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Abstract

Background.—Most patients with childhood-onset immune dysregulation, polyendocrinopathy 

and enteropathy have no genetic diagnosis for their illness. These patients may undergo empirical 

immunosuppressive treatment with highly variable outcomes.

Objective.—To determine the genetic basis of disease in patients referred with “IPEX-like” 

disease, but with no mutation in FOXP3; then to assess consequences of genetic diagnoses for 

clinical management.
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Methods.—Genomic DNA was sequenced using a panel of 462 genes implicated in inborn errors 

of immunity. Candidate mutations were characterized by genomic, transcriptional, and (for some) 

protein analysis.

Results: Of 123 patients with FOXP3-negative IPEX-like disease, 48 (39%) carried damaging 

germline mutations in one of 27 genes including AIRE, BACH2, BCL11B, CARD11, CARD14, 
CTLA4, IRF2BP2, ITCH, JAK1, KMT2D, LRBA, MYO5B, NFKB1, NLRC4, POLA1, POMP, 
RAG1, SH2D1A, SKIV2L, STAT1, STAT3, TNFAIP3, TNFRSF6/FAS, TNRSF13B/TACI, 
TOM1, TTC37, and XIAP. Many of these had not been previously associated with an IPEX-like 

diagnosis. For 42 of the 48 patients with genetic diagnoses, knowing the critical gene may have 

altered therapeutic management, including recommendations for targeted treatments and for or 

against hematopoietic cell transplantation.

Conclusion: Many childhood disorders now bundled as “IPEX-like” disease are caused by 

individually rare, severe mutations in immune regulation genes. Most genetic diagnoses of these 

conditions yield clinically actionable findings. Barriers are lack of testing or lack of repeat testing 

if older technologies failed to provide a diagnosis.

Clinical Implication: Pediatric immune dysregulation would benefit from a genetics-first 

approach to diagnosis: for >80% of these patients with genetic diagnoses, the genetic information 

offers critical guidance to clinical management.

CAPSULE SUMMARY

Immune dysregulation, polyendocrinopathy or enteropathy in many pediatric patients results from 

a mutation with severe clinical effect. Identification of these causal mutations enables treatment 

based on genotype, supporting a genetics-first approach to diagnosis.
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INTRODUCTION

Clinical presentations of immune dysregulation in children are notoriously complex1,2,3. 

Genetic diagnoses can help disentangle this complexity and can also guide clinical 

management of these patients, suggesting targeted therapies or prompting hematopoietic 

cell transplantation (HCT)4. Despite excellent studies revealing genetic causes of primary 

immunodeficiency diseases5, there are as yet no widely accepted recommendations for 

genetic testing of pediatric patients with immune dysregulation. Even now, a decade 

after next-generation sequencing became widespread, genetic testing for inborn errors of 

immunity often proceeds only following functional testing and in targeted panels, with the 

choice of gene frequently based on phenotype and serology. This approach misses genetic 

diagnoses of a large proportion of patients.

Among inborn errors of immunity, IPEX (Immune dysregulation, Polyendocrinopathy, 

Enteropathy, X-linked) syndrome, caused by mutations in FOXP3, a lineage-defining 

gene in regulatory T cells, is a prototype of disorders affecting regulation of immune 
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responses6,7. IPEX manifests most commonly with severe diarrhea, dermatitis, and 

autoimmune endocrinopathies such as type 1 diabetes or thyroid disease8. However, these 

clinical features are widespread in pediatric diseases of immune dysregulation, and many 

patients with these symptoms have no mutation in FOXP3. These patients have been 

termed “IPEX-like,” a distinction that is clinically significant, because patients with FOXP3 
mutations usually undergo HCT9, whereas patients with IPEX-like syndrome are generally 

monitored and treated with immunomodulatory treatments aimed at the affected organ 

system. Patients with IPEX-like syndrome receive transplantation only if their disease 

progresses and becomes life-threatening. If HCT is ultimately undertaken, the delay in 

treatment can result in higher morbidity and mortality.

The scope, prevalence, and distribution of genes and mutations responsible for FOXP3-

negative pediatric immune dysregulation, polyendocrinopathy or enteropathy (IPE) are not 

known. The goal of this project was to determine the underlying genetic causes of these 

conditions in pediatric patients with no mutation in FOXP3, to assess the diagnostic yield 

of genetic testing in these patients, and to evaluate the implications of genetic diagnosis for 

treatment.

METHODS

Study subjects

The study was approved by the institutional review boards of Seattle Children’s Hospital 

(SCH) and the University of Washington (UW). Patients were eligible for the study if 

referred to SCH with clinical signs suggestive of IPEX, and hence for genetic analysis of 

FOXP3, but with no FOXP3 mutation identified. DNA was available for 123 such patients.

Gene panel development

We designed an oligonucleotide-based sequencing panel encompassing the coding exons, 

5’ and 3’ untranslated regions, and flanking intronic regions of 462 known and candidate 

genes for immune-mediated disease (Table EI). Genes were chosen from the classification 

of immune genes by the International Union of Immunological Societies (IUIS)10, and 

by review of the literature and consensus expert opinion of colleagues from immunology, 

rheumatology, and genetics. Of the 462 genes, 337 genes harbor mutations leading to inborn 

errors of immunity in humans; the other 125 genes are involved in immune tolerance, many 

with compelling murine models. Total length of the targeted genomic region was 1.5 MB. 

The panel enables simultaneous identification of single base pair mutations, small insertions 

and deletions, and exon-impacting copy number variants (CNVs) for all targeted genes. 

The panel was validated by blinded analysis of 33 patients with independently identified 

mutations. All genotypes were concordant with previous results. In addition to its research 

use, the panel is now in clinical use by the UW Department of Laboratory Medicine11.

Genomics

Genomic DNA was isolated from whole blood, from peripheral blood mononuclear cells 

(PBMCs), or from expanded PBMCs. For each sample, 500–750ng DNA was captured using 

the oligonucleotide panel. Molecular barcodes were added after hybridization, and 32–48 
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samples were multiplexed and sequenced in a single flow-cell on an Illumina HiSeq2500 

instrument to obtain 100bp paired-end reads at >400x median coverage. Identification of 

variants was carried out as previously described12. Copy number variants (CNVs) were 

confirmed by TaqMan analysis and breakpoints identified by whole genome sequencing, 

also as described12.

Interpretation of genetic variants

Variant interpretation was based on the guidelines of the American College of Medical 

Genetics (ACMG)13, as applied to conditions of pediatric immune dysregulation. As 

described above, the challenges of these conditions are, on the one hand, phenotypes defined 

by an exceptionally wide range of clinical presentations and, on the other hand, candidate 

genes with an exceptionally wide range of biological functions, with no straightforward 

alignment of phenotypes and genes. For each patient, candidate variants were evaluated 

by several criteria and experiments: by in silico predictive tools; by published functional 

studies; by similarities of clinical presentations of our patient with any patients previously 

reported with mutations in the same gene; by transcriptional analysis in our lab when 

appropriate and feasible14; and by testing for de novo inheritance, if DNA from parents 

could be obtained. For each variant that we reported as pathogenic, likely pathogenic, or 

of unknown significance (VUS), we provided a narrative explanation of published evidence 

and of experiments carried out in our lab, as well as reporting in silico predictions and prior 

classification by ClinVar15. The VUS classification was used sparingly, only for mutations 

with plausible but uncertain links to the patient’s phenotype, for which further functional or 

genetic studies could add to evidence for or against causality.

RESULTS

Genetic diagnoses

Demographic and clinical features of the cohort.—Demographic and clinical 

characteristics of the 123 patients are shown in Table I. Most patients were male, 

consistent with original referral for X-linked IPEX syndrome. Patients were referred by 

physicians from six continents and represented a wide variety of ancestral populations, 

identified by self-report and by ancestral SNPs16. Clinical diagnoses were heterogeneous, 

including enteropathy, dermatitis, autoimmune hemolytic anemia, type I diabetes, and other 

autoimmune conditions.

Genomic sequencing.—Genomic analysis of DNA samples from the 123 patients 

yielded median coverage across the targeted region of 406X, with 95.9% of targeted bases 

having >40X coverage and 99.1% of targeted bases having >8X coverage. This depth of 

coverage enabled identification of point mutations and small insertions and deletions in 

coding or regulatory regions and exon-impacting CNVs.

Frequencies and features of genetic diagnoses.—Genomic analysis yielded genetic 

diagnoses for 39% of patients (48 of 123), involving 27 different genes (Table II). 

All variants considered pathogenic, likely pathogenic, or of unknown significance but 

warranting further study, are indicated in Table III, with evidence bearing on causality 
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for the child’s phenotype. Of the 28 different conditions in the 48 patients with genetic 

diagnoses, 19 conditions were inherited as autosomal dominant, 7 as autosomal recessive, 

and 2 as X-linked recessive. Damaging mutations included truncating, splice altering, 

and missense mutations, each private or extremely rare (Table III). Five patients carried 

multi-kilobase genomic deletions or amplifications in single genes (Figs E1, E2). Of the 

56 different variants contributing to these 48 genetic diagnoses, 36 appeared for the first 

time in a patient in this series and 20 had been previously reported15 (Table III). Of the 

58 reported variants, 52 were classified as pathogenic or likely pathogenic and 4 as VUS 

with recommendation for further functional analysis (Table III). Proportions of patients with 

genetic diagnoses were similar for males (37/94, or 39%) and for females (11/29, or 38%). 

Average age at referral for patients with a genetic diagnosis was 6.2y and for patients with 

no genetic diagnosis was 6.6y.

Biological functions of genes mutant in patients

Mutant genes in the IUIS classification system.—Genes responsible for patients’ 

diagnoses are involved in both adaptive and immune response (Table II), and in 

biological functions including signaling, cell differentiation, apoptosis, debris handling, 

and epithelial integrity (Figure 1). The 27 genes appeared in multiple categories of 

the phenotypic classification system for inborn errors of immunity of the International 

Union of Immunological Societies’ (IUIS) (Table II)10. Causal genes in the IUIS Immune 

Dysregulation category would be expected, given original clinical suspicion for IPEX. 

However, an equal number of genetic diagnoses were due to genes in other IUIS phenotypic 

categories, including Autoinflammatory Disorders, Antibody Deficiencies, Combined 

Immunodeficiencies, and Defects in Intrinsic and Innate Immunity. Most of the 27 genes 

were not previously reported in the context of “IPEX-like” disease.

For some genes, the mutations of these patients provide additional support for the role 

of the genes in IPE (Tables II, III). For example, somatic mutations in the JAK1 kinase 

are common in tumors, but a germline mutation in JAK1 has previously been documented 

in only one family17. Patients S66, S67, and S170, with severe IPE phenotypes, carry 

three different damaging mutations in JAK1, strongly supporting a role for JAK1 germline 

mutations in IPE (Figure S2). Similarly, IRF2BP2 encodes a transcriptional regulator of 

type I interferon and has a well-documented role in immune regulation, angiogenesis, and 

apoptosis18,19, but a germline mutation in IRF2BP2 has been previously documented in 

only one family20. Patient S125, with a similar phenotype to the previously reported patient, 

carries a de novo damaging mutation in IRF2BP2, supporting a role for this gene in IPE.

Two genes responsible for diagnoses of our patients were not previously included in the 

IUIS classification. TOM1 encodes a protein of endocytosis, with a missense mutation 

previously reported in a family with autosomal dominant immune dysregulation and 

impaired autophagy21. Patient S15, with a severe IPE phenotype, is heterozygous for a 

TOM1 splice mutation that produces a stable product lacking the vesicular trafficking 

domain, so likely yielding a dominant negative effect (Figure E3). Mutations in MYO5B are 

well documented in patients with microvillus inclusion disease22. Like patient SDH, patients 
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with MYO5B deficiency can have extraintestinal manifestations, including hematuria, lung 

disease, and increased susceptibility to infection23.

Immune regulation and dysmorphology.—For four patients, immune dysregulation 

appeared in combination with dysmorphology. Three patients with mildly dysmorphic 

features harbored mutations in TTC37 or SKIV2L, both of which are responsible for 

tricho-hepato-enteric (THE) syndrome24,25. One patient, with a splice mutation in KMT2D, 

presented with features of Kabuki syndrome in addition to autoimmune dysregulation and 

severe enteropathy, both of which are rare but reported features of Kabuki syndrome26,27. 

Genetic analysis is quite frequently undertaken for patients with dysmorphic features. 

However, for several patients with mutations in dysmorphism genes, these features were 

subtle and not recognized until after the genetic diagnosis.

Genetic diagnoses and treatment

For 42 of the 48 patients with genetic diagnoses, knowing the critical gene could have 

guided treatment (Figure 2). Specific management implications for each patient with a 

genetic diagnosis are indicated in Table EII. Some patients for whom the causal gene was 

identified could have been treated with appropriately targeted immune modulatory drugs. 

Patients whose genetic diagnoses suggested life-limiting disease may have been considered 

for HCT early in their disease course. Conversely, patients with genetic diseases having less 

severe outcomes or no effective therapies may have avoided high-risk treatments.

Targeted therapeutics.—For 25 patients, genetic diagnoses suggested specific targeted 

therapies. For example, abatacept, a CTLA-Ig fusion protein, has been reported to 

be an effective targeted therapy for patients with CTLA4 haploinsufficiency or LRBA 
deficiency28. JAK inhibitors have been shown to be effective in patients with JAK1, STAT1, 
or STAT3 gain-of-function mutations29. Patients with NLRC4 gain-of-function mutations 

have been treated successfully in preliminary studies with recombinant IL-18-binding 

protein30, and a clinical trial is underway evaluating this treatment in patients with XIAP 
mutations31. Patients with CARD14 and TNFAIP3 mutations often respond to TNF-alpha 

inhibitors and to IL12/IL23 inhibitors32,33.

Screening.—For 29 patients, genetic diagnoses would have altered recommendations 

for screening. Loss of function mutations in STAT3, FAS, and SH2D1A predispose to 

lymphoma, and gain of function mutations in STAT3 predispose to leukemia34. Patients 

with CLTA4 haploinsufficiency and LRBA deficiency also appear to be at a higher risk 

for cancer35,36. In our series, two of four patients with LRBA deficiency developed 

malignancies: patient S45 died at age 16 from gastric adenocarcinoma, and patient S14 

developed lymphoma at age 3. Patients with mutations in AIRE, RAG1 and NFKB1 
can develop a broad range of autoimmune phenomena that call for regular thyroid, 

blood, liver, renal, and pulmonary screening2,37,38. Patients with STAT3 mutations should 

undergo pulmonary screening39, and although there are limited cases reported, current 

evidence also supports pulmonary screening for patients with mutations in BACH2, ITCH 
and TOM121,40,41. Patients with POLA1 deficiency (figure E4) should undergo regular 
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ophthalmologic exams, given the risk of sterile inflammation leading to cataracts, scarring 

and blindness42.

Hematopoietic cell transplantation (HCT).—For 18 patients, genetic diagnoses 

represent potential indications for HCT. The 8 patients with CTLA4 haploinsufficiency 

and LRBA deficiency would be strongly considered for HCT given the increasing evidence 

of high morbidity and mortality in these diseases. For example, patient S88 developed 

inflammatory brain lesions while on abatacept; because he had failed appropriate targeted 

therapy and had a genetic diagnosis, he underwent HCT. Patients with mutations in XIAP, 
RAG1, and SH2D1A are also frequently considered for early HCT43,44,45. Patient S21, who 

had hypogammaglobulinemia and autoimmune enteropathy beginning in early childhood, 

was referred for genetic testing at age 16y. She was found to have compound heterozygous 

RAG1 mutations, often considered an indication for HCT. She died at age 16 from a fungal 

infection prior to genetic diagnosis.

Genetic diagnosis can benefit patients even if gene-specific therapeutic guidelines are not yet 

available. For instance, severe childhood illness may lead physicians to attempt HCT in the 

absence of a genetic diagnosis. If genetic diagnosis reveals the cause of disease to be a gene 

of the hematopoietic system, bone marrow transplantation is more likely to be effective. 

Conversely, for the 6 patients with mutations in MYO5B, TTC37, SKIV2L, and CARD14, 
HCT would be unlikely to ameliorate disease, since these include epithelial defects that 

do not respond to HCT46. Moreover, a genetic diagnosis can be crucial to guide diagnosis 

in patients’ relatives. For instance, patient S92, with CTLA4 haploinsufficiency, underwent 

HCT due to the severity of his disease despite lacking a genetic diagnosis. He now has an 

infant son who can be screened for the same mutation.

DISCUSSION

Enabling precision medicine for children with immune dysregulation, polyendocrinopathy 

or enteropathy requires embracing genetic heterogeneity. That is, despite all patients in this 

project being referred for the same clinical concern (IPEX), many different genes were 

responsible for their illnesses, including some genes known to cause IPEX-like disease 

and others not previously associated with this syndrome. The diversity of IUIS phenotypes 

among these patients highlights the difficulty of inferring genotype from phenotype and the 

value of comprehensive genomic analysis early in the course of disease.

This genetic heterogeneity reflects the clinical reality that the features of childhood immune 

disorders are widely encountered and overlapping. The search for a genetic cause cannot 

realistically be based only on clinical phenotype, because immune dysregulation conditions 

have ill-defined phenotypic boundaries and can be due to any of multiple different genes. A 

genetics-first paradigm avoids unhelpful classifications that may lead to errors in diagnosis 

or therapy. To assist this practice, we suggest that when a causal link between gene and 

phenotype is established, the gene responsible for an immune disorder be included in 

its name (e.g. LRBA immunodeficiency). Diagnoses impact treatment options and define 

cohorts for scientific studies. By including the responsible gene in the name of each disease, 
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clinicians can avoid ambiguity and immediately access treatments most promising for the 

patient.

Genetic testing platforms vary widely in capacity and limitations47. Given rapidly improving 

technology, it is important both to seek early genetic diagnosis and to re-evaluate if 

original results are negative. Sequencing to high coverage and including critical intronic 

and regulatory regions among the targets greatly increases detection sensitivity for copy 

number variants (CNVs), which for our patients represented 10% of all mutations. CNVs 

were particularly frequent in LRBA and represent a growing class of defects for which 

genetic diagnosis dictates targeted therapy. Custom-designed gene panels detect this class 

of mutations, but most exome sequencing does not. In practice, most commercial clinical 

sequencing is now exome sequencing, with “gene panels” in fact simply exome sequence 

data with only a subset of genes reported to the physician. Approximately 10% of the 

mutations of our patients would have been missed by exome sequencing.

If genetic disease remains a consideration despite a negative genetic test, it is worth 

considering more complete and current genomic analysis. False negatives on genetic tests 

can result from coverage that is inadequate to detect structural variants, from incorrect 

variant interpretation, from limitations in knowledge of gene function and hence of 

pathogenic variants, or from lab error. Errors of variant interpretation can be subtle and 

include failure to detect effects on transcription caused by mutations that do not alter amino 

acid sequence, failure to detect mutations at sites other than exon-intron boundaries that 

alter splicing, failure to distinguish variation in true genes from variation in pseudogenes, 

and so on. The pace of gene discovery, knowledge about individual genes, knowledge of 

classes of cryptic mutations, and technological advance all support additional genetic testing 

as platforms improve. Immunologists will likely find it useful to consult with academic 

centers to interpret increasingly complex genetic information. Conversely, clinically well-

characterized patients will very greatly contribute to functional analysis of new mutations.

In our experience, negative results from tests of single genes or narrow panels have almost 

no value, and furthermore may impair the ability of clinicians to do follow-up testing due 

to insurance limitations. The solution is for the first genetic test to include as many genes 

and as many classes of mutations as possible, either from a large gene panel or from whole 

exome sequencing.

This project had several limitations, largely as the result of some patients being originally 

referred several years ago. First, for some patients, clinical information was limited and 

referring physicians were no longer available. Second, only probands were available for 

initial analysis, although a few families were re-contacted through the referring providers. 

Analysis of a child and both parents is critical to identifying de novo mutations, an important 

part of genetic diagnosis48. Analysis of the complete patient-parent-parent trio is particularly 

important in the evaluation of mutations in genes such as CTLA4. Severe mutations in 

CTLA4 can lead to severe phenotypes, as in our patients (Tables II and III), but in some 

families, mutations in CTLA4 have been identified in relatives with no, or late-onset, clinical 

signs49,50. It is possible that CTLA4 mutations with severe, early onset phenotypes are de 
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novo in affected children, but this speculation can only be tested with DNA from parents. 

Both these limitations reduced the number of genetic diagnoses in which we had confidence.

A third limitation was that our gene-panel sequencing strategy detected all mutations in 

coding sequence and all gene-impacting copy number variants but did not detect mutations 

in distant non-coding genomic regions. Such distant non-coding mutations would be 

revealed by whole genome sequencing. The cost of whole genome sequencing is rapidly 

decreasing, but the cost of interpreting non-coding variants in whole genome sequence is 

very high. Insurance reimbursement is the practical limitation to applying whole genome 

sequencing to genetic diagnosis to these or other complex conditions.

Despite these limitations, the yield of reportable mutations among the children in this series 

was quite high (39%). Analysis of an active clinical population, with patient-parent-parent 

trios available for testing, would yield more solved cases with correspondingly greater 

benefit for management.

In conclusion, genetic diagnoses of children with immune dysregulation, 

polyendocrinopathy and enteropathy, but no mutation in FOXP3, revealed a wide array 

of clinical immune diseases and disruption of a wide array of biological pathways. 

More than 80% of genetic diagnoses were clinically actionable. We suggest that these 

results support a “genetics first” approach for patients with severe, early-onset immune 

dysregulation. We propose that all patients with childhood-onset immune dysregulation 

undergo comprehensive genomic analysis, rather than single-gene testing or no genetic 

testing at all. Treatments targeting immune pathways are rapidly advancing. To harness the 

promise of these treatments, it is critical to fully exploit genetic testing.
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PBMC peripheral blood mononuclear cell

ACMG American College of Medical Genetics
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Figure 1: 
Genes responsible for childhood immune dysregulation, polyendocrinopathy, and 

enteropathy. Genes responsible for childhood IPE in 48 patients by principal biological 

function, based on literature review and Gene Ontogeny annotation. Genes may act 

primarily within the adaptive arm of the immune system (blue arc), the innate arm (maroon 

arc), or both.
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Figure 2: 
IPE disease management recommendations based on genetic diagnoses. Recommendations 

for therapy for each gene are presented in supplementary Table EII. Percentages add to more 

than 100%, because for some patients, more than one recommendation was available. HCT 

is hematopoietic cell transplant.
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