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Background: Immune Dysregulation, Polyendocrinopathy, Enteropathy, X-linked (IPEX)

Syndrome is a rare recessive disorder caused by mutations in the FOXP3 gene. In

addition, there has been an increasing number of patients with wild-type FOXP3 gene

and, in some cases, mutations in other immune regulatory genes.

Objective: To molecularly asses a cohort of 173 patients with the IPEX phenotype

and to delineate the relationship between the clinical/immunologic phenotypes and the

genotypes.

Methods: We reviewed the clinical presentation and laboratory characteristics of each

patient and compared clinical and laboratory data of FOXP3 mutation-positive (IPEX

patients) with those from FOXP3 mutation-negative patients (IPEX-like). A total of 173

affected patients underwent direct sequence analysis of the FOXP3 gene while 85 IPEX-

like patients with normal FOXP3 were investigated by a multiplex panel of “Primary

Immune Deficiency (PID—related) genes.”

Results: Forty-four distinct FOXP3 variants were identified in 88 IPEX patients, 9

of which were not previously reported. Among the 85 IPEX-like patients, 19 different

disease-associated variants affecting 9 distinct genes were identified.

Conclusions: We provide a comprehensive analysis of the clinical features and

molecular bases of IPEX and IPEX-like patients. Although we were not able to identify

major distinctive clinical features to differentiate IPEX from IPEX-like syndromes, we

propose a simple flow-chart to effectively evaluate such patients and to focus on the

most likely molecular diagnosis. Given the large number of potential candidate genes and

overlapping phenotypes, selecting a panel of PID-related genes will facilitate a molecular

diagnosis.

Keywords: immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX), IPEX-like, FOXP3, regulatory

T cells, immune regulatory genes
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INTRODUCTION

The Immune dysregulation, Polyendocrinopathy, Enteropathy,
X-linked (IPEX) syndrome is a rare hemizygous disorder that
presents most commonly in early infancy, but may occur
antenatally (1) or later in life (2). The syndrome is characterized
by severe enteropathy, chronic dermatitis, early onset type
I diabetes mellitus (T1DM), hypoparathyroidism, antibody-
mediated cytopenias, and other autoimmune phenomena (2).
Affected males typically die within the first or second year of
life if not treated with immunosuppressive agents or cured by
hematopoietic stem cell transplantation (HSCT). IPEX was first
recognized clinically in 1982 by Powell et al. who described a
large kindred of five generations with 21 affected males who
had all died prematurely (2). Linkage analysis localized the
genetic defect to the centromeric region of the X chromosome
(Xp11.23–Xq13.3) near the gene for Wiskott-Aldrich Syndrome
(3, 4). Subsequently, mutations in the FOXP3 gene, which
codes for a DNA-binding factor with homology to Forkhead
family proteins, were found to be associated with the IPEX
syndrome (5–8), following the discovery of a frameshift mutation
in Foxp3 observed in a naturally occurring mutant mouse
(9). The scurfy mouse was described more than 55 years
ago (10) as an X-linked disease that shares many phenotypic
features with IPEX, including scaly skin, runting, diarrhea,
progressive anemia, lymphadenopathy and hepatosplenomegaly
(10, 11).

Subsequent studies have demonstrated that the clinical
phenotype of the scurfy mouse is the result of immune
dysregulation and loss of peripheral tolerance mechanisms due
to uncontrolled proliferation of activated CD4+ effector cells
(12, 13) and absence of CD4+CD25+ regulatory T cells (Treg)
(14). Extensive multi-organ infiltration with lymphocytes and
increased production of multiple cytokines result in death of
affected mice by 3–4 weeks of age (10–13, 15). Foxp3 is a
key modulator of Treg development as it orchestrates the
transcriptional machinery to induce Treg-relevant genes, such as
Il2ra (CD25) and Ctla4 (16) and by acting as a transcriptional
repressor (14, 17–19).

As in the mouse, FOXP3 is the key factor in human
Treg development and competitiveness, and its function has
been extensively investigated (20–23). In normal individuals
5–7% of CD4+ T cells have the characteristic properties of
Tregs. In addition to the Treg population that develops in the
thymus, referred to as natural Treg (nTreg) cells, there are
Tregs that are “induced” in the periphery from naïve CD4+
effector cells, identified as iTregs (24). Helios, a member of
the Ikaros family of transcription factors, is highly enriched
in nTregs in contrast to iTregs, a fact that has been used as
a marker of Tregs of thymic origin (25). FOXP3+ Treg cells
express a number of cell surface molecules that play unique
roles in the maintenance (CD25), trafficking (CD103), and

Abbreviations: IPEX, Immune dysregulation, Polyendocrinopathy, Enteropathy,
X-linked; PID, Primary Immune Deficiency; FOXP3, Forkhead box P3; T1DM,
Type 1 diabetes mellitus; HSCT, Hematopoietic Stem Cell Transplantation; Treg,
Regulatory T cells.

function (CTLA4) of regulatory T cells (26, 27). Down-regulation
of the IL-7 receptor α (CD127) is another useful marker to
identify Treg cells (CD4+CD25highFOXP3highCD127low) (28).
Tregs exert their suppressive effect either by direct cell-cell
contact, allowing immunoregulatory receptors such as CTLA4
to engage and down regulate antigen-presenting cells including
activated B cells via co-stimulatory molecules (CD80/CD86),
or by secreting immunoregulatory cytokines such as IL-10
and TGFβ that suppress bystander effector cells without direct
cell-cell contact (29, 30). Finally, CD25-expressing Treg cells
may induce suppression by acting as “IL-2 sink” through the
efficient absorption of free IL-2 by the overexpressed IL-2
receptor α (CD25), thus depriving effector cells of this crucial
cytokine (31).

In addition to “classic IPEX” caused by mutations in
FOXP3, there is an increasing group of patients with an IPEX-
like phenotype in the presence of a wild-type FOXP3 gene
that are being investigated for single gene defects other than
FOXP3. Examples are mutations in CD25 or STAT5b, genes
that code for molecules that are required for homeostasis,
fitness and maintenance of Treg cells (32, 33) or heterozygous
mutation in CTLA4 resulting in CTLA4 haploinsufficiency,
causing decreased capacity to mediate cell contact-dependent
suppression (34). More recently, mutations in LRBA have
been reported as a cause of IPEX-like clinical manifestations
characterized by early-onset enteropathy and endocrinopathies
(35). Moreover, mutations affecting genes that regulate the JAK-
STAT signaling pathways activated by T and B cell receptors
have recently been identified as causing immune dysregulation
with an IPEX-like phenotype. Included in this group of gene
defects are heterozygous activating mutations in the PI3 kinase
subunit p110δ encoded by PIK3CD and the PI3K subunit
p35 encoded by PIK3R1, and gain of function mutations
(GOF) in STAT1 and STAT3 (36–40). Abnormal activation
of innate immunity can also drive systemic autoimmune
diseases such as heterozygous germline mutations in tumor
necrosis factor-alpha-induced protein 3 (TNFAIP3), which
encodes a negative regulator of the nuclear factor-κB (NF-κB)
pathway (41).

In this collaborative study, involving Seattle Children’s
Research Institute (Seattle, USA) and Anna Meyer Children’s
Hospital, (Florence, Italy) we evaluated 173 affected males from
143 unrelated families with a clinical phenotype suggestive
of IPEX. Starting in 2001, we sequenced the FOXP3 gene
using genomic DNA from each qualifying patient. To more
clearly delineate the relationship between the clinical and
immunologic phenotypes and the genotype, we reviewed
the clinical and laboratory presentation of each patient to
determine if there are particular phenotypic features that
are typical for IPEX and are more predictive of a FOXP3
mutation.

Because half of the patients, whose phenotype suggested IPEX,
did not have a mutation in FOXP3, we investigated if these
two groups could be differentiated phenotypically by comparing
clinical and laboratory data of patients with FOXP3 mutations
(IPEX, n = 88) to those lacking an identifiable FOXP3 mutation
(IPEX-like, n= 85).
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MATERIALS AND METHODS

Patients
The study included 173 male patients from 143 unrelated
families referred to the two participating centers for mutational
analysis of the FOXP3 gene. A questionnaire was submitted to
each referring physician to collect pertinent clinical, laboratory
and demographic information on each patient at the time of
submitting DNA for sequencing. The requested information
included the patient’s age at diagnosis and the major clinical
manifestations, such as endocrinopathy, enteropathy, skin
disease, other autoimmune phenomena (i.e., hemolytic anemia
AHA, thrombocytopenia ITP, and neutropenia), and infections.
We also requested information about the immune status, type
of treatment, and response to therapy. Screening for genetic
mutations in FOXP3 was performed in patients who presented
with early-onset and/or severe clinical manifestations resembling
IPEX syndrome, in particular at least one of the major clinical
findings (enteropathy, endocrinopathy, skin disease) associated
with other autoimmune manifestations. Written informed
consent for genetic investigations, approved by the local ethics
committees, was obtained from each patient or a parent.

Genomic DNA Isolation, Amplification, and
FOXP3 Gene Sequence Analysis
Genomic DNA was isolated from peripheral blood using
the QIAamp DNA Blood Mini Kit (Qiagen, Germantown,
MD and Hilden, Germany) according to the manufacturer’s
protocol. The entire coding sequence of FOXP3, including
exon–intron junctions, was amplified using specific flanking
intron primer pairs as previously reported (8) and standard
PCR conditions. The upstream promoter region and a 348-bp
fragment encompassing the first polyadenylation signal 880-bp
downstream of the termination codon were also amplified using
previously described primers (42). PCR products were sequenced
using the BigDye Terminator Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA, USA) on an automated ABI PRISM
3130 Genetic Analyzer (Applied Biosystems) and compared with
reported reference cDNA sequences, using guidelines provided
by HGVS and Mutalyzer 2.0.26.

Next Generation Sequencing (NGS)
Analysis of IPEX-Like Patients
A custom sequencing array was designed to target all coding
exons and flanking sequences for a panel of 50 genes that
are known to cause PIDs to investigate those patients without
identifiable FOXP3mutations (Supplementary Table 1).

The panel was designed using a custom target in solution
enrichment NimbleGen SeqCap EZ Choice Design (Roche
Inc., Madison, WI, USA) and included genes associated
with combined immunodeficiencies, immune dysregulation
disorders, innate immunity defects, and autoinflammatory
diseases. Genomic DNA (gDNA) was purified and resuspended
in water using the DNA Clean & Concentrator-5 columns (Zymo
Research Corporation, Irvine, CA, USA); 135 ng of purified
gDNA was used for the fragmentation reaction. The libraries
were prepared using the Kapa Hyperplus Kit according to the

manufacturer’s protocol (Kapa Biosystem), that provides for
the ligation of different adapters in order to analyze up to 24
samples in a single sequencing run. The pool was hybridized
to the SeqCap EZ Choice Library designed to capture the
genes included in the panel. Sequencing was performed using
the Illumina MiSeq platform according to the manufacturer’s
recommendations using MiSeq Reagent Kit v3 and a 150 bp
paired-end chemistry (Illumina, San Diego, CA, USA).

Sequence reads were aligned to the NCBI37/hg19 reference
genome using a pipeline based on BWA and Picard (https://
broadinstitute.github.io/picard/). Variants were called using the
GATK toolkit (43).

Variants were annotated with gene name and classified
according to their position and effect (frameshift, truncating,
splicing, coding non synonymous, coding synonymous,
intronic) using the ANNOVAR tool (44). Variants localized in
intronic regions outside the 30 bp exon flanking boundaries
were excluded. Variants reported in the Exome Aggregation
Consortium (ExAC) database (http://exac.broadinstitute.org/)
and/or in the 1000 Genomes Project (http://www.1000genomes.
org) and/or in the NHLBI Exome Sequencing Project (ESP,
ESP6500 database, http://evs.gs.washington.edu/EVS), with a
Minor Allele Frequency (MAF) >0.05 (5%) were dropped out.
To further determine the variant’s pathogenicity a systematic
classification scheme was applied using a combination of
prediction programs: SIFT (sift.bii.a-star.edu.sg), PolyPhen
(http://genetics.bwh.harvard.edu/pph2/), and pMUT (http://
mmb.pcb.ub.es/PMut/PMut.jsp) to distinguish potentially
damaging variants from those predicted to have neutral
effect.

Putative causative variants were analyzed by Sanger
sequencing to confirm the NGS results and investigated
in the parents of probands to check their inheritance
status.

Flow Cytometry of FOXP3+CD4+CD25+

Cells
Surface staining for CD4 and CD25 was performed by exposing
the cells to the anti-CD4 (SK3, BD Biosciences, CA) and
anti-CD25 (M-A251, BD Biosciences) monoclonal antibodies
for 15min in the dark using a 2% bovine serum albumin
phosphate-buffered saline (PBS) mixture on freshly isolated
PBMCs. Cells were washed in PBS and fixed for 30min
at 4◦C using the eBioscience fixation/permeabilization kit,
according to manufacturer’s instructions. After washing in
PBS and permeabilization (15min at 4◦C), the cells were
incubated overnight at 4◦C with anti-human FOXP3 antibody
(259D, BioLegend, San Diego CA), washed, examined by flow
cytometry (FASCanto II) and analyzed with FACSDiva Software
(BD Biosciences). FOXP3+ positive signal was evaluated by
comparing to the isotype signal. Gating strategy was performed
by selecting lymphocytes based on physical parameters; CD4+
cells were selected from the lymphocyte population, and
FOXP3+CD25+ cells from the CD4+ cell subpopulation. Values
of CD25+FOXP3+Tregs are given as percentage within the
CD4+ population.
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Statistical Analysis
We used a 2-sided 2-sample test of proportions to determine if
there is a difference in the occurrence of clinical manifestations
and in the levels of serum immunoglobulins between the
IPEX and IPEX-like groups at a significance level of ≤0.05.
Differences in age onset of symptoms between IPEX and IPEX-
like were evaluated by the Mann–Whitney test. Differences
in CD25+FOXP3+ Treg expression in IPEX, IPEX-like, and
control subjects were evaluated by the One-way ANOVA test.
Kaplan Meier Survival analysis was performed to determine
survival curves. A log rank test for equality of survivor functions
was performed to determine differences in survival curves at
a significance level of 0.05. All analyses were performed using
Graphpad Prism 6 software.

RESULTS

We aimed to perform a detailed molecular, immunologic, and
clinical evaluation of a cohort of patients presenting with
phenotypic features suggestive of a diagnosis of IPEX syndrome.
Based on the results of FOXP3 gene sequencing, we classified
patients into 2 groups: those with disease causing FOXP3
mutations (IPEX kindreds) and those without identifiable FOXP3
mutations (IPEX-like kindreds). To investigate whether the
clinical and immunologic features of our patients correlated with
this molecular categorization, we used a specifically designed
questionnaire to be completed for each patient by the referring
physician.

Molecular Analysis
IPEX Cohort With FOXP3 Mutations
Themolecular analysis of FOXP3 carried out in 173 patients from
143 unrelated families enrolled identified FOXP3 mutations in
88 affected patients (50.9%) from 66 (46.2%) unrelated families.
Overall, 44 distinct sequence variants of FOXP3were identified, 9
of which were not previously reported (Table 1). The mutations
were distributed throughout the FOXP3 gene, although the
majority were located within the functional domains, particularly
the repressor N-terminal domain, the leucine zipper and the
carboxy-terminal forkhead domain as shown in Figure 1. When
aligning the forkhead domain and the leucine zipper region of
the FOXP3 protein with members of other FOX protein family
members, the mutations tended to occur at the most highly
conserved residues (Figure 2).

Several residues with a high frequency of mutation rate
were identified, with 5 mutations accounting for almost 35%
of families (23/66) (Figure 1). These include three missense
mutations in the forkhead domain, one occurring in exon
9 (c.1010G>A, p.R337Q) and two in exon 11 (c.1150G>A,
p.A384T and c.1157G>A, p.R386H) and 2 single amino acid
deletions in the leucine zipper region at residues 250 and 251
located in exon 7.

We identified 4 IPEX patients carrying deletion/frameshift
mutations within exon 2 of the FOXP3 gene. In humans, two
major alternatively spliced FOXP3 mRNA species have been
described: the full-length (FL) isoform including all 11 coding
exons, and a splice isoform lacking exon 2 (Exon 2minus). Under

normal circumstances, the FL and exon 2minus isoforms are the
dominant species present, with each accounting for ∼50% of
the total FOXP3 mRNA in T cells (85–87). The two isoforms
encode two proteins that can both be detected in T cells from
normal individuals (85). The physiologic role of the short exon
2minus isoform is unknown but their potential role in supporting
Treg development has been investigated in a number of studies
(88–92). The 4 patients reported here have deletion mutations
in exon 2 that are predicted to cause a frameshift in the FL
mRNA resulting in premature termination and absence of full-
length mRNA that includes exon 2 while allowing expression
of a normal exon 2minus isoform of the protein. This was
demonstrated by flow cytometry when we stained activated T
cells from the patient with the c.239del mutation (and confirmed
in the patient with the c.232_233del) using two different anti-
FOXP3 antibodies, one that binds all FOXP3 isoforms and one
that binds only within the sequence of the protein encoded
by exon 2. The deletion mutations in exon 2 identified in the
remaining 3 patients lead to the expression of only the FOXP3
exon 2minus isoform. This was demonstrated by Western blot
when a genomic DNA fragment containing exons 1–7 from these
patients was cloned into the pcDNA3-NV5 vector; in contrast,
when a DNA fragment with wild type DNA fragment was cloned
into the vector, equal amounts of both isotypes were expressed
(Du, personal communication).

A second set of unique mutations identified in this large
cohort of IPEX are mutations in the mRNA polyadenylation
signal sequence of the FOXP3 gene. The polyadenylation signal
AAUAAA, located 798 bp downstream of the endogenous
termination codon of the FOXP3 gene triggers polyadenylation
of the FOXP3 mRNA, protecting it from degradation. A
single point mutation (AAUAAA > AAUGAA) was identified
in the first family described with IPEX syndrome (2, 42).
Patients with this mutation were found to have only low-level
expression of the FOXP3 mRNA [(42) and data not shown],
presumably due to increased degradation as a result of the
absence of an appended poly-A tail. Since the discovery of this
mutation, we have screened all patients with an IPEX phenotype
and a normal FOXP3 coding sequence for mutations in the
polyadenylation signal. As a consequence, we have identified
11 patients from 3 families with mutations in the FOXP3
polyadenylation signal sequence, suggesting that up to 12% of
patients with IPEX have mutations affecting the polyA site of
FOXP3, a region that is largely neglected in usual sequencing
approaches. Deletions of or mutations in the canonical polyA
signal (AAUAAA) are expected to prevent the normal generation
of the polyadenylated 3

′

-end of a gene, which provides a
signal for both cleavage and polyadenylation of pre-mRNA that
occurs in the nucleus. This process is crucial for the transport
of mature mRNA to the cytoplasm and for the stability of
mRNA (6, 93).

A sequence variant (c.543C>T), although resulting in a
synonymous amino acid substitution, was initially considered
pathogenic since it affects the first base of exon 5, potentially
resulting in a splicing defect. However, sequencing 200
chromosomes from a multiethnic population we found this
alteration in 3.5% of this group of healthy individuals. To
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TABLE 1 | Mutations identified in the cohort of patients analyzed.

Gene Exon cDNA Protein Mutation type No. of families References

FOXP3∧1 −1 c.-6247_4859del Large non-coding deletion Splicing 1 (45)

FOXP3 1 c.29_47del p.S10Lfs*46 Frameshift deletion 1 Unpublished

FOXP3 1+ c.210+1delG Miss-spliced protein Splicing 1 Unpublished

FOXP3 1+ c.210+1G>C Miss-spliced protein Splicing 1 (18)

FOXP3 1+ c.210+2del Miss-spliced protein Splicing 1 (46)

FOXP3 2 c.227del p.L76Qfs*53 Frameshift deletion 1 (8, 47–49)

FOXP3 2 c.232_233del p.M78Gfs*127 Frameshift deletion 1 Unpublished

FOXP3 2 c.239del p.A80Dfs*49 Frameshift deletion 1 Unpublished

FOXP3 2 c.303_304del p.F102Hfs*103 Frameshift deletion 1 (50)

FOXP3 3+ c.454+4A>G Miss-spliced protein Splicing 1 (51)

FOXP3 4- c.455-1G>C Miss-spliced protein Splicing 1 Unpublished

FOXP3 6 c.694T>G p.C232G Missense 1 (52)

FOXP3 6 c.725T>C p.L242P Missense 1 (53, 54)

FOXP3 7– c.736-2A>C Miss-spliced protein Splicing 1 (55)

FOXP3 7 c.748_750del p. K250del In Frame Deletion 3 (56–58)

FOXP3 7 c.751_753del p. E 251del In Frame Deletion 5 (5, 54, 59)

FOXP3 7 c.758T>C p.L253P Missense 1 (60)

FOXP3 7 c.767T>C p.M256T Missense 1 Unpublished

FOXP3 7+ c.816+2delT Miss-spliced protein Splicing 1 (61)

FOXP3 7+ c.816+3G>C Miss-spliced protein Splicing 1 Unpublished

FOXP3 7+ c.816+5G>A Miss-spliced protein Splicing 2 (53, 54)

FOXP3 7+ c.816+7G >C Miss-spliced protein Splicing 1 (62)

FOXP3 8 c.817G>T p.A273S Missense 1 (63)

FOXP3 9 c.967G >A p.E323K Missense 1 Unpublished

FOXP3 9 c.970T>C p.F324L Missense 1 (64, 65)

FOXP3 9 c.994A>G p.K332E Missense 1 Unpublished

FOXP3 9 c.1010G>A p.R337Q Missense 4 (66–68)

FOXP3 9 c.1037T>C p.I346T Missense 1 (61)

FOXP3 9 c.1040G>A p.R347H Missense 2 (61, 65)

FOXP3 10 c.1087A>G p.I363V Missense 1 (8, 56)

FOXP3 10 c.1099T>C p.F367L Missense 1 (69)

FOXP3 10 c.1110G>A p.M370I Missense 1 (70)

FOXP3 11 c.1150G>A p.A384T Missense 8 (7, 53, 71, 72)

FOXP3 11 c.1157G>A p.R386H Missense 3 (63)

FOXP3 11 c.1169G>A p.S390N Missense 1 (73)

FOXP3 11 c.1189C>T p.R397W Missense 2 (7, 56, 74)

FOXP3 11 c.1190G>A p.R397Q Missense 1 (63)

FOXP3 11 c.1222G>A p.V408M Missense 1 (66)

FOXP3 11 c.1226A>C p.D409A Missense 1 (75)

FOXP3 11 c.1227_1235del p.D409_L411del In Frame Deletion 1 (76)

FOXP3 11 c.1271G>A p.C424Y Missense 1 (56, 75)

FOXP3 11 c.1293_1294del p.*432Text25 Frameshift deletion 1 (6)

FOXP3 Poly A AAUAAA>AAUGAA Unstable mRNA 2 (42)

FOXP3 Poly A AAUAAA>AAUAAG Unstable mRNA 1 (77)

IL2RA∧2 2 c.151T>G p.C51G Homozygous Missense 1 Paper submitted

IL2RA 2 c.452A>C p.Q151P Homozygous Missense 1 Unpublished

LRBA∧3 21 c.2496C>A p.C832* Homozygous

Nonsense

1 Unpublished

LRBA 22 c.2617_2620del p.L873Afs*13 Homozygous

Frameshift deletion

1 Unpublished

(Continued)

Frontiers in Immunology | www.frontiersin.org 5 October 2018 | Volume 9 | Article 2411

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

Gambineri et al. IPEX and IPEX-Like: Clinical and Molecular Heterogeneity

TABLE 1 | Continued

Gene Exon cDNA Protein Mutation type No. of families References

LRBA 36 c.5680A>T p.R1894* Homozygous

Nonsense

1 Unpublished

CTLA4∧4 2 c.436G>A p.G146R Heterozygous

Missense

1 Unpublished

CTLA4 2 c.410C>T p.P137L Heterozygous

Missense

1 (78)

STAT1∧5

GOF

12 c.1073T>G/T p.L358W Heterozygous

Missense

1 (37)

STAT1

GOF

14 c.1154 C>T/C p.T385M Heterozygous

Missense

1 (79)

STAT1

GOF

12 c.1053G>T/G p.L351F Heterozygous

Missense

1 (80)

STAT1

GOF

11 c.983A>G/A p.H328R Heterozygous

Missense

1 (81)

STAT3∧6

GOF

9 c.832C>T/C p.R278C Heterozygous

Missense

1 Unpublished

STAT3

GOF

10 c.986T>G/T p.M329R Heterozygous

Missense

1 Unpublished

STAT3

GOF

11 c.1079A>G/A p.Y360C Heterozygous

Missense

1 Unpublished

STAT3

GOF

14 c. 1243 G>C/G p.E415Q Heterozygous

Missense

1 Unpublished

STAT5b∧7 9 c.1680+1del Splicing 1 (82)

TTC7A∧8 c.1817A>G/A;

c.2086T>C

p.E606G, p.S696P Compound

Heterozygous

Missense

1 (83)

TTC37∧9 33 c.859-3_859-

7delTTTTT,

c.3364delA

Miss-spliced protein, p.T1122Qfs*10 Compound

Heterozygous

Frameshift, Splicing

1 Unpublished

DOCK8∧10 27 c.3193del p.S1065Afs*17 Homozygous

Frameshift

1 (84)

Nomenclature according to HGVS, using Mutalyzer 2.0.26 Name Checker and gene specific transcript variants. 1FOXP3, NM_014009.3; 2 IL2RA, NM_000417.2; 3LRBA, NM_006726.4;
4CTLA4, NM_005214.4; 5STAT1, NM007315.3; 6STAT3, NM_139276.2; 7STAT5b, NM_012448.3; 8TTC7A, NM_001288951.1; 9TTC37, NM_014639; 10DOCK8, NM_203447.1;

(PolyA, Polyadenylation site; fam, families).

further evaluate the function of the splicing machinery in cells
with the c.543C>T variant, we activated PBMCs from such
patients to induce FOXP3 expression and then cloned and
sequenced individual mRNA. We found that in individuals with
the c.543C>T alteration less than 5% of the transcriptsmisspliced
around exons 4–5, compared to 0% in the controls. We do
not believe this is enough dysfunction to result in the IPEX-
like phenotype seen in these individuals, and therefore excluded
them.

Another variation we reported previously (c.112G>T, p.A38S)
(56), has been confirmed to be nonpathogenic. This alteration
showed little difference from a wild-type FOXP3 vector in
repression of a luciferase reporter containing an IL2 promoter.
We had identified this variation in a family with 2 boys
who presented with a severe IPEX-like phenotype including
autoimmune enteropathy, eczema, diabetes, hypothyroidism,
and nephrotic syndrome; both died prior to age 5. However,
approximately 50% of asymptomatic men in this family were also
found to have this alteration. For this reason, these boys have
been included in the IPEX-like cohort.

IPEX-Like Cohort With Wild Type FOXP3
Overall, 85 patients (49.1%) with phenotypic features of IPEX
from 77 unrelated families (53.8%) had no identifiable mutations
in FOXP3. They were designated as IPEX-like and all Italian
patients were evaluated for variants by a multiplex panel
that included 50 genes involved in known PIDs. The Seattle
patients were evaluated by Sanger sequencing of candidate
genes (STAT5b, STAT1, STAT3, IL2RA, CTLA4, LRBA, TTC7A,
TTC37). In this cohort of 85 affected individuals, 25 different
disease-associated variants were identified in 21 IPEX-like
patients (25%) affecting 9 distinct genes (Table 1). Seven of the
nine genes had previously been associated with a phenotype of
immune dysregulation including LRBA, STAT1 (GOF), STAT3
(GOF), CTLA4, IL2RA, STAT5B, and DOCK8. In particular, the
“gain of function” mutations affecting the genes STAT1 and
STAT3 account for 38% of the mutations identified in our IPEX-
like cohort (8/21). All mutations identified in LRBA are novel
and homozygous, two being nonsensemutations and one causing
a frameshift; all are predicted to result in the absence of the
protein or the formation of a truncated-dysfunctional protein.
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FIGURE 1 | FOXP3 mutations identified in our cohort of IPEX patients. Schematic representation of FOXP3 mRNA and protein showing the location and sizes of the

predicted structural domains. Numbers along the top line indicate amino acid number (1–431). The position of the identified mutations along the mRNA is reported

with different shape for each type of variation. Each symbol represents a single kindred. ZF, zinc finger; LZ, leucine zipper; FKH, forkhead box domain; N, amino

terminus; C, carboxy terminus; PolyA, polyadenylation sequence.

FIGURE 2 | (A) FOXP3 mutations in IPEX (symbols in yellow) in forkhead box domain. Amino acid sequence of FOXP3 protein aligned with other FOX proteins. Shows

conserved residues (blue) and highly conservative residues (green). (B) FOXP3 mutations in IPEX (symbols in yellow) in leucine zipper domain. Amino acid sequence of

FOXP3 protein aligned with c-myc and v-myc leucine zippers (known to be highly conserved). Shows highly conserved residues (blue) and highly conservative

residues (green).
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FIGURE 3 | (A) CD25+FOXP3+ expression in IPEX, IPEX-like patients and control subjects. (B) IPEX patients differ according to the type of FOXP3 mutations.

Deletion = in frame deletion; frameshift = deletion with frameshift. Values are expressed as percentage of CD4 cells, median and 5–95 percentile are shown, circles,

triangles, and cones represent singles patients out of 5–95 percentile (circles = IPEX patients, triangles = IPEX-like patients, cones = control subjects) (**p < 0.001;

***p < 0.0001).

This is in agreement with most LRBA mutations reported to
date (94).

All STAT3 and STAT1 mutations observed in our cohort
are heterozygous missense variants. One of the four STAT3
mutations located in the DNA binding domain, had been
previously reported as GOF mutation (78). Similarly, all STAT1
mutations are located in the DNA binding domain and had been
reported as GOF mutations by others (37, 79–81).

Mutations affecting CTLA4 include two heterozygous
missense variants, located in the extracellular domain of the
protein: one had been reported to be associated with immune
dysregulation (78, 95).

The IL2RA mutations identified include two novel
homozygous missense variants, located in exons 2 and 4
that constitute the two “sushi” domains essential for IL2-IL2Rα

interaction (96). These variants are associated with CD25
deficiency and will be reported in more detail separately.

The variants affecting STAT5B, a homozygous deletion
resulting in a splicing defect, has been reported to be
associated with Insulin-like growth factor (IGF) deficiency and
immunologic defects (82).

Mutations in the dedicator of cytokinesis 8 (DOCK8)
gene cause a combined immunodeficiency extending beyond
recurrent infections to include atopy, autoimmunity and cancer
(97, 98). DOCK8 deficiency has recently been identified in a
patient with an IPEX-like disorder (99). Three brothers with
IPEX-like phenotype were originally evaluated in our Centers
and found to have wild type FOXP3. Subsequently, a homozygous
single nucleotide deletion was identified in exon 27 of theDOCK8
gene, resulting in frameshift and premature termination (84).

The two other genes we identified to be associated with
IPEX-like Syndrome (TTC37, TTC7A) have not been
implicated previously with immune dysregulation. The

tetratricopeptide repeat domain 37 (TTC37) gene, if mutated,
causes Trichohepatoenteric Syndrome (THES), a rare autosomal
recessive disorder characterized by growth restriction, severe
infantile diarrhea, trichorrhexis nodosa-like hair morphology,
hepatopathy, facial dysmorphism, and immunodeficiency (100).
The tetratricopeptide repeat domain 7A (TTC7A) gene is
causative of hereditary multiple intestinal atresia (HMIA) (83), a
rare cause of intestinal obstruction associated with a profound
combined immune deficiency. Although these 2 disorders have
not been directly associated with an IPEX-like phenotype,
their clinical presentation can overlap. One of the compound
heterozygous mutations in TTC7A identified in our patient
has been previously described (83) while the two variants we
observed in our patient with the TTC37 were not.

The 21 detected variants associated with IPEX-like phenotype
include 13 missense, 2 nonsense, 4 frameshift, and 2 splicing
defects. Nine variants have previously been reported as disease
causing in the Human Gene Mutation Database (HGMD; http://
www.hgmd.cf.ac.uk/).

Treg Analysis by Flow Cytometry
To evaluate whether FOXP3 expression is normal or reduced
in patients with IPEX and IPEX-like Syndromes, we compared
41 IPEX patients and 34 IPEX-like patients with control
samples (n = 75) by flow cytometry. The percentage of
FOXP3 expression by CD4+ lymphocytes in IPEX and IPEX-
like patients was significantly lower compared to controls
(Figure 3A). We also evaluated whether the percentage of
FOXP3 expressing cells differed by the type of FOXP3mutations
(Figure 3B) and found very low to almost no protein expression
in patients with either in-frame or frameshift deletions, or
polyadenylation site mutations, and variable expression in
patients with missense and splicing mutations. Interestingly,
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FIGURE 4 | CD25+FOXP3+ expression in IPEX-like patients differed by the

type of mutated genes identified and control subjects. Values are expressed as

percentage of CD4 cells, mean and SD are shown.

two patients with missense mutations (p.E323K, p.S390N) had
markedly elevated percentages of FOXP3 expressing CD4+ cells,
which likely represent poor FOXP3 function, suggesting that the
level of protein expression does not necessarily correlate with
disease severity.

In IPEX-like patients with mutations in IL2RA the percentage
of CD4+FOXP3+ cells was within normal range, while CD25
expression, as expected, was absent, indicating a preservation of
Treg quantity, but defective function (data not shown). Analysis
of CD25 by flow cytometry in IPEX-like patients is essential
to identify patients with CD25 deficiency. FOXP3+Tregs were
evaluated in two of four patients with mutations in the LRBA
gene. Both patients had a reduction in the percentage of Treg
cells, in line with recently published data on patients with LRBA
deficiency (35). In patients with CTLA4 deficiency the frequency
of CD4+ Treg cells was normal or slightly decrease, suggesting
that autoimmunity in these patients is caused by defective Treg
function. Similarly, patients with STAT1 GOF or STAT3 GOF
mutations had variable percentages of Treg cells, with a general
tendency to decreased, but statistically not significant, values
(Figure 4).

Clinical Phenotypes of IPEX and IPEX-Like
Patients
The clinical data obtained from IPEX and IPEX-like patients
included in this study are summarized in Figures 5A,B and
Supplementary Table 2. Enteropathy was the most consistent
finding in both groups of patients (IPEX 97% vs. IPEX-like 96%,
p = 1) and is most commonly associated with watery diarrhea,
with a minority of patients reporting blood or mucus in the

stools. Diarrhea begins within the first few months of life in the
majority of patients in both groups.

For patients in whom age of onset was known, the mean
age at onset of enteropathy among the IPEX patients was 7.8
months compared to 17.3 months in the IPEX-like patients (p
= 0.15). Histologically, the incidence of villous atrophy on small
bowel biopsy was similar (IPEX 45% vs. IPEX-like 34%, p =

0.16). Food allergies (which were defined as either an abnormal
RAST IgE or clinical evidence of allergy to foods) were present
more frequently among patients in the IPEX group (IPEX =

36% vs. IPEX-like 11%, p < 0.0001) and were reported as being
“severe” in most cases. In one patient, the food allergies resolved
after successful hematopoietic stem cell transplantation (HSCT).
Not surprisingly, many patients from both groups suffered from
failure to thrive (IPEX 75% vs. IPEX-like 71%, p= 0.61) which is
likely due to persistent enteropathy, malabsorption, and chronic
disease.

Skin manifestation were also widespread among both groups
of patients (IPEX 89% vs. IPEX-like 75%, p = 0.03). There
was however a greater difference in the incidence of eczema
and/or exfoliative dermatitis (IPEX 85% vs. IPEX-like 65%, p =

0.003). Erythroderma (IPEX 8% vs. IPEX-like 11%, p = 0.6) and
childhood alopecia (IPEX 11% vs. IPEX-like 15%, p = 0.5) were
reported in both groups.

Autoimmune endocrinopathies, which most commonly
include type I diabetes mellitus (T1DM) and hypo- or
hyperthyroidism and, in a few patients, adrenal insufficiency,
were seen at a similar frequency among the IPEX and IPEX-
like patients (IPEX 65% vs. IPEX-like 59%, p = 0.44). However,
there was almost a two-fold difference in the number of patients
with T1DM in the IPEX cohort compared to the IPEX-like
group (IPEX 49% vs. IPEX-like 28%, p = 0.008). For those with
known age of onset of T1DM, IPEX patients tended to present
earlier (mean = 27 months) than the IPEX-like patients (mean
= 36 months) (p = 0.009). A few patients in both groups had
positive Anti-glutamic acid decarboxylase (GAD) antibodies or
Anti-islet cell antibodies in the absence of clinical disease (IPEX
n = 5, IPEX-like n = 5). Interestingly, one carrier mother with
a heterozygous mutation of FOXP3, had clinical evidence of
T1DM.

Clinical thyroid disease (defined as having abnormal Thyroid
Stimulating Hormone [TSH], triiodothyronine [T3], or free
thyroxine [T4] with or without symptoms) was slightly more
prevalent in the IPEX-like group (IPEX 26% vs. IPEX-like 39%,
p = 0.10). A small number of patients in both groups had
evidence of autoantibodies against thyroid (anti-microsomal or
anti-thyroglobulin) but lacked evidence of clinical disease (IPEX
n= 3, IPEX-like n= 5).

When evaluating patients for the presence of the classic triad
of enteropathy, endocrinopathy, and skin manifestations, IPEX
patients were more likely to be affected by all three (IPEX 58% vs.
IPEX-like 44%, p= 0.07).

Of the other autoimmune phenomena typically associated
with IPEX syndrome, hematologic abnormalities were equally
present in both groups (IPEX 42% vs. IPEX-like 44%, p =

0.88), including anemia (IPEX 33% vs. IPEX-like 42%, p =

0.87), neutropenia (IPEX 13% vs. IPEX-like 15%, p = 0.66),

Frontiers in Immunology | www.frontiersin.org 9 October 2018 | Volume 9 | Article 2411

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
troytorgerson
Cross-Out

troytorgerson
Inserted Text
decreased



1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

Gambineri et al. IPEX and IPEX-Like: Clinical and Molecular Heterogeneity

FIGURE 5 | Clinical manifestations in the IPEX and IPEX-like cohorts (A). IPEX patient stratified for type of mutation showing classical triad of symptoms (B).

FIGURE 6 | Heat map showing frequencies of clinical manifestations in our cohort of patients with LRBA, CTLA4, STAT1 GOF, STAT3 GOF, STAT5b, and IL2RA

mutations.

Frontiers in Immunology | www.frontiersin.org 10 October 2018 | Volume 9 | Article 2411

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

1211

1212

1213

1214

1215

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

Gambineri et al. IPEX and IPEX-Like: Clinical and Molecular Heterogeneity

and thrombocytopenia (IPEX 22% vs. IPEX-like 20%, p =

0.85). Organ and non-organ specific autoantibodies were also
present in both groups (IPEX 17% vs. IPEX-like 26%, p =

0.26).
Renal abnormalities were common in both groups (IPEX 28%

vs. IPEX-like 25%, p= 0.61) characterized by glomerulonephritis,
interstitial nephritis, unexplained hypertension, persistent
hematuria, or proteinuria. Hepatic abnormalities, most
commonly autoimmune hepatitis, were found in both groups
(IPEX 20% vs. IPEX-like 20%, p = 1). Pulmonary disease, such
as asthma and interstitial lung disease (IPEX 23% vs. IPEX-like
27%, p = 0.60), lymphadenopathy (IPEX 14% vs. IPEX-like
19%, p = 0.41) were reported in both groups, although slightly
more prevalent in the IPEX-like cohort. Arthritis or vasculitis
(IPEX 9% vs. IPEX-like 11%, p = 0.80) were equally described.
Few patients suffered from cardiovascular disease, mostly in the
IPEX-like group (IPEX 2% vs. IPEX-like 5%, p = 0.44). This
included pericarditis, atrial flutter, dilated aortic root, pericardial
effusion, and aneurisms.

Approximately a quarter of patients in both groups were
reported to have neurologic abnormalities (IPEX 24% vs. IPEX-
like 28%, p = 0.60) including seizure disorders (IPEX 14% vs.
IPEX-like 7%, p = 0.21), ventriculomegaly (IPEX 3% vs. IPEX-
like 5%, p= 0.72), and developmental delay (IPEX 14% vs. IPEX-
like 24%, p= 0.12), which, in our cohort, is higher than has been
reported in the literature.

Serious infections were reported in almost half of all patients
and included sepsis, meningitis, peritonitis, and pneumonia
(IPEX 47% vs. IPEX-like 44%, p = 0.76). The most common
organisms identified were Staphylococcus (IPEX 23% vs. IPEX-
like 20%, p = 0.71), Cytomegalovirus (IPEX 10% vs. IPEX-like
7%, p = 0.59), and Candida (IPEX 19% vs. IPEX-like 15%, p =

0.55).
In order to assess a possible genotype-phenotype correlation

within the IPEX cohort, we stratified IPEX patients for
mutation type (frameshift/in frame deletion/missense/splice
site/polyadenylation mutations) and correlate the genotype with
the development of the classical clinical triad of immune
dysregulation (Figure 5B). The complete phenotype was mainly
present in patients affected by in-frame deletions (83%) and
frameshift mutations (67%). In the other genotypes the clinical
presentation resulted to be variable. Similarly, patients lacking
exon 2 show a phenotype which do not significantly differ
from other IPEX genotypes. However, the severity of symptoms
is somehow unpredictable and not necessarily related to the
mutation type.

Among the IPEX-like cohort, patients with mutations in
genes related to Treg function (i.e., CD25, STAT5b, STAT3 and
STAT1 GOF, LRBA, CTLA4) are affected by a clinical phenotype
strongly resembling IPEX. Most of them suffer from the classical
clinical triad of immune dysregulation symptoms (enteropathy,
skin disease, and endocrinopathy). All patients with heterozygous
CTLA4mutations and patients with LRBAmutations suffer from
autoimmune cytopenias. The majority of LRBA patients (75%)
also developed lymphoadenopathy and/or hepatosplenomegaly,
whereas serious viral and bacterial infections seem to cluster
mainly in subjects with mutations in CD25, STAT1GOF, and

FIGURE 7 | IgE levels in IPEX and IPEX-like patients. Mean and SD are shown

(****p < 0.0001).

STAT5bmutated subjects. Food allergies were not reported in this
group (Figure 6).

Laboratory Findings
Immunoglobulin levels were generally normal in both groups
of patients, except for elevated IgE levels in 92% of IPEX
and 49% (p < 0.0001) of IPEX-like patients. IgE levels were
>1,000 IU/ml in 59% of IPEX patients and 25.5% (p = 0.0005)
of IPEX-like patients, some in each group having levels over
10,000 IU/ml (Figure 7). Hypogammaglobulinemia, if present,
was associated mostly with LRBA, STAT3 GOF, and heterozygous
CTLA4 mutations. Absolute lymphocyte counts and CD4+ and
CD8+ lymphocyte subsets were normal in most IPEX and IPEX-
like patients. In vitro lymphocyte proliferation in response to
mitogens and antigens were also normal in most patients as well
as antibody responses to immunization with protein antigens
(data not shown).

Treatment
Most IPEX patients responded at least temporarily to the
combination of steroids with either cyclosporine A, tacrolimus,
or sirolimus. However, many patients in both groups had only
marginal or poor responses to therapy with steroids alone.
Hematopoietic stem cell transplantation (HSCT) was performed
in 40 IPEX patients and 15 IPEX-like patients. Nine patients
with IPEX (22.5%) but only one with IPEX-like syndrome
died post-transplantation from transplant- and disease-related
complications. Most surviving patients had resolution of their
enteropathy and skin disease post-transplantation, whereas
T1DM, when present at the time of transplantation, persisted.

Prognosis
Time (in years) of follow-up since birth was obtained on 163 out
of 173 patients.

Overall, long term survival (30 years) of all patients evaluated
(n= 163) was 47.5% (Figure 8A). When comparing survival data
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between IPEX and IPEX-like patients, we observed that long term
survival (30 years) was poor in both groups of patients with better
survival rate in the IPEX group (52% IPEX vs. 27% IPEX-like),
but with a greater 10-year survival in the IPEX-like group (81.5%)
compared with IPEX patients (65%) (Figure 8B). When stratified
by the type of mutation, we observed the highest 10-year survival
in patients with in frame deletions (87.5%), followed by splice site
mutations (78%), missense mutations (67%), frameshift (67%),
and polyadenylation site mutations (19%) (Figure 8C).

When stratifying the IPEX-like cohort into two groups,
subjects with a single gene defect (IPEX-like with mutation) and
those without an identified genetic defect (IPEX-like without
mutation) and then comparing survival data in these two IPEX-
like groups with IPEX patients, we observe a higher long-
term survival (20 years) in IPEX-like without mutation (78.3%)
compare with IPEX patients (62.4%) and with IPEX-like with
mutations (44.4%) (Figure 8D). IPEX patients showed the worst
early survival (10-year survival) when compared with the other
groups.

Finally, we evaluate the effect of HSCT both in the IPEX and
IPEX-like groups. We observed a 10-year survival of 72.8% in
IPEX patients who underwent HSCT (n= 38) and 57.3% in non-
transplanted (n= 46) IPEX patients (p= 0.02) (Figure 8E). After
15 years, several transplanted IPEX patients were lost to follow-
up causing the drop in survival curve. In the IPEX-like cohort we
observed a 10-year survival of 100% in transplanted patients (n=
10) and 78% in non-transplanted (n = 68) patients (p < 0.0001)
(Figure 8F).

DISCUSSION

IPEX is a syndrome of systemic autoimmunity caused by
mutations in FOXP3, which codes for a member of the
forkhead transcription factor family, expressed primarily in
CD4+CD25+ regulatory T cells. A similar syndrome is caused
by the naturally occurring Foxp3 mutation in mice resulting
in the scurfy phenotype characterized by diarrhea, runting, a
scaly skin rash, anemia, thrombocytopenia, lymphadenopathy,
hepatosplenomegaly, and early death. To define the clinical
phenotype associated with mutations in FOXP3, we collected
data from 177males from 143 unrelated families with phenotypic
features of IPEX, who were referred to us for mutation analysis
and of which 88 had mutations in FOXP3.

The 44 unique FOXP3 mutations identified in our cohort of
IPEX patients clustered in the functional domains, particularly
in the leucine zipper and forkhead (FKH) domains. Residues
located in the FKH domain play a role in the interaction
of FOXP3 with NFAT, NF-KappaB, DNA binding, and the
formation of domain swapped dimers (101–103). Several “hot-
spot” mutations were identified in FOXP3 with four of these
mutations accounting for IPEX in almost 1/3 of the families:
two of these hot-spot mutations were single amino acid deletions
located in the leucine zipper region (p.K250del and p.E251del)
found in 8 patients, and two were missense mutations in the
FKH domain, p.R337Q and p.A384T, affecting one of the DNA
binding site residues, observed in 12 patients. The p.A384T

mutation is commonly associated with a mild phenotype and has
recently been shown to impair the suppressive function of Treg
cells while maintaining most aspects of FOXP3 transcriptional
functions including the ability to repress inflammatory cytokines.
The impaired suppressive function of Tregs with the p.A384T
substitution is in part due to a specific disruption of the binding
of the mutated FOXP3 to the histone acetyltranferase Tat-
interacting protein 60 (TIP60); this defect can be corrected
using allosteric modifiers that enhance FOXP3-TIP60 interaction
(104).

FOXP3 expression varied in IPEX patients depended on the
types of mutation with low or lack of expression associated
with in-frame and frameshift deletion mutations, low expression
in polyadenylation site and splicing mutations, and variable
expression in patients with missense mutations. IPEX-like
patients were found to have generally low levels of FOXP3
expression compared to controls, in particular those affected by
mutations in genes related to Treg function (i.e., LRBA, CTLA4).
This finding is expected since the scurfy/IPEX phenotype is
explained by extensive immune dysregulation resulting from
the absence or abnormal function of CD4+CD25+ regulatory T
lymphocytes.

Of the 143 families (173 patients) analyzed, 63 families
(77 patients) had mutations within the coding region of
FOXP3 or exon-intron junctions. Three families with multiple
affected members were identified to have FOXP3 mutations in
the canonical Poly-A region 878–883 bp downstream of the
termination codon. Two families had the AAUAAA> AAUGAA
mutation originally described by Bennett et al. (42), one of which
is the family reported by Powell et al. (2). Affected members of
the other family carried the AAUAAA > AAUAAG mutation.
Additional reports of Poly-A mutations causing IPEX suggest
an unusually high incidence of mutations in the Poly-A site
of FOXP3 (60, 61, 77). In the PID field, only 2 cases of X-
linked SCID due to Poly-A mutations (AAUAAA > AAUAAG)
in the IL-2Rgamma chain were reported [(105) and Walter
J, unpublished]. Mutations affecting the canonical Poly-A site
are rare, except in patients with alpha Thalassemia due to
Poly-A mutations in the alpha-globulin gene (106, 107), or in
patients with beta-Thalassemia due to Poly-A mutations in the
beta-globulin gene (108, 109). The remaining 77 families (85
patients) had a similar phenotype but without demonstrable
mutations in the coding region, the upstream non-coding
region, or the polyadenylation site of FOXP3. These patients
were termed “IPEX-like” patients. The clinical findings of
these two groups of patients are summarized in Figure 5 and
Supplementary Table 2. IPEX patients more likely had food
allergies, eczema, T1DM, as well as the full triad of classical
symptoms (enteropathy, skin disease, and endocrinopathy),
while IPEX-like patients seemed to be more frequently affected
by thyroid disease and cardiovascular abnormalities.

Much of what is known about the clinical characteristics of
IPEX syndrome is derived from case reports (2–8, 42, 45, 52–
54, 57, 58, 66–68, 70, 71, 73) or reviews (110, 111). Compared
to the literature we found in our IPEX cohort a higher frequency
of characteristics that had been associated with this syndrome,
likely the result of a more comprehensive data collection. Some
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FIGURE 8 | Kaplan-Meier survival curve for overall survival of patients. (A) The overall survival in the whole cohort of patient is evaluated (n = 163); (B) IPEX (n = 85)

vs. IPEX-like (n = 78) patients are compared; (C) IPEX patients stratified for type of mutation: frameshift (FS) n = 6, in frame deletion (IFD) n = 11, missense (MS) n =

43, splicing mutations (SP) n = 14 and mutations in polyadenylation site (POLA) n = 11 are compared; (D) IPEX-like without mutations (NA= not available) n = 57 and

IPEX-like with mutation (Mut) n = 21 are compared; (E) IPEX patient stratified whether (n = 39) or not (n = 46) they underwent HSCT and (F) IPEX-like patient

stratified whether (n = 10) or not (n = 68) they underwent HSCT.

features were strikingly frequent in the IPEX group, including
failure to thrive, food allergies, alopecia, and the presence of the
complete “classic triad.” Neurologic abnormalities were present
in 28% of our patients including seizures, developmental delay
or ventriculomegaly. The incidence of neurologic abnormalities

was almost 3 times as high as reported by Barzaghi et al. (111).
Central nervous involvement may represent an autoimmune
phenomenon, however we presume to be probably caused by
chronic disease and immuno-suppressive therapy, especially
since IPEX-like patients seem to be equally affected. Similarly,
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FIGURE 9 | Flow chart suggesting molecular analysis strategy based on patients’ clinical phenotype and immunological markers.

the severe infections that are quite common in both groups,
considering the pathogens involved (i.e., Staphylococcus, Candida
albicans, Cytomegalovirus), are most likely a complication of
intense and prolonged immune suppression rather than a
consequence of an imbalanced immune system.

While elevated in both groups, IPEX patients had significantly
higher levels of IgE compared to IPEX-like patients, possibly a
useful diagnostic tool.

The long-term (30 years) survival of both groups is poor
(52% IPEX vs. 27% IPEX-like). However, the 10-years survival
of 81.5% in the IPEX-like group, particularly in those patients
not genetically defined, is significantly higher when compared
with the IPEX cohort (65%). This suggests that while there
is a difference in the survival curves, depending on the
presence and type of the FOXP3 mutation or the presence
of a mutation in related genes, the long-term consequences
of chronic autoimmunity and immunosuppressive therapy and
resulting infections are affecting outcome and patients’ quality of
life. In both, the IPEX and IPEX-like cohorts, HSCT improves
the survival rate, supporting early HSCT as curative treatment
(Figures 8E,F).

The progress of DNA sequencing technologies has
rapidly expanded the group of IPEX-like disorders caused
by mutations in genes coding for proteins involved
primarily (i.e., IL2Ra, STAT5b, CTLA4) and secondarily
(i.e., LRBA, STAT3-GOF, STAT1-GOF) in Treg generation
and function, by playing important roles in maintaining
immune homeostasis (112). However, the phenotypes of these
genetically diverse entities are often overlapping and a definite
diagnosis requires sophisticated molecular and functional
analyses.

We were surprised to identify several genes in our IPEX-
like cohort that were not directly linked to immune regulation.
Mutations in TTC7A (83, 113) and TTC37 (100, 114) have
been associated with severe diarrhea, villous atrophy, recurrent
infections and (in TTC7A) a SCID-like phenotype with multiple
intestinal atresia. DOCK8 deficiency shares with IPEX some
features such as atopic dermatitis, autoimmunity, recurrent
infections including muco-cutaneous candidiasis but, with few
exceptions (99), not inflammatory bowel disease. While the
clinical phenotypes of these conditions are generally quite
dissimilar from IPEX and IPEX-like disorders, they should be
considered in the differential diagnosis.

In conclusion, we have investigated the clinical features,
immunologic characteristics and molecular basis of 173
consecutive patients with a phenotype compatible with IPEX.
While half of the group had IPEX caused by a pathogenic
mutation in the FOXP3 gene, the other half did not. In the
IPEX cohort, we were able to link certain clinical features
with mutation type and location of the variant in the FOXP3
gene. To identify a possible genetic cause, we used a multiplex
platform and Sanger sequencing of candidate genes which
revealed a single gene defect in 27% of our cohort of 85
IPEX-like patients, involving 9 different genes, allowing
genotype-phenotype comparisons. While we did not find
unambiguous differences between IPEX and IPEX-like (with
or without a mutation) patients, we nevertheless attempted
to design a simple flow chart to assist in selecting an efficient
diagnostic strategy (Figure 9). However, with the increasing
number of relevant gene defects and the realization that
atypical presentations are the norm, single gene sequencing
is increasingly replaced by Next Generation Sequencing that
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includes designer multiplex platforms and Whole Exome
Sequencing.

ETHICS STATEMENT

This study was carried out in accordance with the Declaration of
Helsinki and the recommendations of the AnnaMeyer Children’s
Hospital Pediatric Ethics Committee, and Seattle Children’s
Hospital Institutional Review Board, with written informed
consent from all research subjects.

AUTHOR CONTRIBUTIONS

EG, HO, and TT devised the project, wrote the manuscript,
supervised the molecular analysis. SC carried out experiments,
performed data analysis, wrote the manuscript. DH performed
genetic and data analysis. MV carried out experiments, wrote
the manuscript. SA-S supervised work in the laboratory and
SR carried out experiments. GS and EA contributed with data
collections and analysis. CF supervised the work.

FUNDING

Telethon grant n. GGP07241, JeffreyModell Foundation research
grant (HO, GS), Jeffrey Modell Foundation Specific Defect
Research Grant (EG).

ACKNOWLEDGMENTS

We would like to thank the following physicians for the
valuable support provided through the blood samples and
clinical information from their patients: Charlotte Cunningham
Rundles (Mount Sinai, New York, NY), Ichiro Kobayashi
(Hokkaido University, Sapporo, Japan), Alberto Tommasini
(I.R.C.C.S. BURLO, Trieste, Italy), David Nieves (University

of Rochester, Rochester, NY), Frank T. Saulsbury (University
of Virginia, Charlottesville, VA), Alain Fischer and Frank M.
Ruemmele (Hospital Necker des Enfants Malades, Paris, France),
Jeff Jacobs (Mary Bridge Children’s Hospital, Tacoma, WA),
Jill Jacobson (Children’s Mercy Hospital, Kansas City, MO),
Luke Whitesell (University of Arizona, Tucson, AZ), Loffredo
Giuseppe (Ospedale Pausilipon, Naples, Italy), Francoise
Berthet (Centre Hospitalier de Luxembourg, Luxembourg,
Belgium), Andrew Gennery, Mario Abinun, and Andrew J.Cant
(Newcastle General Hospital, Newcastle, UK), Hana Golan
(The Chaim Sheba Medical Center, Tel-Hashomer, Israel),
Asbjorg Stray-Pedersen (Rikshospitalet, Oslo, Norway) and
Alison Jones (Great Ormond Street Hospital for Children,
London, UK), Graziella Guariso (University of Padua, Padua,
Italy), Patrizia Alvisi (Maggiore Hospital, Bologna, Italy),
Prapai Dejkhamron (Chiang Mai University-Hospital,Chiang
Mai,Thailand), Ersin Sayar (Konya Training and Research
Hospital, Konya, Turkey), Caterina Cancrini and Andrea
Finocchi (Children’s Hospital Bambino Gesù, Rome, Italy), Mark
Oliver and Sharon Choo (Royal Childrens Hospital, Melbourne,
Australia,) Aydan Ikinciogullari (Ankara University, Ankara,
Turkey), Funda Erol Çipe (Kanuni Sultan Suleyman Research
and Training Hospital, Istanbul, Turkey), Neslihan Edeer Karaca
(Ege University, Bornova, Izmir, Turkey) Shannon Brothers
(Auckland Hospital, New Zealand), Dragana Janic (University
Children’s Hospital, Belgrade, Serbia), Rosa Bacchetta (Stanford
University School of Medicine, Stanford, CA, USA), Davide
Montin (Regina Margherita Children’s Hospital, Turin,
Italy).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.02411/full#supplementary-material

REFERENCES

1. Allenspach EJ, Finn LS, Rendi MH, Eken A, Singh AK, Oukka M, et al.
Absence of functional fetal regulatory T cells in humans causes in utero
organ-specific autoimmunity. J Allergy Clin Immunol. (2017) 140:616–9.e7.
doi: 10.1016/j.jaci.2017.02.017

2. Powell BR, Buist NRM, Stenzel P. An X-linked syndrome of diarrhea,
polyendocrinopathy, and fatal infection in infancy. J Pediatr. (1982) 100:731–
7. doi: 10.1016/S0022-3476(82)80573-8

3. Bennett CL, Yoshioka R, Kiyosawa H, Barker DF, Fain PR, Shigeoka AO,
et al. X-Linked syndrome of polyendocrinopathy, immune dysfunction,
and diarrhea maps to Xp11.23-Xq13.3. Am J Hum Genet. (2000) 66:461–8.
doi: 10.1086/302761

4. Ferguson PJ, Blanton SH, Saulsbury FT, McDuffie MJ, Lemahieu V, Gastier
JM, et al. Manifestations and linkage analysis in X-linked autoimmunity-
immunodeficiency syndrome. Am J Med Genet. (2000) 90:390–7.
doi: 10.1002/(SICI)1096-8628(20000228)90:5<390::AID-AJMG9>3.CO;2-M

5. Chatila TA, Blaeser F, Ho N, Lederman HM, Voulgaropoulos
C, Helms C, et al. JM2, encoding a fork head-related protein,
is mutated in X-linked autoimmunity-allergic disregulation
syndrome. J Clin Invest. (2000) 106:R75–81. doi: 10.1172/JCI
11679

6. Bennett CL, Christie J, Ramsdell F, Brunkow ME, Ferguson PJ, Whitesell
L, et al. The immune dysregulation, polyendocrinopathy, enteropathy, X-
linked syndrome (IPEX) is caused bymutations of FOXP3.Nat Genet. (2001)
27:20–1. doi: 10.1038/83713

7. Wildin RS, Ramsdell F, Peake J, Faravelli F, Casanova JL, Buist N,
et al. X-linked neonatal diabetes mellitus, enteropathy and endocrinopathy
syndrome is the human equivalent of mouse scurfy. Nat Genet. (2001)
27:18–20. doi: 10.1038/83707

8. Kobayashi I, Shiari R, Yamada M, Kawamura N, Okano M, Yara A,
et al. Novel mutations of FOXP3 in two Japanese patients with immune
dysregulation, polyendocrinopathy, enteropathy, X linked syndrome (IPEX).
J Med Genet. (2001) 38:874–6. doi: 10.1136/jmg.38.12.874

9. Brunkow ME, Jeffery EW, Hjerrild KA, Paeper B, Clark LB, Yasayko S-A,
et al. Disruption of a new forkhead/winged-helix protein, scurfin, results in
the fatal lymphoproliferative disorder of the scurfy mouse.Nat Genet. (2001)
27:68–73. doi: 10.1038/83784

10. Russell WL, Russell LB, Gower JS. Exceptional inheritance of a sex-
linked gene in the mouse explained on the basis that the X/O sex-
chromosome constitution is female. Proc Natl Acad Sci USA. (1959) 45:554–
60. doi: 10.1073/pnas.45.4.554

11. Godfrey VL, Wilkinson JE, Russell LB. X-linked lymphoreticular disease in
the scurfy (sf) mutant mouse. Am J Pathol. (1991) 138:1379–87.

Frontiers in Immunology | www.frontiersin.org 15 October 2018 | Volume 9 | Article 2411

https://www.frontiersin.org/articles/10.3389/fimmu.2018.02411/full#supplementary-material
https://doi.org/10.1016/j.jaci.2017.02.017
https://doi.org/10.1016/S0022-3476(82)80573-8
https://doi.org/10.1086/302761
https://doi.org/10.1002/(SICI)1096-8628(20000228)90:5<390::AID-AJMG9>3.CO;2-M
https://doi.org/10.1172/JCI11679
https://doi.org/10.1038/83713
https://doi.org/10.1038/83707
https://doi.org/10.1136/jmg.38.12.874
https://doi.org/10.1038/83784
https://doi.org/10.1073/pnas.45.4.554
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
troytorgerson
Cross-Out

troytorgerson
Inserted Text
This retrospective chart review study was carried out in accordance with the Declaration of
Helsinki and the recommendations of the Anna Meyer Children’s Hospital Pediatric Ethics Committee, and Seattle Children’s Hospital Institutional Review Board. It was deemed exempt but some patients also provided written informed consent for inclusion in associated clinical studies.

troytorgerson
Inserted Text
National Institutes of Health grant AI063267-02 (TRT)



1711

1712

1713

1714

1715

1716

1717

1718

1719

1720

1721

1722

1723

1724

1725

1726

1727

1728

1729

1730

1731

1732

1733

1734

1735

1736

1737

1738

1739

1740

1741

1742

1743

1744

1745

1746

1747

1748

1749

1750

1751

1752

1753

1754

1755

1756

1757

1758

1759

1760

1761

1762

1763

1764

1765

1766

1767

1768

1769

1770

1771

1772

1773

1774

1775

1776

1777

1778

1779

1780

1781

1782

1783

1784

1785

1786

1787

1788

1789

1790

1791

1792

1793

1794

1795

1796

1797

1798

1799

1800

1801

1802

1803

1804

1805

1806

1807

1808

1809

1810

1811

1812

1813

1814

1815

1816

1817

1818

1819

1820

1821

1822

1823

1824

Gambineri et al. IPEX and IPEX-Like: Clinical and Molecular Heterogeneity

12. Blair PJ, Bultman SJ, Haas JC, Rouse BT, Wilkinson JE, Godfrey VL.
CD4+CD8- T cells are the effector cells in disease pathogenesis in the scurfy
(sf) mouse. J Immunol. (1994) 153:3764–74.

13. Clark LB, Appleby MW, Brunkow ME, Wilkinson JE, Ziegler SF, Ramsdell
F. Cellular and molecular characterization of the scurfy mouse mutant. J
Immunol. (1999) 162:2546–54.

14. Khattri R, Cox T, Yasayko SA, Ramsdell F. An essential role for Scurfin
in CD4+CD25+ T regulatory cells. Nat Immunol. (2003) 4:337–42.
doi: 10.1038/ni909

15. Kanangat S, Blair P, Reddy R, DeheshiaM, Godfrey V, Rouse BT, et al. Disease
in the scurfy (sf) mouse is associated with overexpression of cytokine genes.
Eur J Immunol. (1996) 26:161–5. doi: 10.1002/eji.1830260125

16. Ohkura N, Kitagawa Y, Sakaguchi S. Development and
maintenance of regulatory T cells. Immunity (2013) 38:414–23.
doi: 10.1016/j.immuni.2013.03.002

17. Schubert LA, Jeffery E, Zhang Y, Ramsdell F, Ziegler SF. Scurfin (FOXP3) acts
as a repressor of transcription and regulates T cell activation. J Biol Chem.
(2001) 276:37672–9. doi: 10.1074/jbc.M104521200

18. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development
and function of CD4+CD25+ regulatory T cells. Nat Immunol. (2003)
4:330–6. doi: 10.1038/ni904

19. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development
by the transcription factor Foxp3. Science (2003) 299:1057–61.
doi: 10.1126/science.1079490

20. Ziegler SF. FOXP3: of mice and men. Annu Rev Immunol. (2006) 24:209–26.
doi: 10.1146/annurev.immunol.24.021605.090547

21. Bin Dhuban K, Piccirillo CA. The immunological and genetic basis
of immune dysregulation, polyendocrinopathy, enteropathy, X-
linked syndrome. Curr Opin Allergy Clin Immunol. (2015) 15:525–32.
doi: 10.1097/ACI.0000000000000214

22. Alroqi FJ, Chatila TA. T regulatory cell biology in health and disease. Curr
Allergy Asthma Rep. (2016)16:27. doi: 10.1007/s11882-016-0606-9

23. Bacchetta R, Barzaghi F, Roncarolo MG. From IPEX syndrome to FOXP3
mutation: a lesson on immune dysregulation. Ann NY Acad Sci. (2018)
1417:5–22. doi: 10.1111/nyas.13011

24. Komatsu N, Mariotti-Ferrandiz ME, Wang Y, Malissen B, Waldmann H,
Hori S. Heterogeneity of natural Foxp3+ T cells: a committed regulatory T-
cell lineage and an uncommitted minor population retaining plasticity. Proc
Natl Acad Sci USA. (2009) 106:1903–8. doi: 10.1073/pnas.0811556106

25. Himmel ME, MacDonald KG, Garcia R V, Steiner TS, Levings MK. Helios+
and Helios- cells coexist within the natural FOXP3+ T regulatory cell subset
in humans. J Immunol. (2013) 190:2001–8. doi: 10.4049/jimmunol.1201379

26. Attridge K, Walker LSK. Homeostasis and function of regulatory T cells
(Tregs) in vivo: lessons from TCR-transgenic Tregs. Immunol Rev. (2014)
259:23–39. doi: 10.1111/imr.12165

27. Campbell DJ. Control of regulatory T cell migration,
function, and homeostasis. J Immunol. (2015) 195:2507–13.
doi: 10.4049/jimmunol.1500801

28. Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, et al.
CD127 expression inversely correlates with FoxP3 and suppressive
function of human CD4+ T reg cells. J Exp Med. (2006) 203:1701–11.
doi: 10.1084/jem.20060772

29. Palomares O, Martín-Fontecha M, Lauener R, Traidl-Hoffmann C,
Cavkaytar O, Akdis M, et al. Regulatory T cells and immune regulation of
allergic diseases: roles of IL-10 and TGF-β. Genes Immun. (2014) 15:511–20.
doi: 10.1038/gene.2014.45

30. Allenspach E, Torgerson TR. Autoimmunity and primary immunodeficiency
disorders. J Clin Immunol. (2016) 36:57–67. doi: 10.1007/s10875-016-0294-1

31. Pandiyan P, Zheng L, Ishihara S, Reed J, Lenardo MJ. CD4+CD25+Foxp3+
regulatory T cells induce cytokine deprivation-mediated apoptosis of effector
CD4+ T cells. Nat Immunol. (2007) 8:1353–62. doi: 10.1038/ni1536

32. Kanai T, Jenks J, Nadeau KC. The STAT5b pathway defect and autoimmunity.
Front Immunol. (2012) 3:234. doi: 10.3389/fimmu.2012.00234

33. Goudy K, Aydin D, Barzaghi F, Gambineri E, Vignoli M, Mannurita
SC, et al. Human IL2RA null mutation mediates immunodeficiency with
lymphoproliferation and autoimmunity. Clin Immunol. (2013) 146:248–61.
doi: 10.1016/j.clim.2013.01.004

34. Kuehn HS, Ouyang W, Lo B, Deenick EK, Niemela JE, Avery DT,
et al. Immune dysregulation in human subjects with heterozygous
germline mutations in CTLA4. Science (2014) 345:1623–7.
doi: 10.1126/science.1255904

35. Charbonnier LM, Janssen E, Chou J, Ohsumi TK, Keles S, Hsu
JT, et al. Regulatory T-cell deficiency and immune dysregulation,
polyendocrinopathy, enteropathy, X-linked-like disorder caused by loss-of-
function mutations in LRBA. J Allergy Clin Immunol. (2015) 135:217–27.
doi: 10.1016/j.jaci.2014.10.019

36. Angulo I, Vadas O, Garçon F, Banham-Hall E, Plagnol V, Leahy
TR, et al. Phosphoinositide 3-kinase δ gene mutation predisposes to
respiratory infection and airway damage. Science (2013) 342:866–71.
doi: 10.1126/science.1243292

37. Uzel G, Sampaio EP, Lawrence MG, Hsu AP, Hackett M, Dorsey MJ, et al.
Dominant gain-of-function STAT1 mutations in FOXP3 wild-type immune
dysregulation-polyendocrinopathy-enteropathy-X-linked-like syndrome. J

Allergy Clin Immunol. (2013) 131:1611–23. doi: 10.1016/j.jaci.2012.11.054
38. Deau MC, Heurtier L, Frange P, Suarez F, Bole-Feysot C, Nitschke P, et al. A

human immunodeficiency caused by mutations in the PIK3R1 gene. J Clin
Invest. (2014) 124:3923–8. doi: 10.1172/JCI75746

39. Lucas CL, Kuehn HS, Zhao F, Niemela JE, Deenick EK, Palendira U,
et al. Dominant-activating germline mutations in the gene encoding the
PI(3)K catalytic subunit p110δ result in T cell senescence and human
immunodeficiency. Nat Immunol. (2014) 15:88–97. doi: 10.1038/ni.2771

40. Haapaniemi EM, Kaustio M, Rajala HLM, Van Adrichem AJ, Kainulainen
L, Glumoff V, et al. Autoimmunity, hypogammaglobulinemia,
lymphoproliferation, and mycobacterial disease in patients
with activating mutations in STAT3. Blood (2015) 125:639–48.
doi: 10.1182/blood-2014-04-570101

41. Zhou Q, Wang H, Schwartz DM, Stoffels M, Park YH, Zhang Y, et al.
Loss-of-function mutations in TNFAIP3 leading to A20 haploinsufficiency
cause an early-onset autoinflammatory disease. Nat Genet. (2015) 48:67–73.
doi: 10.1038/ng.3459

42. Bennett CL. A rare polyadenylation signal mutation of the FOXP3 gene
(AAUAAA→ AAUGAA) leads to the IPEX syndrome. Immunogenetics

(2001) 53:435–9. doi: 10.1007/s002510100358
43. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A,

et al. The genome analysis toolkit: A MapReduce framework for analyzing
next-generation DNA sequencing data. Genome Res. (2010) 20:1297–303.
doi: 10.1101/gr.107524.110

44. Yang H, Wang K. Genomic variant annotation and prioritization
with ANNOVAR and wANNOVAR. Nat Protoc. (2015) 10:1556–66.
doi: 10.1038/nprot.2015.105

45. Torgerson TR, Linane A, Moes N, Anover S, Mateo V, Rieux-Laucat F, et al.
Severe food allergy as a variant of IPEX syndrome caused by a deletion in a
noncoding region of the FOXP3 gene. Gastroenterology (2007) 132:1705–17.
doi: 10.1053/j.gastro.2007.02.044

46. Burroughs LM, Torgerson TR, Storb R, Carpenter PA, Rawlings DJ,
Sanders J, et al. Stable hematopoietic cell engraftment after low-intensity
nonmyeloablative conditioning in patients with immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome. J Allergy Clin

Immunol. (2010) 126:1000–5. doi: 10.1016/j.jaci.2010.05.021
47. Fuchizawa T, Adachi Y, Ito Y, Higashiyama H, Kanegane H, Futatani T, et al.

Developmental changes of FOXP3-expressing CD4+CD25+ regulatory T
cells and their impairment in patients with FOXP3 gene mutations. Clin
Immunol. (2007) 125:237–46. doi: 10.1016/j.clim.2007.08.004

48. Otsubo K, Kanegane H, Kamachi Y, Kobayashi I, Tsuge I, Imaizumi M, et al.
Identification of FOXP3-negative regulatory T-like (CD4 +CD25 +CD127
low) cells in patients with immune dysregulation, polyendocrinopathy,
enteropathy, X-linked syndrome. Clin Immunol. (2011) 141:111–20.
doi: 10.1016/j.clim.2011.06.006

49. Kobayashi I, Kubota M, Yamada M, Tanaka H, Itoh S, Sasahara Y, et al.
Autoantibodies to villin occur frequently in IPEX, a severe immune
dysregulation, syndrome caused by mutation of FOXP3. Clin Immunol.
(2011) 141:83–9. doi: 10.1016/j.clim.2011.05.010

50. Moudgil A, Perriello P, Loechelt B, Przygodzki R, Fitzerald W, Kamani N.
Immunodysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX)

Frontiers in Immunology | www.frontiersin.org 16 October 2018 | Volume 9 | Article 2411

https://doi.org/10.1038/ni909
https://doi.org/10.1002/eji.1830260125
https://doi.org/10.1016/j.immuni.2013.03.002
https://doi.org/10.1074/jbc.M104521200
https://doi.org/10.1038/ni904
https://doi.org/10.1126/science.1079490
https://doi.org/10.1146/annurev.immunol.24.021605.090547
https://doi.org/10.1097/ACI.0000000000000214
https://doi.org/10.1007/s11882-016-0606-9
https://doi.org/10.1111/nyas.13011
https://doi.org/10.1073/pnas.0811556106
https://doi.org/10.4049/jimmunol.1201379
https://doi.org/10.1111/imr.12165
https://doi.org/10.4049/jimmunol.1500801
https://doi.org/10.1084/jem.20060772
https://doi.org/10.1038/gene.2014.45
https://doi.org/10.1007/s10875-016-0294-1
https://doi.org/10.1038/ni1536
https://doi.org/10.3389/fimmu.2012.00234
https://doi.org/10.1016/j.clim.2013.01.004
https://doi.org/10.1126/science.1255904
https://doi.org/10.1016/j.jaci.2014.10.019
https://doi.org/10.1126/science.1243292
https://doi.org/10.1016/j.jaci.2012.11.054
https://doi.org/10.1172/JCI75746
https://doi.org/10.1038/ni.2771
https://doi.org/10.1182/blood-2014-04-570101
https://doi.org/10.1038/ng.3459
https://doi.org/10.1007/s002510100358
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1038/nprot.2015.105
https://doi.org/10.1053/j.gastro.2007.02.044
https://doi.org/10.1016/j.jaci.2010.05.021
https://doi.org/10.1016/j.clim.2007.08.004
https://doi.org/10.1016/j.clim.2011.06.006
https://doi.org/10.1016/j.clim.2011.05.010
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


1825

1826

1827

1828

1829

1830

1831

1832

1833

1834

1835

1836

1837

1838

1839

1840

1841

1842

1843

1844

1845

1846

1847

1848

1849

1850

1851

1852

1853

1854

1855

1856

1857

1858

1859

1860

1861

1862

1863

1864

1865

1866

1867

1868

1869

1870

1871

1872

1873

1874

1875

1876

1877

1878

1879

1880

1881

1882

1883

1884

1885

1886

1887

1888

1889

1890

1891

1892

1893

1894

1895

1896

1897

1898

1899

1900

1901

1902

1903

1904

1905

1906

1907

1908

1909

1910

1911

1912

1913

1914

1915

1916

1917

1918

1919

1920

1921

1922

1923

1924

1925

1926

1927

1928

1929

1930

1931

1932

1933

1934

1935

1936

1937

1938

Gambineri et al. IPEX and IPEX-Like: Clinical and Molecular Heterogeneity

syndrome: an unusual cause of proteinuria in infancy. Pediatr Nephrol.
(2007) 22:1799–802. doi: 10.1007/s00467-007-0532-0

51. De Benedetti F, Insalaco A, Diamanti A, Cortis E, Muratori F, Lamioni A,
et al. Mechanistic associations of a mild phenotype of immunodysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome. Clin Gastroenterol

Hepatol. (2006) 4:653–9. doi: 10.1016/j.cgh.2005.12.014
52. Okou DT, Mondal K, Faubion WA, Kobrynski LJ, Denson LA, Mulle JG,

et al. Exome sequencing identifies a novel FOXP3mutation in a 2-generation
family with inflammatory bowel disease. J Pediatr Gastroenterol Nutr. (2014)
58:561–8. doi: 10.1097/MPG.0000000000000302

53. Gambineri E, Perroni L, Passerini L, Bianchi L, Doglioni C, Meschi
F, et al. Clinical and molecular profile of a new series of patients
with immune dysregulation, polyendocrinopathy, enteropathy, X-linked
syndrome: Inconsistent correlation between forkhead box protein 3
expression and disease severity. J Allergy Clin Immunol. (2008) 122:1105–12.
doi: 10.1016/j.jaci.2008.09.027

54. Baris S, Schulze I, Ozen A, Aydiner EK, Altuncu E, Karasu GT, et al. Clinical
heterogeneity of immunodysregulation, polyendocrinopathy, enteropathy,
X-linked: pulmonary involvement as a non-classical disease manifestation.
J Clin Immunol. (2014) 34:601–6. doi: 10.1007/s10875-014-0059-7

55. Chen CA, Chung WC, Chiou YY, Yang YJ, Lin YC, Ochs HD, et al.
Quantitative analysis of tissue inflammation and responses to treatment
in immune dysregulation, polyendocrinopathy, enteropathy, X-linked
syndrome, and review of literature. J Microbiol Immunol Infect. (2016)
49:775–82. doi: 10.1016/j.jmii.2015.10.015

56. Lopes JE, Torgerson TR, Schubert LA, Anover SD, Ocheltree EL, Ochs
HD, et al. Analysis of FOXP3 reveals multiple domains required for its
function as a transcriptional repressor. J Immunol. (2006) 177:3133–42.
doi: 10.4049/jimmunol.177.5.3133

57. Wildin RS, Smyk-Pearson S, Filipovich AH. Clinical and molecular features
of the immunodysregulation, polyendocrinopathy, enteropathy, X linked
(IPEX) syndrome. J Med Genet. (2002) 39:537–45. doi: 10.1136/jmg.39.8.537

58. Hashimura Y, Nozu K, Kanegane H, Miyawaki T, Hayakawa A, Yoshikawa
N, et al. Minimal change nephrotic syndrome associated with immune
dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome.
Pediatr Nephrol. (2009) 24:1181–6. doi: 10.1007/s00467-009-1119-8

59. Li B, Samanta A, Song X, Iacono KT, Brennan P, Chatila TA, et al. FOXP3 is a
homo-oligomer and a component of a supramolecular regulatory complex
disabled in the human XLAAD/IPEX autoimmune disease. Int Immunol.
(2007) 19:825–35. doi: 10.1093/intimm/dxm043

60. Nademi Z, Slatter M, Gambineri E, Mannurita SC, Barge D, Hodges
S, et al. Single centre experience of haematopoietic SCT for patients
with immunodysregulation, polyendocrinopathy, enteropathy, X-
linked syndrome. Bone Marrow Transplant. (2014) 49:310–2.
doi: 10.1038/bmt.2013.181

61. Passerini L, Olek S, Di Nunzio S, Barzaghi F, Hambleton S, Abinun M, et al.
Forkhead box protein 3 (FOXP3) mutations lead to increased TH17 cell
numbers and regulatory T-cell instability. J Allergy Clin Immunol. (2011)
128:1376–9. doi: 10.1016/j.jaci.2011.09.010

62. Harbuz R, Lespinasse J, Boulet S, Francannet C, Creveaux I, Benkhelifa M,
et al. Identification of new FOXP3 mutations and prenatal diagnosis of IPEX
syndrome. Prenat Diagn. (2010) 30:1072–8. doi: 10.1002/pd.2613

63. Tsuda M, Torgerson TR, Selmi C, Gambineri E, Carneiro-Sampaio M,
Mannurita SC, et al. The spectrum of autoantibodies in IPEX syndrome is
broad and includes anti-mitochondrial autoantibodies. J Autoimmun. (2010)
35:265–8. doi: 10.1016/j.jaut.2010.06.017

64. Bacchetta R, Passerini L, Gambineri E, Dai M, Allan SE, Perroni L, et al.
Defective regulatory and effector T cell functions in patients with FOXP3
mutations. J Clin Invest. (2006) 116:1713–22. doi: 10.1172/JCI25112

65. McMurchy AN, Gillies J, Allan SE, Passerini L, Gambineri E, Roncarolo
MG, et al. Point mutants of forkhead box P3 that cause immune
dysregulation, polyendocrinopathy, enteropathy, X-linked have diverse
abilities to reprogram T cells into regulatory T cells. J Allergy Clin Immunol.
(2010) 126:1242–51. doi: 10.1016/j.jaci.2010.09.001

66. Rubio-Cabezas O, Minton JAL, Caswell R, Shield JP, Deiss D, Sumnik
Z, et al. Clinical heterogeneity in patients with FOXP3 mutations
presenting with permanent neonatal diabetes. Diabetes Care (2009) 32:111–
6. doi: 10.2337/dc08-1188

67. Savova R, Arshinkova M, Houghton J, Konstantinova M, Gaydarova
M, Georgieva E, et al. Clinical case of immune dysregulation,
polyendocrinopaty, enteropathy, X-linked (IPEX) syndrome with severe
immune deficiency and late onset of endocrinopathy and enteropathy. Case
Rep Med. (2014) 2014:1–5. doi: 10.1155/2014/564926

68. Tuijnenburg P, Cuadrado E, Bosch AM, Kindermann A, Jansen MH, Alders
M, et al. Humoral Immunodeficiency with hypotonia, feeding difficulties,
enteropathy, and mild eczema caused by a classical FOXP3 mutation. Front
Pediatr. (2017) 5:37. doi: 10.3389/fped.2017.00037

69. Colobran R, Álvarez de la Campa E, Soler-Palacín P, Martín-Nalda A, Pujol-
Borrell R, de la Cruz X, et al. Clinical and structural impact of mutations
affecting the residue Phe367 of FOXP3 in patients with IPEX syndrome. Clin
Immunol. (2016) 163:60–5. doi: 10.1016/j.clim.2015.12.014

70. An YF, Xu F, Wang M, Zhang ZY, Zhao XD. Clinical and molecular
characteristics of immunodysregulation, polyendocrinopathy, enteropathy,
X-linked syndrome in China. Scand J Immunol. (2011) 74:304–9.
doi: 10.1111/j.1365-3083.2011.02574.x

71. Nieves DS, Phipps RP, Pollock SJ, Ochs HD, Zhu Q, Scott GA, et al.
Dermatologic and immunologic findings in the immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome. Arch Dermatol.
(2004) 140:466–72. doi: 10.1001/archderm.140.4.466

72. d’Hennezel E, Ben-Shoshan M, Ochs HD, Torgerson TR, Russell LJ, Lejtenyi
C, et al. FOXP3 forkhead domainmutation and regulatory T cells in the IPEX
syndrome. N Engl J Med. (2009) 361:1710–3. doi: 10.1056/NEJMc0907093

73. Myers a K, Perroni L, Costigan C, Reardon W. Clinical and
molecular findings in IPEX syndrome. Arch Dis Child. (2006) 91:63–4.
doi: 10.1136/adc.2005.078287

74. Banerjee-Basu S, Baxevanis AD. Structural analysis of disease-causing
mutations in the P-subfamily of forkhead transcription factors. Proteins
Struct Funct Genet. (2004) 54:639–47. doi: 10.1002/prot.10621

75. Rao A, Kamani N, Filipovich A, Lee SM, Davies SM, Dalal J, et al. Successful
bone marrow transplantation for IPEX syndrome after reduced-intensity
conditioning. Blood (2007) 109:383–5. doi: 10.1182/blood-2006-05-025072

76. Alkorta-Aranburu G, Carmody D, Cheng YW, Nelakuditi V, Ma L,
Dickens JT, et al. Phenotypic heterogeneity in monogenic diabetes:
the clinical and diagnostic utility of a gene panel-based next-
generation sequencing approach. Mol Genet Metab. (2014) 113:315–20.
doi: 10.1016/j.ymgme.2014.09.007

77. Dorsey MJ, Petrovic A, Morrow MR, Dishaw LJ, Sleasman JW. FOXP3
expression following bone marrow transplantation for IPEX syndrome
after reduced-intensity conditioning. Immunol Res. (2009) 44:179–84.
doi: 10.1007/s12026-009-8112-y

78. Stray-Pedersen A, Sorte HS, Samarakoon P, Gambin T, Chinn IK, Coban
Akdemir ZH, et al. Primary immunodeficiency diseases: genomic approaches
delineate heterogeneousMendelian disorders. J Allergy Clin Immunol. (2017)
139:232–45. doi: 10.1016/j.jaci.2016.05.042

79. Takezaki S, Yamada M, Kato M, Park M-J, Maruyama K, Yamazaki Y,
et al. Chronic mucocutaneous candidiasis caused by a gain-of-function
mutation in the STAT1 DNA-binding domain. J Immunol. (2012) 189:1521–
6. doi: 10.4049/jimmunol.1200926

80. Toubiana J, Okada S, Hiller J, Oleastro M, Gomez ML, Becerra
JCA, et al. Heterozygous STAT1 gain-of-function mutations underlie
an unexpectedly broad clinical phenotype. Blood (2016) 127:3154–64.
doi: 10.1182/blood-2015-11-679902

81. Leiding JW, Okada S, Hagin D, AbinunM, Shcherbina A, Balashov DN, et al.
Hematopoietic stem cell transplantation in patients with gain-of-function
signal transducer and activator of transcription 1 mutations. J Allergy Clin

Immunol. (2018) 141:704–17. doi: 10.1016/j.jaci.2017.03.049
82. Hwa V, Camacho-Hübner C, Little BM, David A, Metherell LA, El-Khatib

N, et al. Growth hormone insensitivity and severe short stature in siblings: a
novel mutation at the exon 13-intron 13 junction of the STAT5b gene.Horm
Res. (2007) 68:218–24. doi: 10.1159/000101334

83. Chen R, Giliani S, Lanzi G, Mias GI, Lonardi S, Dobbs K, et al. Whole-
exome sequencing identifies tetratricopeptide repeat domain 7A (TTC7A)
mutations for combined immunodeficiency with intestinal atresias. J Allergy
Clin Immunol. (2013) 132:656–664. doi: 10.1016/j.jaci.2013.06.013

84. Dinwiddie DL, Kingsmore SF, Caracciolo S, Rossi G, Moratto D, Mazza C,
et al. Combined DOCK8 and CLEC7Amutations causing immunodeficiency

Frontiers in Immunology | www.frontiersin.org 17 October 2018 | Volume 9 | Article 2411

https://doi.org/10.1007/s00467-007-0532-0
https://doi.org/10.1016/j.cgh.2005.12.014
https://doi.org/10.1097/MPG.0000000000000302
https://doi.org/10.1016/j.jaci.2008.09.027
https://doi.org/10.1007/s10875-014-0059-7
https://doi.org/10.1016/j.jmii.2015.10.015
https://doi.org/10.4049/jimmunol.177.5.3133
https://doi.org/10.1136/jmg.39.8.537
https://doi.org/10.1007/s00467-009-1119-8
https://doi.org/10.1093/intimm/dxm043
https://doi.org/10.1038/bmt.2013.181
https://doi.org/10.1016/j.jaci.2011.09.010
https://doi.org/10.1002/pd.2613
https://doi.org/10.1016/j.jaut.2010.06.017
https://doi.org/10.1172/JCI25112
https://doi.org/10.1016/j.jaci.2010.09.001
https://doi.org/10.2337/dc08-1188
https://doi.org/10.1155/2014/564926
https://doi.org/10.3389/fped.2017.00037
https://doi.org/10.1016/j.clim.2015.12.014
https://doi.org/10.1111/j.1365-3083.2011.02574.x
https://doi.org/10.1001/archderm.140.4.466
https://doi.org/10.1056/NEJMc0907093
https://doi.org/10.1136/adc.2005.078287
https://doi.org/10.1002/prot.10621
https://doi.org/10.1182/blood-2006-05-025072
https://doi.org/10.1016/j.ymgme.2014.09.007
https://doi.org/10.1007/s12026-009-8112-y
https://doi.org/10.1016/j.jaci.2016.05.042
https://doi.org/10.4049/jimmunol.1200926
https://doi.org/10.1182/blood-2015-11-679902
https://doi.org/10.1016/j.jaci.2017.03.049
https://doi.org/10.1159/000101334
https://doi.org/10.1016/j.jaci.2013.06.013
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


1939

1940

1941

1942

1943

1944

1945

1946

1947

1948

1949

1950

1951

1952

1953

1954

1955

1956

1957

1958

1959

1960

1961

1962

1963

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

2021

2022

2023

2024

2025

2026

2027

2028

2029

2030

2031

2032

2033

2034

2035

2036

2037

2038

2039

2040

2041

2042

2043

2044

2045

2046

2047

2048

2049

2050

2051

2052

Gambineri et al. IPEX and IPEX-Like: Clinical and Molecular Heterogeneity

in 3 brothers with diarrhea, eczema, and infections. J Allergy Clin Immunol.
(2013) 131:594–7.e3. doi: 10.1016/j.jaci.2012.10.062

85. Allan SE, Passerini L, Bacchetta R, Crellin N, Dai M, Orban PC, et al. The
role of 2 FOXP3 isoforms in the generation of human CD4+ Tregs. J Clin
Invest. (2005) 115:3276–84. doi: 10.1172/JCI24685

86. Manavalan JS, Kim-Schulze S, Scotto L, Naiyer AJ, Vlad G, Colombo PC,
et al. Alloantigen specific CD8+CD28– FOXP3+ T suppressor cells induce
ILT3+ ILT4+ tolerogenic endothelial cells, inhibiting alloreactivity. Int
Immunol. (2004) 16:1055–68. doi: 10.1093/intimm/dxh107

87. Yagi H, Nomura T, Nakamura K, Yamazaki S, Kitawaki T, Hori S,
et al. Crucial role of FOXP3 in the development and function of
human CD25+CD4+ regulatory T cells. Int Immunol. (2004) 16:1643–56.
doi: 10.1093/intimm/dxh165

88. Aarts-Riemens T, Emmelot ME, Verdonck LF, Mutis T. Forced
overexpression of either of the two common human Foxp3 isoforms
can iduce regulatory T cells from CD4+CD25- cells. Eur J Immunol. (2008)
38:1381–1390. doi: 10.1002/eji.200737590

89. Kristensen B, Hegedüs L, Madsen HO, Smith TJ, Nielsen CH. Altered
balance between self-reactive T helper (Th)17 cells and Th10 cells and
between full-length forkhead box protein 3 (FoxP3) and FoxP3 splice
variants in Hashimoto’s thyroiditis. Clin Exp Immunol. (2015) 180:58–69.
doi: 10.1111/cei.12557

90. Serena G, Yan S, Camhi S, Patel S, Lima RS, Sapone A, et al. Proinflammatory
cytokine interferon-γ and microbiome-derived metabolites dictate
epigenetic switch between forkhead box protein 3 isoforms in coeliac
disease. Clin Exp Immunol. (2017) 187:490–506. doi: 10.1111/cei.12911

91. Smith EL, Finney HM, Nesbitt AM, Ramsdell F, Robinson MK.
Splice variants of human FOXP3 are functional inhibitors of
human CD4 + T-cell activation. Immunology (2006) 119:203–11.
doi: 10.1111/j.1365-2567.2006.02425.x

92. Mailer RKW. Alternative splicing of FOXP3-virtue and vice. Front Immunol.
(2018) 9:530. doi: 10.3389/fimmu.2018.00530

93. Curinha A, Braz SO, Pereira-Castro I, Cruz A, Moreira A. Implications
of polyadenylation in health and disease. Nucleus (2014) 5:508–19.
doi: 10.4161/nucl.36360

94. Alkhairy OK, Abolhassani H, Rezaei N, Fang M, Andersen KK,
Chavoshzadeh Z, et al. Spectrum of phenotypes associated with mutations
in LRBA. J Clin Immunol. (2016) 36:33–45. doi: 10.1007/s10875-015-0224-7

95. Slatter MA, Engelhardt KR, Burroughs LM, Arkwright PD, Nademi
Z, Skoda-Smith S, et al. Hematopoietic stem cell transplantation for
CTLA4 deficiency. J Allergy Clin Immunol. (2016) 138:615–619.e1.
doi: 10.1016/j.jaci.2016.01.045

96. Rickert M, Wang X, Boulanger MJ, Goriatcheva N, Garcia KC. The structure
of interleukin-2 complexed with its alpha rece. Science (2005) 2057:1477–81.
doi: 10.1126/science.1109745

97. Zhang Q, Davis JC, Lamborn IT, Freeman AF, Jing H, Favreau AJ, et al.
Combined immunodeficiency associated with DOCK8 mutations. N Engl J

Med. (2009) 361:2046–55. doi: 10.1056/NEJMoa0905506
98. Engelhardt KR, McGhee S, Winkler S, Sassi A, Woellner C, Lopez-

Herrera G, et al. Large deletions and point mutations involving the
dedicator of cytokinesis 8 (DOCK8) in the autosomal-recessive form
of hyper-IgE syndrome. J Allergy Clin Immunol. (2009) 124:1289–302.
doi: 10.1016/j.jaci.2009.10.038

99. Alroqi FJ, Charbonnier LM, Keles S, Ghandour F, Mouawad P, Sabouneh R,
et al. DOCK8 deficiency presenting as an IPEX-like disorder. J Clin Immunol.
(2017) 37:811–9. doi: 10.1007/s10875-017-0451-1

100. Hartley JL, Zachos NC, Dawood B, Donowitz M, Forman J, Pollitt
RJ, et al. Mutations in TTC37 cause trichohepatoenteric syndrome
(Phenotypic Diarrhea of Infancy). Gastroenterology (2010) 138:2388–98.
doi: 10.1053/j.gastro.2010.02.010

101. Bettelli E, Dastrange M, Oukka M. Foxp3 interacts with nuclear factor of
activated T cells and NF- kB to repress cytokine gene expression and effector
functions of T helper cells. Proc Natl Acad Sci USA. (2005) 102:5138–43.
doi: 10.1073/pnas.0501675102

102. Torgerson TR, Genin A, Chen C, Zhang M, Zhou B, Frank MB, et al.
FOXP3 inhibits activation-induced NFAT2 expression in T cells thereby
limiting effector cytokine expression. J Immunol. (2009) 183:907–15.
doi: 10.4049/jimmunol.0800216

103. Bandukwala HS,WuY, FeurerM, Chen Y, Ghosh S, Stroud JC, et al. Structure
of a domain-swapped FOXP3 dimer on DNA and its function in regulatory
T cells. Immunity (2011) 34:479–91. doi: 10.1016/j.immuni.2011.02.017

104. Bin Dhuban K, D’Hennezel E, Nagai Y, Xiao Y, Shao S, Istomine
R, et al. Suppression by human FOXP3(+) regulatory T cells
requires FOXP3-TIP60 interactions. Sci Immunol. (2017) 2:eaai9297.
doi: 10.1126/sciimmunol.aai9297

105. Hsu AP, Fleisher TA, Niemela JE. Mutation analysis in primary
immunodeficiency diseases: case studies. Curr Opin Allergy Clin Immunol.
(2009) 9:517–24. doi: 10.1097/ACI.0b013e3283328f59

106. Higgs DR, Goodbourn SEY, Lamb J, Clegg JB, Weatherall DJ, Proudfoot NJ.
α-Thalassaemia caused by a polyadenylation signal mutation. Nature (1983)
306:398–400. doi: 10.1038/306398a0

107. Jassim N, Al-Arrayed S, Gerard N, Al-Mukharraq H, Al-Ajami
A, Ramasawmy R, et al. A mismatched-primer polymerase chain
reaction-restriction fragment length polymorphism strategy for
rapid screening of the polyadenylation signal mutation α(T-Saudi)
(AATAAA→AATAAG) in the α2-globin gene. Hemoglobin (1999)
23:213–20. doi: 10.3109/03630269909005701

108. Haddad F, Trabelsi N, Chaouch L, Darragi I, Oueslati M, Boudriga
I, et al. Homozygous mutation on the β-globin polyadenylation
signal in a tunisian patient with β-thalassemia intermedia and
coinheritance of Gilbert’s syndrome. Hemoglobin (2017) 41:147–50.
doi: 10.1080/03630269.2017.1322610

109. Losekoot M, Fodde R, Harteveld CL, van Heeren H, Giordano PC,Went LN,
et al. Homozygous beta+ thalassaemia owing to a mutation in the cleavage-
polyadenylation sequence of the human beta globin gene. J Med Genet.
(1991) 28:252–5. doi: 10.1136/jmg.28.4.252

110. Barzaghi F, Passerini L, Bacchetta R. Immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome: a paradigm of
immunodeficiency with autoimmunity. Front Immunol. (2012) 3:211.
doi: 10.3389/fimmu.2012.00211

111. Barzaghi F, Amaya Hernandez LC, Neven B, Ricci S, Kucuk ZY, Bleesing
JJ, et al. Long-term follow-up of IPEX syndrome patients after different
therapeutic strategies: an international multicenter retrospective study. J
Allergy Clin Immunol. (2018) 141:1036–49. doi: 10.1016/j.jaci.2017.10.041

112. Ciullini Mannurita S, Gambineri E. Novel molecular defects associated with
very early-onset inflammatory bowel. Curr Opin Allergy Clin Immunol.
(2017) 17:317–24. doi: 10.1097/ACI.0000000000000393

113. Notarangelo LD. Multiple intestinal atresia with combined
immune deficiency. Curr Opin Pediatr. (2014) 26:690–6.
doi: 10.1097/MOP.0000000000000159

114. Lee W-I, Huang J-L, Chen C-C, Lin J-L, Wu R-C, Jaing T-H,
et al. Identifying mutations of the tetratricopeptide repeat domain 37
(TTC37) gene in infants with intractable diarrhea and a comparison of
Asian and Non-Asian phenotype and genotype. Medicine (2016) 95:1–9.
doi: 10.1097/MD.0000000000002918

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Gambineri, Ciullini Mannurita, Hagin, Vignoli, Anover-Sombke,

Rylaarsdam, Segundo, Allenspach, Favre, Ochs and Torgerson. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 18 October 2018 | Volume 9 | Article 2411

https://doi.org/10.1016/j.jaci.2012.10.062
https://doi.org/10.1172/JCI24685
https://doi.org/10.1093/intimm/dxh107
https://doi.org/10.1093/intimm/dxh165
https://doi.org/10.1002/eji.200737590
https://doi.org/10.1111/cei.12557
https://doi.org/10.1111/cei.12911
https://doi.org/10.1111/j.1365-2567.2006.02425.x
https://doi.org/10.3389/fimmu.2018.00530
https://doi.org/10.4161/nucl.36360
https://doi.org/10.1007/s10875-015-0224-7
https://doi.org/10.1016/j.jaci.2016.01.045
https://doi.org/10.1126/science.1109745
https://doi.org/10.1056/NEJMoa0905506
https://doi.org/10.1016/j.jaci.2009.10.038
https://doi.org/10.1007/s10875-017-0451-1
https://doi.org/10.1053/j.gastro.2010.02.010
https://doi.org/10.1073/pnas.0501675102
https://doi.org/10.4049/jimmunol.0800216
https://doi.org/10.1016/j.immuni.2011.02.017
https://doi.org/10.1126/sciimmunol.aai9297
https://doi.org/10.1097/ACI.0b013e3283328f59
https://doi.org/10.1038/306398a0
https://doi.org/10.3109/03630269909005701
https://doi.org/10.1080/03630269.2017.1322610
https://doi.org/10.1136/jmg.28.4.252
https://doi.org/10.3389/fimmu.2012.00211
https://doi.org/10.1016/j.jaci.2017.10.041
https://doi.org/10.1097/ACI.0000000000000393
https://doi.org/10.1097/MOP.0000000000000159
https://doi.org/10.1097/MD.0000000000002918
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Clinical, Immunological, and Molecular Heterogeneity of 173 Patients With the Phenotype of Immune Dysregulation, Polyendocrinopathy, Enteropathy, X-Linked (IPEX) Syndrome
	Introduction
	Materials and Methods
	Patients
	Genomic DNA Isolation, Amplification, and FOXP3 Gene Sequence Analysis
	Next Generation Sequencing (NGS) Analysis of IPEX-Like Patients
	Flow Cytometry of FOXP3+CD4+CD25+ Cells
	Statistical Analysis

	Results
	Molecular Analysis
	IPEX Cohort With FOXP3 Mutations
	IPEX-Like Cohort With Wild Type FOXP3

	Treg Analysis by Flow Cytometry
	Clinical Phenotypes of IPEX and IPEX-Like Patients
	Laboratory Findings
	Treatment
	Prognosis

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References




