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IKAROS and CTLA4 deficiencies are inborn errors of immunity and show similar clinical
phenotypes, including hypogammaglobulinemia and autoimmune diseases (ADs).
However, the differences in clinical features and pathogenesis of these are not fully
understood. Therefore, we performed systematic literature reviews for IKAROS and
CTLA4 deficiencies. The reviews suggested that patients with IKAROS deficiency
develop AD earlier than hypogammaglobulinemia. However, no study assessed the
detailed changes in clinical manifestations over time; this was likely due to the cross-
sectional nature of the studies. Therefore, we conducted a retrospective longitudinal study
on IKAROS and CTLA4 deficiencies in our cohort to evaluate the clinical course over time.
In patients with IKAROS deficiency, AD and hypogammaglobulinemia often develop in
that order, and AD often resolves before the onset of hypogammaglobulinemia; these
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observations were not found in patients with CTLA4 deficiency. Understanding this
difference in the clinical course helps in the clinical management of both. Furthermore,
our results suggest B- and T-cell-mediated ADs in patients with IKAROS and CTLA4
deficiencies, respectively.
Keywords: IKAROS deficiency, CTLA4 deficiency, systematic literature review, retrospective longitudinal study,
clinical course
INTRODUCTION

Common variable immunodeficiency (CVID) is the most
prevalent disease of inborn errors of immunity (IEI) and is
characterized by hypogammaglobulinemia with poor specific
antibody production. In addition to increased susceptibility to
recurrent bacterial infections, clinical manifestations of CVID
include noninfectious complications, such as autoimmune
diseases (ADs), enteropathy, lymphoproliferation/granulomatous
diseases, and malignancy (1). Although CVID is clinically and
genetically heterogeneous, identifying underlying genetic defects
with the help of latest advances in sequencing technology can help
classify CVID into homogeneous subgroups. Indeed, several next-
generation sequencing studies have identified that 15%-30% of
patients with CVID have candidate variants in genes including
NFKB1, NFKB2, CTLA4, LRBA, IKZF1, STAT3, and PIK3CD (2).

Identifying genetic defects can help understand the
pathogenesis of hypogammaglobulinemia or noninfectious
complications. For example, IKAROS encoded by IKZF1 is a
key transcription factor of hematopoietic development,
particularly early B-cell development. Patients with IKAROS
haploinsufficiency (HI) or haploinsufficiency of the
dimerization domain (DD) present with progressive B-cell
deficiency, whereas IKAROS dominant-negative (DN) results
in more severe manifestations involving B-, T-, and myeloid cell
defects (collectively termed as IKAROS deficiency) (3–6).
IKAROS also plays a role in tumor suppression. Somatic
variants have been recurrently observed in B-cell precursor
acute lymphoblastic leukemia (BCP-ALL), and patients with
germline variants can develop BCP-ALL (3). Additionally,
CTLA4 is an essential negative regulator of T-cell immune
responses, and is expressed on regulatory (Treg) and activated
effector T cells. CTLA4 HI (termed as CTLA4 deficiency) results
in a hyperactivated immune system with T-cell infiltration in
organs, autoimmunity, or both (7, 8). Although not completely
clear, bone marrow infiltration of T cells or impaired germinal
center formation may lead to hypogammaglobulinemia with
reduced number of memory B cells (9). Considering this
condition, the clinical use of abatacept, a CTLA4 fusion
protein, is a reasonable therapeutic option.

Subdividing CVID by identifying its genetic defects has
reduced the sample size of the studies. Early studies on CVID,
especially cross-sectional studies, that clarified the clinical
manifestations and appropriate management practices used
large heterogeneous cohorts of 100 to >1,000 patients (10).
However, recent studies on a monogenic disease included
smaller cohorts of 10-100 patients (3, 4). Although studies on
org 2
homogeneous cohorts could more accurately characterize the
clinical features of the diseases, errors and biases may occur due
to the small size. Therefore, world surveys or systematic
literature reviews have been conducted to increase the sample
size (11, 12). However, such studies are associated with potential
problems as described below, thus warranting careful
evaluations. Moreover, longitudinal studies are more suitable
for studying a small number of patients rather than a large cohort
due to the efficiency of time and cost (Supplemental
Table 1) (13).

The primary aim of this study was to clarify the limitations of
performing a literature review on IKAROS and CTLA4
deficiencies and to emphasize that a longitudinal study could
compensate for its limitations. The secondary aim was to provide
a possible pathogenesis for complications through a longitudinal
study. This study focused on IKAROS and CTLA4 deficiencies
from among the many known genetic defects because cohorts for
these conditions have been previously described (4, 11) and the
pathogenesis of at least one complication is well understood.
Here, we performed systematic literature reviews for IKAROS
and CTLA4 deficiencies and highlighted the associated
problems, including case-publication bias, lack of data, and
lack of information about the clinical course over time. This
is most likely due to the presence of multicenter and cross-
sectional studies. Furthermore, we conducted a retrospective
longitudinal study on IKAROS and CTLA4 deficiencies in our
Japanese cohort and determined a different onset order of
hypogammaglobulinemia and AD in the two conditions.
Therefore, this study aimed to emphasize that longitudinal
studies can help understand the clinical presentation of
diseases, such as IEI, with a small sample size and may provide
a further understanding of the pathogenesis and aid in better
clinical management.
MATERIALS AND METHODS

Systematic Literature Review
We searched PubMed and Web of Science databases for articles
published in English from April 2012 to June 2021 on IKAROS
deficiency and from September 2014 to June 2021 on CTLA4
deficiency. The search terms were a “IKAROS haploinsufficiency”,
“IKAROS haploinsufficient”, “IKAROS deficiency”, “IKAROS
deficient”, “IKAROS mutation”, “IKAROS mutations”, “IKAROS
variant”, “IKAROS variants”, “IKZF1 mutation”, “IKZF1
mutations”, “IKZF1 variant”, and “IKZF1 variants” for IKAROS
deficiency, and “cytotoxic T-lymphocyte-associated protein 4
January 2022 | Volume 12 | Article 784901
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haploinsufficiency”, “cytotoxic T-lymphocyte-associated protein 4
haploinsufficient”, “cytotoxic T-lymphocyte-associated protein 4
deficiency”, “cytotoxic T-lymphocyte-associated protein 4
deficient”, “cytotoxic T-lymphocyte-associated protein 4
insufficiency”, “cytotoxic T-lymphocyte-associated protein
4 insufficient” , “CTLA4 haploinsufficiency” , “CTLA4
haploinsufficient”, “CTLA4 deficiency”, “CTLA4 deficient”,
“CTLA4 insufficiency”, “CTLA4 insufficient”, “CTLA-4
haploinsufficiency”, “CTLA-4 haploinsufficient”, “CTLA-4
deficiency”, “CTLA-4 deficient”, “CTLA-4 insufficiency”,
“CTLA-4 insufficient”, “CTLA4 mutation”, “CTLA4 mutations”,
“CTLA4 variant”, and “CTLA4 variants” for CTLA4 deficiency. A
search was performed using the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses guidelines for article
identification, screening, eligibility, and inclusion (Supplemental
Figure 1). Patients with insufficient details on clinical
manifestations and with not functionally tested variants were
excluded. However, those with nonsense or frameshift variants
were included even if untested. IKAROS DN was evaluated
separately as such patients have distinct clinical features.

Retrospective Longitudinal Study
We identified 16 patients with IKAROS deficiency and 31 with
CTLA4 deficiency in our registry of IEI referred to the Tokyo
Medical and Dental University. One patient with IKAROS DN
was excluded. Data on clinical presentation with its course over
time, serum immunoglobulin levels, and treatment were
retrospectively surveyed by reviewing medical records or
questionnaires sent to physicians. Patients 1.1-20.1 and 22.1
have been previously reported (4, 5, 9, 11, 14–20). AD onset
was calculated as the number of AD onset per 1 person-years,
which is the sum of the patient follow-up duration (years).
Incidence of AD remission was calculated as the number of
AD remission per 1 person-years, which is the sum of the patient
AD duration (years).

Data Evaluation
Enteropathy, granulomatous and lymphocytic interstitial lung
disease (GLILD), central nervous system (CNS) involvement,
and other symptomatic lymphoproliferation/granulomatous
diseases were included in AD as they are inflammatory
complications and most likely associated with impaired
immunological tolerance and lymphocyte infiltration (11).
Asymptomatic lymphoproliferation, including lymphadenopathy
and splenomegaly, was excluded from AD. The onset of
hypogammaglobulinemia was defined as the onset of
susceptibility to infection if serum immunoglobulin levels were
not tested. Additionally, IgA and specific antibody deficiencies
were excluded from hypogammaglobulinemia to emphasize the
role of severe B-cell development/differentiation arrest.

In the longitudinal study, AD remission was defined as absent
or minimal symptoms, normal laboratory data without
treatment, and no relapse until the last follow-up. For patients
who underwent hematopoietic stem cell transplantation (HSCT),
onset and remission were evaluated for the period before HSCT.
Fur thermore , i f hypogammaglobul inemia and AD
simultaneously identified, AD onset was considered to be
Frontiers in Immunology | www.frontiersin.org 3
before that of hypogammaglobulinemia, because serum IgG
levels and B-cell counts were further decreased in all
available patients.

Statistical Analyses
For statistical analyses and construction of Kaplan-Meier curves,
GraphPad Prism 8 software (GraphPad) was used. The groups
were compared using Mann-Whitney U-test or Wilcoxon
signed-rank test for numerical data and chi-square test for
non-numerical data. Moreover, 95% confidence intervals (CIs)
were calculated using the exact binomial method (Clopper-
Pearson method). Differences were considered significant at P
values of <0.05. For constructing Kaplan-Meier curves, we
defined censoring as loss of follow-up or HSCT.

Functional Assay
Electrophoresis mobility shift assay (EMSA) and co-
immunoprecipitation (Co-IP) assay were performed as
previously described (4). For EMSA, HEK293T cells were
transfected with pCMV3-HA-IKAROS (wild-type [WT] or
mutants). Then, the nuclear protein was extracted and
incubated with DY682 infrared dye-labeled double-strand IK-
bs4 probe (forward: 5’-TGACAGGGAATACACATTCCC
AAAAGC-3’; reverse: 5’-GCTTTTGGGAATGTGTATTCCCTG
TCA-3’).DNA-protein complexeswere separatedusing acrylamide
gels and analyzed using an Odyssey CLx infrared scanner (Li-Cor).
For Co-IP, HEK293T cells were co-transfected with pFLAG-
CMV2-IKAROS (WT) and pCMV3-HA-IKAROS (WT or
mutants). Then, cell lysates were immunoprecipitated with
Protein G-Sepharose 4 Fast Flow (GE Healthcare) and mouse
anti-FLAG antibody (F3165, Sigma), eluted, and separated using
standard sodium dodecyl sulftate-polyacrylamide gel
electrophoresis (SDS-PAGE). Finally, western blotting was
performed using the rabbit anti-HA antibody (H6908, Sigma).

Intracellular CTLA4 expression was evaluated using flow
cytometry. Peripheral blood mononuclear cells stimulated with
anti-CD3/CD28 beads were stained with anti-CD4-PC7
(SFCI12T4D11 (T4), Beckman Coulter), fixed, permeabilized,
and stained for anti-CTLA4-PE-Cy5 (BNI3, BD Biosciences) and
anti-FOXP3-Alexa Fluor 647 (236A/E7, eBioscience).
RESULTS

Systematic Literature Reviews
First, systematic literature reviews of IKAROS and CTLA4
deficiencies were performed, and 122 and 177 articles,
respectively, were identified. Of those, 19 and 28 articles were
considered eligible for systematic review. Furthermore, 95 and
246 patients were reported in these articles, and, after excluding
patients to both groups, 90 and 179 unique patients remained for
data analysis, respectively (Supplemental Figure 1 and
Supplemental Table 2). Previous reviews and world surveys have
described genetic and immunological analyses, complication types,
treatment, and outcomes (9, 11, 12, 21). Therefore, we primarily
focused on complications and their clinical course.
January 2022 | Volume 12 | Article 784901
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IKAROS Deficiency
This systematic reviewevaluated90patientswith IKAROSdeficiency
bearing 28 distinct IKZF1 variants: 66 patients (20 variants) with
IKAROS HI, including large deletion and early truncation; 16
patients (6 variants) with IKAROS DD; and 8 patients (two
variants) with IKAROS DN (Table 1). Data for IKAROS HI and
DD were combined and evaluated as the number of patients was
small and a similar tendency was observed in both groups (Table 1,
Supplemental Figure 2 and Supplemental Table 3). However,
patients with IKAROS DN were separately evaluated as they had a
phenotypedistinct fromCVID. Inpatientswith IKAROSHIandDD,
the median age and interquartile range at the last follow-up were 24
(13-45) years. Of 82 patients, 55 (67.1%) were symptomatic, and the
median age at onset was 9 (4-19) years. Kaplan-Meier curves were
constructed for 73, 72, and 7 5patients, including asymptomatic
patients, whose ages at the onset of hypogammaglobulinemia, AD,
and malignancy were available (Figure 1A). The cumulative
incidence was 44.5%, 26.1%, and 9.7% at 20 years, and 61.3%,
31.1%, and 9.7% at 40 years, respectively. Although
hypogammaglobulinemia developed even after 50 years of age, the
cumulative incidence curves of AD and malignancy almost peaked
within the first 20 years of life. These observations differ from
previous reports on increased noninfectious complications with age
in patients with CVID (22). Of the 23 patients with AD, 18 (78.3%)
had only oneAD (Figure 2A). Autoimmune cytopenia and systemic
AD, such as systemic lupus erythematosus (SLE) and
antiphospholipid syndrome (APS), were the most common
(Figure 2B). BCP-ALL was the most common malignancy
(Figure 2C). When each patient was separately evaluated, AD
developed earlier or simultaneously as hypogammaglobulinemia
(Figure 2D). Indeed, of 12 ADs in 10 patients available, only three
showed hypogammaglobulinemia at the onset and none had
agammaglobulinemia (Figure 2E). Furthermore, autoantibodies
were detected in many patients (Supplemental Table 4).

In patients with IKAROS DN, the median ages at the last
follow-up and onset were 10 (3-19) and 0.6 (0.3-1) years,
respectively. All developed infections, including Pneumocystis
pneumonia, in infancy. One patient developed T-cell ALL at the
age of 13 years, and AD was not observed.

CTLA4 Deficiency
We also evaluated 179 patients with CTLA4 deficiency bearing 61
distinct CTLA4 variants (Table 1). The median age at the last
Frontiers in Immunology | www.frontiersin.org 4
follow-up was 26 (18-46) years. At onset, the median age in 133
(74.3%) symptomatic patients was 11 (6-18) years. The cumulative
incidence of any manifestations was 60.2% at 20 years old and
72.4% at 40 years old, whereas that of malignancy was 3.4% at 20
years old and 12.3% at 40 years old (Figure 1B). However, because
the ages at hypogammaglobulinemia and AD onset were
unavailable in 25 (14.0%) and 38 (21.2%) patients, respectively,
the cumulative incidence of each complication could not be
evaluated. In available patients, hypogammaglobulinemia and
malignancy developed at a significantly higher age than those
with IKAROS deficiency (Table 1 and Supplemental Figure 3). In
contrast, 93/128 (72.7%) patients had two or more ADs without
the tendency to develop earlier than hypogammaglobulinemia
(Figures 2A, D). Although various organ-specific ADs were
observed, systemic AD was rare (Figure 2B). Furthermore,
lymphoma and gastric adenocarcinoma were the most common
malignancy (Figure 2C).

Limitations of Systematic Literature
Reviews
A major limitation of these systematic literature reviews is
potential case-publication bias. For example, only two articles on
IKAROS deficiency and three on CTLA4 deficiency (some patients
were overlapped) described the clinical manifestations of
substantial cohorts of >10 patients (3, 4, 8, 11, 23). The
penetrance was 72.4%-72.7% for IKAROS HI and 67.7%-86.7%
for CTLA4 deficiency in these cohorts. However, except for those
five articles, the total patients showed a penetrance of 80.8% and
93.5%, respectively, suggesting an enrichment of symptomatic and
likely severe or atypical cases when reported as single, few patients
or family case reports (Figure 3A). Furthermore, in addition to the
lack of clinical or laboratory data, there was little information
about the clinical course over time, including the remission of
complications, another major limitation due to the multicenter
and cross-sectional nature of the studies (Figure 3B).
RETROSPECTIVE LONGITUDINAL STUDY
INVOLVING OUR COHORT

These systematic literature reviews suggest that patients with
IKAROS deficiency develop in the order of AD and
hypogammaglobulinemia, whereas those with CTLA4 deficiency
TABLE 1 | Baseline description of individuals with IKAROS deficiency (HI and DD) and CTLA4 deficiency in the systematic literature reviews.

IKAROS HI and DD CTLA4 def. P-value

Number of patients 82 179
Sex (M/F) 42/40 (n = 82) 91/88 (n = 179) 0.954
Age at last follow-up 24 [13-45] (n = 76) 26 [18-46] (n = 167) 0.108
Age at onset 9 [4-19] (n = 55) 11 [6-18] (n = 119) 0.203
Age at onset of hypo-g 10 [6-19] (n = 39) 17 [12-25] (n = 33) 0.010
Age at onset of AD 9 [3-14] (n = 20) 10 [6-17] (n = 101) 0.301
Age at onset of malignancy 4 [3-6] (n = 6) 33 [21-50] (n = 23) <0.001
January 2022 | Volume 12 | Article
The median ages are shown [with 25th and 75th percentiles] (year).
Bold numbers indicate the statistically significant correlations.
AD, autoimmune disease; hypo-g, hypogammaglobulinemia.
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do not. Therefore, to evaluate the clinical course over time in
detail, we conducted a retrospective longitudinal study on
IKAROS and CTLA4 deficiencies in our Japanese cohort.

Patient Cohort and Functional Assays
Our cohort identified 16 patients with IKZF1 variants bearing 10
distinct variants and 31 patients with CTLA4 variants bearing 16
distinct variants (Supplemental Table 5). First, we functionally
tested three previously untested IKZF1 variants, K157del,
F490del, and H508W and three novel CTLA4 variants, V84A,
C129R, and P162fs. Three IKZF1 variants were located on the
DNA-binding or dimerization domain and are predicted to affect
the maintenance of zinc finger structure or the coordination of
zinc atom (Supplemental Figure 4A). The consequences of
IKZF1 variants were examined with mutant proteins
transiently expressed in HEK293T cells. Furthermore, EMSA
showed that the K157del mutant protein did not bind the
IKAROS consensus sequence without a DN effect, indicating a
HI variant (Supplemental Figure 4B). Co-IP assay showed that
mutants F490del and H508W failed to bind to WT IKAROS,
indicating DD variants (Supplemental Figure 4C). Additionally,
CTLA4 protein expression was measured in FOXP3+ T cells
from patients with CTLA4 V84A, C129R, and P162fs variants.
All three variants resulted in reduced CTLA4 expression
(Supplemental Figure 4D). As IKAROS DN shows distinct
clinical features, 15 patients with IKAROS deficiency (13 with
HI and two with DD), excluding one with IKAROS DN, and 31
with CTLA4 deficiency were evaluated.

Case Reports
Herein, we describe four patients who had typical clinical courses
(Figure 4A). Patient 1.1 with IKAROS HI is a 13-year-old boy
presenting with immune thrombocytopenia (ITP) at the age of 3
years with increased platelet-associated IgG. Low serum IgA and
IgM levels were observed at ITP diagnosis (IgG, 784 mg/dL; IgA,
Frontiers in Immunology | www.frontiersin.org 5
2 mg/dL; and IgM, 9 mg/dL). His platelet counts were between
50,000 and 100,000/mL but normalized at age 6. His serum IgG
levels decreased to <500 mg/dL since the age of 13 years.

Patient 5.2 is a 14-year-old boy with IKAROS HI. He
deve loped SLE at age 3 years . At SLE diagnos is ,
hypergammaglobulinemia was present (IgG, 2,329 mg/dL; IgA,
154 mg/dL; and IgM, 97 mg/dL) with several positive
autoantibodies, including antinuclear, antidouble-stranded
DNA, anticardiolipin and antiribonucleoprotein antibodies.
Disease activity in this patient was severe, and he required
methylprednisolone pulse and immunoadsorption; however, he
subsequently received prednisolone for 7 years without showing
SLE-related symptoms. Hypogammaglobulinemia was detected
at the same time as the SLE symptoms disappeared. He has been
in clinical remission for 3 years without SLE treatment.

Patient 11.1 initially presented with enteropathy at the age of
10 years. He had hypogammaglobulinemia and started
immunoglobulin replacement therapy when he was 24 years
old. He had enteropathy and developed additional complications
of type 1 diabetes and CNS involvement in his 30s. Additionally,
he developed gastric adenocarcinoma at 34 years, which led to
his death from sepsis 2 years after gastrectomy.

P a t i e n t 1 6 . 2 p r e s e n t e d w i t h pn eumon i a and
hypogammaglobulinemia at the age of 18 years, he also had
alopecia. He developed GLILD and showed CNS involvement
after 2 years. Because those complications were refractory to
glucocorticoids, immunosuppressant agents, and abatacept, he
received HSCT at 21 years of age. Unfortunately, he died of
HSCT-related complications 11 months after HSCT.

Clinical Manifestations and Course
Patient characteristics are presented in Table 2. In our cohort,
four patients with CTLA4 deficiency underwent HSCT. These
patients were evaluated before undergoing HSCT as the
procedure could replace the immune system. The median age
A B

FIGURE 1 | Age of onset in IKAROS and CTLA4 deficiencies. (A) Cumulative incidence of any manifestations (n = 77), hypogammaglobulinemia (n = 73), autoimmune
disease (n = 72), and malignancy (n = 75) in IKAROS HI and IKAROS DD. (B) Cumulative incidence of any manifestation (n = 158) and malignancy (n = 166) in CTLA4
deficiency. AD, autoimmune disease; hypo-g, hypogammaglobulinemia.
January 2022 | Volume 12 | Article 784901
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at last follow-up was 18 (15-41) years for patients with IKAROS
deficiency and 29 (20-47) years for those with CTLA4 deficiency.
Hypogammaglobulinemia and AD were identified in 9 (60%)
and 7 (47%) patients with IKAROS deficiency, and 15 (48%) and
24 (77%) patients with CTLA4 deficiency (Figure 4B). More
than half of these patients developed both complications.
Consistent with the results of the systematic literature reviews,
the number of ADs per patients was higher in CTLA4 deficiency
(Figures 4C, D).

Among the 9 and 15 patients with hypogammaglobulinemia
in IKAROS and CTLA4 deficiency conditions, respectively, only
one patient with CTLA4 deficiency (patient 15.1) achieved
r em i s s i o n (F i gu r e 4E ) . P a t i e n t 1 5 . 1 h a d m i l d
hypogammaglobulinemia (IgG, 456 mg/dL; IgA, 95 mg/dL;
and IgM, 35 mg/dL) but it improved after starting abatacept
treatment. Moreover, 4 (50%) of 8 patients with ADs and 18
(32%) of 57 with ADs achieved remission with IKAROS and
CTLA4 deficiencies, respectively (Figure 4E).
Frontiers in Immunology | www.frontiersin.org 6
The number of patients with AD onset and remission was
compared between before and after hypogammaglobulinemia
onset using person-year method. The onset of AD per 1 person-
year, which is the sum of the patient follow-up duration, was
h i ghe s t i n CTLA4 defi c i ency a f t e r the onse t o f
hypogammaglobulinemia. However, it was higher before the
onset of hypogammaglobulinemia in IKAROS deficiency
(Figure 4F). Alternatively, the number of remission of AD per
1 person-year, which is the sum of the patient AD duration, was
highest in IKAROS deficiency before the onset of
hypogammaglobulinemia, whereas remission was achieved in a
few patients with CTLA4 deficiency (Figure 4F).
DISCUSSION

We performed systematic literature reviews of IKAROS and
CTLA4 deficiencies and revealed a possibility that the onset of
A B

D

E

C

FIGURE 2 | Clinical manifestations in IKAROS and CTLA4 deficiencies as determined by systemic literature reviews. (A) Number of autoimmune diseases. (B) Types
of autoimmune diseases in terms of percentage of total number. (C) Types of malignancies. (D) Comparison of age at the onset. (E) Serum immunoglobulin levels at
the onset of autoimmune disease in patients with IKAROS deficiency. The groups were compared using Mann-Whitney U-test in (A) and Wilcoxon signed-rank test
(D). *P < 0.05, ***P < 0.001. AD, autoimmune disease; BCP-ALL, B-cell precursor acute lymphoblastic leukemia; hypo-g, hypogammaglobulinemia; ns, not
significant; SLE, systemic lupus erythematosus.
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AD was earlier than that of hypogammaglobulinemia in
IKAROS deficiency. Furthermore, we demonstrated the more
f r e q u en t r em i s s i on o f AD be f o r e t h e on s e t o f
hypogammaglobulinemia in IKAROS deficiency in this the
retrospective longitudinal study. However, such observations
were not found in CTLA4 deficiency (Figure 5). Several
longitudinal studies of IEI have been described, evaluating
clinical presentations, quality of life, and psychological status
(24, 25). However, to the best of our knowledge, this is the first
longitudinal study to focus on the clinical course of
complications in IKAROS and CTLA4 deficiencies over time.

The cumulative incidences of hypogammaglobulinemia and AD
are 67%-86% and 3%-33% in IKAROS deficiency and 20%-71%
and 61%-86% in CTLA4 deficiency, respectively (3, 4, 7, 8, 23).
Most of the previous studies showed a cumulative incidence.
However, attention should be paid to the incidence when
applying it in clinical settings. It does not reflect disease activity
or remission, and patients who remain asymptomatic because of
their young age are not considered. Furthermore, that incidence
cannot be compared between cohorts of patients of different ages.
Previous studies showed various cumulative incidences even in the
same disease. However, longitudinal evaluation could provide more
useful information in the clinical setting. Our study indicated that
the onset of AD was more frequent before that of
hypogammaglobulinemia in IKAROS deficiency and after
hypogammaglobulinemia onset in CTLA4 deficiency. This
observation agrees with the result of the systematic literature
Frontiers in Immunology | www.frontiersin.org 7
review, showing no increase in the cumulative incidences of AD
at older ages in IKAROS deficiency. This also agrees with the higher
number of AD per patient in CTLA4 deficiency. Furthermore, AD
remission was more frequent before the onset of
hypogammaglobulinemia in IKAROS deficiency but not in
CTLA4 deficiency. These observations support the fact that
patients with IKAROS deficiency develop AD and
hypogammaglobulinemia in that order and achieve AD remission
before hypogammaglobulinemia onset. However, patients with
CTLA4 deficiency are more likely to develop AD with increasing
age than with developing hypogammaglobulinemia.

Our study clarified the problems of literature reviews and cross-
sectional studies, and highlighted that change in clinical
manifestations over time had not been noticed until now, despite
useful information in clinical settings. Our longitudinal study of the
small cohort revealed a new feature that large cross-sectional
studies would not reveal. Longitudinal studies are useful in
evaluating the clinical picture of diseases with a few patients,
such as IEI. Notably, these results do not deny the significance of
literature reviews and cross-sectional studies. Each has its strengths
and limitations, and a further understanding of the diseases can be
obtained by their combination (Supplemental Table 1).

Our study also provides an important suggestion for AD
pathogenesis. AD pathogenesis in IKAROS deficiency remains
unclear. Studies in mice have shown that impaired Ikaros
function can cause B-cell hyperactivation, upregulation of
inflammatory gene programs in T cells, and impaired Treg
A

B

FIGURE 3 | Limitations of systemic literature reviews. (A) Penetrance in IKAROS HI and CTLA4 deficiencies. *Penetrance was described as 86.7% (13/15) in ref. 22,
but re-evaluated as 60% (9/15) in ref.11 in the same patients. (B) Percentage of clinical data available presented as a heatmap: blue, higher percentage available;
red, lower percentage available. If even a few data were described, it was considered as available. AD, autoimmune disease; hypo-g, hypogammaglobulinemia.
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function, potentially leading to AD (26–28). The evidence shown
in this study suggest a prominent role of B cells in AD associated
with IKAROS deficiency. The high incidence of systemic AD and
detectable autoantibodies and amelioration of AD after
hypogammaglobulinemia onset was shown. This hypothesis is
Frontiers in Immunology | www.frontiersin.org 8
also supported by a case report with IKAROS deficiency-
associated ITP and autoimmune hepatitis successfully treated
by depleting B cells with rituximab (29). Furthermore, B-cell
hyperactivation has been described in humans with IKAROS
deficiency and mouse models (30). Mice with specific Ikzf1
C D

F

E

BA

FIGURE 4 | Clinical manifestations in IKAROS and CTLA4 deficiencies determined by longitudinal study. (A) Case reports of four patients. The AD duration is
defined as from onset to the end of treatment with no symptoms or laboratory abnormalities. CNS, central nervous system; GLILD, granulomatous, and lymphocytic
interstitial lung disease; HSCT, hematopoietic stem cell transplantation; hyper-g, hypergammaglobulinemia; SLE, systemic lupus erythematosus; T1DM, type 1
diabetes mellitus. (B) Distribution of complications. (C) Number of autoimmune diseases. (D) Total number of autoimmune disease and age at onset for CTLA4
deficiency. (E) Frequency of remission of hypogammaglobulinemia and autoimmune disease. (F) Incidence of autoimmune disease onset or remission before and
after onset of hypogammaglobulinemia shown as per 1 person-year. The person-year is the sum of the patient follow-up deration (years) for the onset, and the sum
of the patient autoimmune disease duration (years) for the remission. The groups were compared using a Mann-Whitney U-test in (C). **P < 0.01. Thin bars are
presented as 95% CIs in (E, F). AD, autoimmune disease; hypo-g, hypogammaglobulinemia.
TABLE 2 | Baseline description of individuals with IKAROS deficiency (HI and DD) and CTLA4 deficiency in the longitudinal study.

IKAROS HI and DD CTLA4 def. P-value

Number of patients 15 31
Sex (M/F) 8/7 (n = 15) 14/17 (n = 31) 0.603
Age at last follow-up 18 [15-41] (n = 15) 29 [20-47] (n = 31) 0.160
Age at onset 10 [4-11] (n = 12) 10 [9-20] (n = 25) 0.060
Age at onset of hypo-g 10 [9-12] (n = 9) 24 [14-35] (n = 15) 0.005
Age at onset of AD 5 [4-18] (n = 7) 10 [9-19] (n = 24) 0.310
Age at onset of malignancy (n = 0) 31 (n = 2)
January 2022 | Volume 12 | Article
The median ages are shown [with 25th and 75th percentiles] (year).
Bold number indicates the statistically significant correlation.
AD, autoimmune disease; hypo-g, hypogammaglobulinemia.
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deletion in mature B cells, which develops an autoimmune
phenotype, show B-cell hyperactivation due to impaired
regulation of B-cell receptor anergy and Toll-like receptor
signaling (27). Early mouse studies mainly focused on the role
of Ikaros in early B-cell development. In humans with IKAROS
deficiency, hypogammaglobulinemia also results from impaired
early B-cell development (3, 4). However, IKAROS is also involved
in B-cell development and function at various stages, suggesting
that dysfunction of mature B cells due to IKAROS deficiency could
be involved inAD (31). Given this hypothesis, after the progression
of hypogammaglobulinemia, earlyB-cell development arrest causes
loss of autoreactive B cells and normalmature B cells, leading to the
amelioration of AD. However, we found one patient (patient 8.1)
with IKAROS deficiency in our cohort developed rheumatoid
arthritis 33 years after hypogammaglobulinemia onset, suggesting
additional mechanisms, such as impaired T-cell function as
described in mouse models, in addition to impaired B-cell
function (26–28). Regarding CTLA4 deficiency, we found a more
organ-specific AD and no association between AD remission and
hypogammaglobulinemia onset. These observations support a
major role of T cells in AD pathogenesis due to impaired Treg
function and hyperactivation of effector T cells. Furthermore, our
observation of the amelioration of hypogammaglobulinemia after
abatacept treatment inpatient 15.1 suggests a direct role of activated
T cells in the hypogammaglobulinemia associated with CTLA4
deficiency. Although detailed immunological examination,
including bone marrow examination, was not performed in this
patient, bone marrow infiltration of T cells, which could lead to
hypogammaglobulinemia, has been described in previous studies
(7, 9).

Given the observations in this study and previous reports, for
AD associated with IKAROS deficiency, even refractory AD such
as SLE, there is a possibility that treatment is unnecessary after
hypogammaglobulinemia onset. B-cell depletion therapy, such as
rituximab, may be a good therapeutic option. As described in
SLE, belimumab, daratumumab, or CD19-targeted chimeric
antigen receptor T-cell therapy might also be useful (32, 33).
For AD associated with CTLA4 deficiency, it is necessary to
decide the timing of abatacept or HSCT in considering possible
Frontiers in Immunology | www.frontiersin.org 9
treatment-refractory or potential additional AD, as described in a
retrospective world survey (9).

Although the reason is unknown, various clinicalmanifestations
can be observed in patients with IKAROS deficiency, including
hypogammaglobulinemia,AD,malignancy, and pancytopenia (3, 4).
The genotype-phenotype relationship is not established, except
for DN N159S and N159T variants, which cause early-onset
combined immunodeficiency (5). AD has not been reported in
patients with IKAROS DN, which is likely due to severe B-cell
deficiency early after birth. We have previously reported patient
6.1 with the Y210C variant, who had transient pancytopenia
early after birth (4). We followed up with this patient up to 6
years of age without additional complications in this study. We
also found one patient with the R143W variant (patient 10.1).
This variant has been reported in two unrelated families, but its
effect is controversial (34, 35). One variant was observed in four
patients who presented with hypogammaglobulinemia, AD, or
both, described as HI (34). Another was in a patient with
hypogammaglobulinemia, autoimmune hemolytic anemia, and
pancytopenia, described as partial DN (35). However, our patient
presented with SLE and APS, typical manifestations as HI. We
also found one patient with the R143W variant who presented
with hypogammaglobulinemia in our other French cohort.
Therefore, from our clinical observations, the R143W variant
seems to behave as an HI variant rather than partial DN. The
future challenge for IKAROS deficiency is to uncover the clinical
course over time and its mechanisms in each variant.

Conclusively, this study provided more realistic manifestations
of IKAROSandCTLA4deficiencies that suggest their pathogenesis.
The establishment and use of disease registries and databases will
lead to the higher quality of clinical studies and further
understanding of human diseases.
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