical
phenotypes associated with IKAROS mutations are diverse,
certain overlapping features between the variants with dif-
ferent mechanisms of action are also seen. Understanding of
the molecular mechanisms related to IKAROS mutations will
hopefully help us find targeted therapeutic options to treat
these rare diseases. In this review, we will discuss the current
understanding of IKAROS-associated diseases, which include
both loss-of-function (LOF; acting by HI, DD, or DN) and
GOF mutations underlying PID/IEL, and describe the gen-
etic, cellular and molecular effects, immunological and clin-
ical manifestations, as well as therapeutic options for patients
carrying IKAROS mutations.

IKAROS LOF mutations causing IKAROS
haploinsufficiency

The first IKAROS mutation (Y210C) associated with a PID/
IEI was reported in 2012 in a single patient case report of an
infant with pancytopenia, immunodeficiency, absent B cells,
very low NK cells, and bone marrow hypoplasia; limited in-
formation about the mechanism of disease was known at
that time [25]. Later, when our and other groups evaluated

Y210C biology, a partial DNA-binding haploinsufficiency
defect was detected [13, 15]. In 2016, we and a large group
of collaborators reported six different IKAROS mutations
in 29 patients from six unrelated families presenting with
a CVID phenotype [13]. These mutations rendered the
protein non-functional as determined through the absence
of pericentromeric targeting and DNA binding, yet the mu-
tations did not affect WT IKAROS function, suggesting
haploinsufficiency (HI) as the pathophysiological mechanism
in these individuals. IKAROS HI can be caused by either
missense mutations or deletions involving the IKZF1 gene,
primarily clustered in the DNA binding domain. Since that
report, more variants acting by haploinsufficiency have been
identified in over 60 patients with PID (Fig. 1A) [14-22, 26].
The age of onset of clinical manifestations varies between
less than a year to more than 50 years, with the median age
of presentation at 10 years (Fig. 1C). About 25% of mutation
carriers are asymptomatic, suggesting a clinical penetrance
(or delayed onset of disease at the time of report) at around
~75% (reviewed in [11,27, 28]).

Among IKZF1 HI mutations carriers (7 = 67 published;
reviewed in [11, 27, 28]), bacterial infections were the most
common complication and present in >50% of them. Four
cases of viral (HSV, HPV) and one case of mycobacterial
and parasitic infections were also described (reviewed in
[11, 27, 28]). The second most common clinical manifest-
ations were autoimmune diseases/immune dysregulation
(~30% among HI mutation carriers) which included idio-
pathic thrombocytopenic purpura (ITP), arthritis, systemic
lupus erythematosus (SLE), and antiphospholipid syndrome
(reviewed in [28]). Four cases of malignances were reported:
three pediatric B-ALL cases (presenting between the ages of
3-7 years), and one case with pancreatic tumor at 22 years
old (Fig. 1B) [13, 17, 20]. As the IKAROS-family of tran-
scription factors are exclusively expressed in hematopoietic
cells, the relationship between IKAROS variants (or in other
family members), and non-hematopoietic tumors is unlikely
to be direct; however, an indirect link (e.g., due to poor im-
mune surveillance or anti-tumor effect) could not be formally
excluded.

A progressive decline of B-cell numbers and serum im-
munoglobulin levels was detected in patients with HI muta-
tions, as about 60-70% had both low B-cell counts and low
IgG, IgM, and IgA levels. Bone marrow sample studies have
found a very early although incomplete B-cell arrest (up-
stream of pre-pro B cells), with normal numbers of plasma
cells detected in the cases analyzed [13]. Most patients had
poor antibody responses to protein and polysaccharide vac-
cines, suggesting that abnormal B-cell development as well
as function are both associated with IKAROS HI mutations.
T-cell counts were normal to high with a trend for increased
CDS T cells. This was more prevalent in patients carrying het-
erozygous loss-of-function (LOF) missense variants (opposed
to gene deletions) and lead to inverted CD4/CD8 ratios. Low
NK-cell numbers were observed in ~20% of these patients,
also more frequently seen in those with missense mutations.
An expansion of ¢cDC1 and decreased pDC was reported in
patients with HI mutations [29].
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Figure 1: Pathogenic germline IKAROS variants reported in PID patients. (A) Schematic of the IKAROS isoform 1 (NM_006060) with germline variants
reported in patients with PID/IEI. ZF indicates zinc finger. Loss-of-function mutations acting by haploinsufficiency (HI) are indicated in blue, mutations
causing the dimerization defect (DD) of the IKAROS family are indicated in green, mutations presenting a dominant-negative (DN) effect over WT
IKAROS protein are depicted in red, those germline mutations reported in IKAROS gain-of-function (GOF) are indicated in pink, mutations found in PID
patients with an unclear/untested mechanism are indicated in gray. Numbers next to the mutations indicate the number of different families reported
to carry the same mutation. The R143W mutation was reported by three different groups, two as an HI mutation and one as a partial DN mutation. Our
group tested and confirmed that the mutant C467W impaired dimerization with the IKAROS WT protein (unpublished data). (B) The incident rates of
clinical manifestations in individuals carrying IKAROS mutations. The number next to the mutations indicates the total number of individuals reported
in PID cases carrying IKAROS mutations. The graph for the “low B-cell number” was based on the absolute B-cell counts, with the exception of the
GOF group (only a percentage of B-cell data from lymphocytes was available for the GOF group). “Hypogammaglobulinemia (Hypogam)” and “low B
cells” data were calculated from mutation carriers whose laboratory data were available. (C) Age of onset of clinical manifestations. The horizontal bars

indicate the median values.

Prophylactic antibiotics and IgG replacement therapy
(IgGRT) were used for the patients with a history of recur-
rent infections. Patients with ITP were treated with cor-
ticosteroids, high dose intravenous IgG therapy, anti-IgD
therapy, and rituximab. Patients with antiphospholipid
syndrome were managed with steroids and anticoagulation.
Immunosuppressant therapies were prescribed for those who
developed SLE. Two cases of hematopoietic stem cell trans-
plant (HSCT) were reported in the patients with HI muta-
tions; one patient died with multiorgan failure a week after
a second stem cell infusion because of delayed engraftment

and infection; the other patient was transplanted because of
relapsed B-ALL with his HLA-matched IKAROS-mutated
brother (IKAROS deficiency and the donor status were un-
known at the time of transplantation). Four years after the
transplant, the patient was doing well and off IgG replace-
ment therapy [13, 25].

IKAROS LOF mutations causing a dimerization
defect

In 2020, we and our collaborators published a novel group
of IKAROS allelic variants that primarily disrupt IKAROS
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homo- and heterodimerization with IKAROS family mem-
bers. These variants extended the phenotypical spectrum of
IKAROS-associated diseases and provided new insights into
the underlying mechanistic consequences of IKAROS muta-
tions [24]. These mutations were either located in the dimeriza-
tion domain (ZF5 and ZF6) or create premature stop codons
upstream of the dimerization domain thereby impairing
homo- and heterodimerization. In transfection experiments,
expression of the mutant alleles alone failed to target PC-HC
but did not affect WT IKAROS function, suggesting the mu-
tations were likely acting by a dimerization haploinsufficiency
mechanism. Unlike the HI mutants, which are unable to bind
to target sequences, dimerization defective (DD) mutations
can bind its target DNA but mostly as monomers. Moreover,
the mutations affect protein stability, post-translational modi-
fication (e.g. SUMOylation), and recruitment of the nucleo-
some remodeling and deacetylase (NuRD) complex, all of
which are not affected by HI mutations, thereby determining
different underlying pathophysiologic mechanisms between
HI and DD mutations.

The clinical phenotypes of patients with DD mutations
are largely associated with non-malignant and malignant
hematologic disorders which include multiple hematopoi-
etic cytopenia presenting as Evans syndrome, autoimmune
neutropenia, ITP, autoimmune hemolytic anemia, as well as
lymphoproliferative disorders such as T-ALL, and Burkitt
lymphoma [16, 24, 30-33]. The age of onset of clinical
symptoms is mostly within the first decade of life but could
also present later (Fig. 1C). The overall type of clinical
manifestations is similar to those in HI patients, but the in-
cidence of autoimmune diseases/immune dysregulation and
malignancies are higher than in the latter (Fig. 1B). On the
other hand, bacterial infections are less prevalent and less
severe in DD patients (~25% of DD mutation carriers) when
compared to the HI patients (>50% of mutation carriers).
Germline and somatic IKAROS DD mutations have been
shown to be associated with lymphoid and myeloid malig-
nancies, highlighting the necessary role of the dimerization
process in IKAROS tumor suppression [8, 34, 35]. One-third
of the patients carrying deleterious DD variants are clinic-
ally asymptomatic suggesting incomplete penetrance or very
late onset (Fig. 1B).

T- and B-cell phenotypes are less impacted by DD mu-
tations when compared with other allelic variants. Patients
with DD mutations also showed progressive B-cell
lymphopenia (~40% of mutation carriers) and elevated
CD8 T cells (~20%) but these numbers are less prevalent
than those seen in patients carrying HI mutations (60-
70% and ~40%, respectively). Despite the lesser impact on
B-cell numbers, more than 70% of patients with DD muta-
tions had mild to moderate hypogammaglobulinemia (Fig.
1B), indicating that B-cell dysregulation is associated with
IKAROS mutations, regardless of the mechanism of action.
Slightly low NK-cell numbers were observed in one-third of
patients with DD mutations.

Most DD patients presenting with cytopenia were treated
with steroids and high dose intravenous IgG therapy.
Rituximab, mycophenolate mofetil, and sirolimus were used
to control these complications in some patients. The two
patients with hematologic malignancies (T-ALL or Burkitt
lymphoma) received specific chemotherapy regimens and
achieved complete remission [24].

Kuehn et al

IKAROS LOF variants with a dominant negative
effect

A recent study identified mostly de novo germline heterozy-
gous IKAROS N159S/T mutations in 7 different patients with
early-onset combined immunodeficiency and complete clin-
ical penetrance [12]. Molecular studies revealed that when
WT and mutant(s) were co-expressed, the N159S/T muta-
tions inhibited the WT IKAROS protein’s PC-HC localiza-
tion, strongly suggesting that these variants exert a dominant
negative (DN) effect on IKAROS WT function. Two more
patients carrying IKAROS N159S mutation were reported
in combined immunodeficiency (CID) and PID cohorts [32,
36]. Most patients with IKAROS DN mutations had a his-
tory of Pneumocystis jirovecii pneumonia (PJP; 8/9) first pre-
senting between the ages of 6 months to 2 years, and repeated
episodes were not uncommon. Unlike the patients with HI
mutations who presented with mainly recurrent bacterial in-
fections, patients with DN variants showed severe and inva-
sive complications including bacterial (7/9), viral (6/9), fungal
(8/9), mycobacterial (2/9), and parasitic (1/9) infections [12,
32, 36]. Neither autoimmune diseases/immune dysregulation
nor atopy/allergic manifestations have been reported among
patients carrying IKAROS DN mutations.

One patient had Cryptosporidium species cholangitis that
led to cirrhosis, and one patient developed T-ALL in early
teenage years. Interestingly, somatic N159S and N159Y
mutations were reported as hot spot mutations in large co-
hort studies of patients with AML and B-ALL, respectively,
indicating that N159 variants, either germline or somatic, are
likely associated with a leukemia driver [34, 35].

All nine patients with IKAROS DN mutations showed se-
vere B-cell lymphopenia and hypo/agammaglobulinemia,
indicating complete immunological and clinical penetrance
(Figure 1B). A very early B-cell developmental arrest similar
to that described in HI patients (severe reduction in pre-pro
B cells, pro-B cells as well as mature B cells) was identified
in bone marrow studies [12]. However, unlike HI patients,
plasma cells were absent in DN patients, indicating a more
severe B-cell maturation defect in DN patients.

T-cell absolute numbers vary among DN patients but
markedly increased naive phenotypes and low memory T cells
were consistently detected. While most of the patients’ T cells
were positive for recent thymic emigrant makers (CD45RA+
CD31+), Th1, Th2, Th17, and Treg-committed populations
were almost absent due to low memory T cells [12]. In add-
ition to the abnormal T-cell phenotypes, impaired T-cell func-
tions were reported. T-cell receptor (TCR)-induced T-cell
activation and proliferation were impaired at low-dose TCR
stimulation, and this defect was not observed when the cells
were stimulated with higher concentration of a-CD3 stimuli
or bead-conjugated TCR stimulation. IL-2-induced phosphor-
ylation of STATS was markedly diminished in the patients’ T
cells and RNAseq data from CD4 T cells showed abnormal
transcriptome patterns, suggesting that T-cell maturation and
differentiation were also affected in these patients [12].

Other than the abnormal T- and B-cell phenotypes, myeloid
abnormalities were also observed in DN patients. Progressive
eosinopenia and neutropenia were detected, and monocyte
dysfunction and abnormal transcriptional regulation was also
reported. DC phenotypes were tested in two DN patients and
showed a mild reduction in pDCs, and one patient showed a
severe reduction in myeloid DC (mDC). NK cell counts were
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normal in about 70% of the patients while decreased in the
rest.

DN patients were treated with broad and aggressive anti-
microbial regimes and IgGRT due to severe and invasive
infections. Five out of nine patients underwent HSCT be-
cause of their early and severe clinical and immunological
phenotypes; of note, four patients were transplanted before
their genetic diagnosis was identified. HSCT was well tol-
erated in four reported patients without chronic GVHD
complications and patients were off antimicrobial prophy-
laxis and IgGRT during follow-up. Unfortunately, one
patient who had Cryptosporidium sclerosing cholangitis
before HSCT progressed to liver failure and died a year
after the procedure [36]. Despite the limited accumulated
experience with IKZF1 DN patients (7 = 9), HSCT should
be considered as an early curative option in these patients
based on their severe phenotypes and life-threatening
complications.

IKAROS gain-of-function variants

Very recently, Hoshino et al. reported germline heterozygous
IKAROS gain-of-function (GOF) mutations in eight individ-
uals from four unrelated families [23]. The mutations were
located at residue R183 (R183H and R183C) in the highly
conserved ZF3. When compared with WT IKAROS protein,
these variants functionally increased IKAROS binding cap-
acity to their target DNA sequences. Unlike the previously re-
ported IKAROS allelic variants, which mostly associated with
low B-cell numbers and hypogammaglobulinemia leading to
recurrent infections, GOF patients had mostly normal B-cell
numbers with normal to elevated serum immunoglobulin
levels, including IgE. GOF patients also had bacterial in-
fections but were generally not severe (4/8; sinopulmonary
infections and otitis media). Interestingly, GOF patients pre-
sented with atopic and allergic diseases (4/8; asthma, rhin-
itis, dermatitis, food allergy, and eosinophilic esophagitis
among others), and plasma cell (PC) hyper-proliferation
(4/8), which have not been reported in other IKAROS al-
lelic variants. Histopathological analysis showed that three
GOF patients had IgG4-related diseases as increased infiltra-
tion of the IgG4-positive PCs was observed in lymph nodes,
intestine, and/or bile duct. Polyclonal PC proliferation was
observed in one patient’s bone marrow sample. The age of
onset varied from less than 1 year to over 40 years (Figure
1C). Autoimmunity/immune dysregulation was profound
and a hallmark in the GOF patients (75%, 6/8) compared
with the IKAROS HI (~30% of mutation carriers) and DD
patients (~50% of mutation carriers) (Figure 1B). While auto-
immune diseases reported in HI and DD variants were mostly
limited to the hematologic compartment or a single disease
[24], GOF patients developed multiple autoimmune diseases,
including type 1 diabetes mellitus, enteritis, autoimmune
hepatitis, Hashimoto thyroiditis, leukocytoclastic vasculitis,
vitiligo, alopecia, and cytopenia. Malignancy has not been re-
ported in GOF patients so far, but we are aware of patients
carrying the germline R183H variant who were diagnosed
with different hematologic malignancies as multiple myeloma
and lymphomas (HSK and SDR, personal communication).
Similar to the HI and DD variants, among whom the presence
of clinically asymptomatic individuals is not uncommon, one
patient with a GOF mutation did not present with any clinical
manifestations but did show immunological penetrance [23].
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T-cell phenotypes were skewed to CD4 effector memory
cells (CD45RA-/CCR7-) and terminally differentiated
memory CD8 T phenotypes (CD57+ CD8 T cells and CD8+
TEMRA). Despite increased TEMRA and senescent T-cell
populations, CD3-induced T-cell proliferation was compar-
able to the healthy controls. While the GOF patients’ CD4
T-cell blasts exhibited a dramatic reduction in IL-2 produc-
tion and Th1 differentiation, increased Th2 differentiation
was detected. These abnormal T-cell phenotypes were con-
firmed by in vitro studies using naive CD4 T cells transduced
with each IKAROS allelic variants. Similar to the results from
the patients’ T-cell blasts, T cells expressing GOF mutations
showed increased IL-4 (Th2) production, and decreased IL-2
and IFNy production (Th1). This contrasts with IKAROS HI
mutations, where increased IL-2 and IFNY, and reduced IL-4
production are observed in vitro. The IKAROS DN mutation
showed an overall blunted Th differentiation [12, 23]. Of
note, GOF patients showed an absence of effector Treg and
increased Tfh population, suggesting T-cell differentiation is
compromised by abnormal IL-2 production. Abnormal IL-2
production and effector Treg population in these patients may
contribute the autoimmune manifestations as in other IEI
patients with impaired Treg numbers and/or function (e.g.,
IPEX, CD25 deficiency and CTLA4 patients, among others)
[37]. Interestingly, in vitro use of lenalidomide, known to de-
grade IKAROS and AIOLOS protein [38], normalized these
abnormal T phenotypes to a similar level of WT IKAROS
(IL-2, TFNy, and IL-4 levels) [23]. Lenalidomide should be
considered as a possible treatment option for the IKAROS
GOF patients as this drug is widely used for the treatment of
multiple myeloma patients through inhibition of PC prolifer-
ation; further studies are warranted to prove clinical efficacy
of such treatment.

Other than T- and B-cell phenotypes, NK and DC numbers
were largely within normal ranges, while eosinophil numbers
and hemoglobin levels were elevated [23].

Treatments for these patients were based on their specificclin-
ical conditions and include standard therapies for infections,
autoimmune disorders, allergies or immune dysregulatory
conditions. Rituximab, sirolimus, and steroids were used to
treat some of the latter diseases. Two patients received I[gGRT
due to low B-cell counts, hypogammaglobulinemia, and/or
recurrent (but not severe) bacterial infections. We have unre-
ported data of another R183H patient who received an HSCT
due to severe clinical manifestations (i.e., diffuse large B-cell
lymphoma, cutaneous T-cell lymphoma, allergies/anaphyl-
axis, poor response to lenalidomide) and the disease seems to
be cured after HSCT (HSK and SDR, unpublished).

Conclusions

The important role of IKAROS in lymphoid and myeloid cells
have been demonstrated in both mouse models and human
diseases [39]. The characterization of genotype and phenotype
correlation of human IKAROS-associated diseases has built
on recent studies of IEIL. Proper IKAROS expression levels and
functions are crucial for normal hematologic development,
differentiation and function, as both IKAROS LOF (including
HI, DD, and DN variants) and GOF lead to severe outcomes of
immunodeficiency and immunodysregulation in humans. The
genetic and functional dissections of various IKAROS muta-
tions have led to four different allelic variants of inborn errors



134

of human IKAROS diseases, including 1) haploinsufficiency,
2) dimerization defective, 3) dominant-negative, and 4) gain-
of-function mutations. Too little IKAROS function, such as
in DN mutations, is associated with a predisposition to op-
portunistic infections, severe and invasive bacterial, viral,
and fungal infections as well as the compromised lympho-
cyte differentiation. Interestingly, no autoimmune, allergic
or immune dysregulation features have been described in
patients with IKAROS DN mutations. Conversely, too much
IKAROS function, such as in GOF mutations, is associ-
ated with allergy, autoimmunity, immunodysregulation, and
lymphoproliferative disorders. Achieving one half to one-
quarter of IKAROS expression or function are not an excep-
tion either. Recurrent bacterial infections, progressive loss of
B cells, and immunoglobulin levels are profound in patients
with HI mutations. Interestingly, DD mutations, which fall
under the same category of haploinsufficiency, are mostly as-
sociated with hematologic diseases with reduced impact on
infectious disease susceptibility and T-cell lymphocyte dif-
ferentiation. These differences are probably due to different
underlying mechanisms. While the IKAROS HI mutants alone
have completely lost DNA binding without any effect on di-
merization, IKAROS DD mutants have not only lost their
function but also have impaired dimerization with IKAROS
family members, likely influencing IKAROS family’s func-
tions too. Moreover, reduced protein stability and abnormal
post-translational modifications and NuRD complex recruit-
ment by DD mutations likely contribute to IKAROS expres-
sion/function and its downstream signaling. Of the IKAROS
mutations reported in PID/IEI patients, 6 mutations were
categorized as unclear mechanisms (Fig. 1A). The IKAROS
D120V mutation was reported in a cohort of SLE patients.
This mutation is the only one reported in the ZF1 domain,
and the mutant alone was defective in DNA binding and
pericentromeric targeting. Despite the functional defect, there
is no heterozygous condition data available, so we categor-
ized this mutant under the unclear mechanism. Moreover, this
patient also carries a likely deleterious heterozygous LYN mu-
tation, so it is challenging to identify the IKAROS mutation
as the main cause of the disease [40]. The remaining five mu-
tations’ mechanism was unclear because there was either no
data available to prove their loss of function, or their function
in the heterozygous condition was uncertain [16, 32].

Not surprisingly, other IKAROS family members (AIOLOS
and HELIOS) variants have been shown to associate with
PID/IEL. Two germline AIOLOS (IKZF3) variants were re-
ported in PID patients; one (G159R) has a dominant nega-
tive effect over both AIOLOS and IKAROS WT protein, and
the other (N160S) has a dominant negative effect only on
AIOLOS WT protein [41, 42]. Despite only one amino acid
being different between these two variants, the patients pre-
sented with very different phenotypes. G159R is associated
with B-cell deficiency, recurrent sinopulmonary infections,
EBV infection, and a higher risk of B-cell lymphoma, whereas
the N160S mutation has shown to associate with abnormal
T- and B-cell differentiation and function, increased suscep-
tibility to Pnewmocystis jirovecii pneumonia, and chronic
lymphocytic leukemia. Of note, AIOLOS N160S is a hom-
ologous variant to IKAROS N159S, with which it resembles
several clinical and immunological features.

Very recently, two groups published HELIOS (IKZF2) vari-
ants in PID patients. Hetemaki et al. identified a non-sense
heterozygous mutation in HELIOS ZF4 (Y200*) [43]. The
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mutant failed to dimerize with IKAROS family members and
prevented Mi-2/NuRD chromatin remodeling complex ac-
tivity. Patients presented with a CID phenotype with chronic
T-cell activation and increased proinflammatory cytokines in
effector and regulatory T cells. Affected patients had recur-
rent upper respiratory infections, thrush and mucosal ulcers,
and chronic lymphadenopathy with dysregulated germinal
centers and aberrations in antibody production.

Shahin et al. reported a biallelic missense mutation in
Exon 8 (I325V), between the DNA binding and the dimer-
ization domain, demonstrating that this variant did not af-
fect any of these crucial functions, but impacts on epigenetic
regulation of HELIOS remodeling partners, resulting in de-
creased IL-2 locus accessibility and IL-2 production and
T-cell function [44]. This patient presented with recurrent
infections, leukopenia (low B, CD4, and NK cell numbers),
hypogammaglobulinemia, and poor antibody responses
as well as other features such as failure to thrive, hypothy-
roidism, and osteopenia. Following this report, the same
group also reported five more HELIOS variants in PID pa-
tients (R291%, R106W, N220S, V347M, Y359C) [45]. These
patients presented with hypogammaglobulinemia, SLE, im-
mune thrombocytopenia or EBV-associated hemophagocytic
lymphohistiocytosis. These data suggested that LOF of
HELIOS is associated with immunodeficiency.

IKAROS and IKAROS family’s mutations are associ-
ated with a board spectrum of immunological and clinical
phenotypes. The diversity of the phenotypes likely relies on
gene dosage effects due to deletions and loss of expression,
loss-of-function, dominant negative, and gain-of-function
effects. This diversity underlying the different mechanisms
of action makes it hard to predict the potential deleterious
effect of variants of unknown significance (VUS) without
formal testing. The current patient care should be structured
based on the identification of specific IKAROS mutations
(e.g. IKAROS N159S/T, from PJP prophylaxis to HSCT rec-
ommendation), and prospective reporting of new variants
and their functional impact will help to advance our under-
standing of IKAROS-associated diseases and their manage-
ment. Future studies with a larger number of patients with
IKAROS mutations will certainly help to improve delineation
of the genotype and phenotype correlations, pathophysiology,
penetrance and expressivity, and better targeted clinical man-
agement for IKAROS-associated diseases.
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