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Background: Mutations in signal transducer and activator of
transcription (STAT) 1 cause a broad spectrum of disease,
ranging from severe viral and bacterial infections (amorphic
alleles) to mild disseminated mycobacterial disease
(hypomorphic alleles) to chronic mucocutaneous candidiasis
(CMC; hypermorphic alleles). The hypermorphic mutations are
also associated with arterial aneurysms, autoimmunity, and
squamous cell cancers.
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Objective: We sought to investigate the role of STAT1 gain-of-
function mutations in phenotypes other than CMC.
Methods: We initially screened patients with CMC and
autoimmunity for STAT1 mutations. We functionally
characterized mutations in vitro and studied immune profiles
and regulatory T (Treg) cells. After our initial case
identifications, we explored 2 large cohorts of patients with wild-
type forkhead box protein 3 and an immune dysregulation–
polyendocrinopathy–enteropathy–X-linked (IPEX)–like
phenotype for STAT1 mutations.
Results: We identified 5 children with polyendocrinopathy,
enteropathy, and dermatitis reminiscent of IPEX syndrome; all
but 1 had a variety of mucosal and disseminated fungal
infections. All patients lacked forkhead box protein 3 mutations
but had uniallelic STAT1 mutations (c.629 G>T, p.R210I; c.1073
T>G, p.L358W, c.796G>A; p.V266I; c.1154C>T, T385M [2
patients]). STAT1 phosphorylation in response to IFN-g, IL-6,
and IL-21 was increased and prolonged. CD41 IL-17–producing
T-cell numbers were diminished. All patients had normal Treg
cell percentages in the CD41 T-cell compartment, and their
function was intact in the 2 patients tested. Patients with cells
available for study had normal levels of IL-2–induced STAT5
phosphorylation.
Conclusions: Gain-of-function mutations in STAT1 can cause an
IPEX-like phenotype with normal frequency and function of
Treg cells. (J Allergy Clin Immunol 2013;131:1611-23.)

Key words: Signal transducer and activator of transcription 1,
immune dysregulation–polyendocrinopathy–enteropathy–X-linked,
forkhead box protein 3, regulatory T cell, chronic mucocutaneous can-
didiasis, aneurysms

Immune dysregulation–polyendocrinopathy–enteropathy–X-
linked (IPEX) syndrome is characterized by multiorgan autoim-
munity (type I diabetes, thyroiditis, enteropathy, villous atrophy,
dermatitis, and other autoimmune phenomena) and typically
begins in infancy.1-6 Classical IPEX syndrome is caused by muta-
tions in forkhead box protein 3 (FOXP3), the gene critical for pro-
duction of regulatory T (Treg) cells (CD41CD251FOXP31).1,6

In the absence of Treg cells, effector T cells are thought to be
free to attack end organs, leading to a distinctive clinical presen-
tation and pathology.7

A significant number of patients who have symptoms of IPEX
syndrome have a wild-type (WT) FOXP3 gene sequence and are
1611
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therefore classified as having an IPEX-like phenotype. IL-2
receptor a (CD25) and signal transducer and activator of
transcription 5B (STAT5B) defects have been identified in a
small number of patients with IPEX-like clinical phenotypes and
Treg cell dysfunction. However, the molecular defects responsi-
ble for the remainder of patients with this clinical presentation are
unknown.
We identified a small number of patients who had clinical

features of IPEX syndrome, some of whom also had chronic
mucocutaneous candidiasis (CMC) or other infections. Syn-
dromes in which pronounced immune dysregulation is combined
with specific infectious susceptibilities are few and variable.
Although infections do occur in patients with IPEX syndrome,
their cause is difficult to assign because most patients have poor
skin and gut barrier function and are receiving aggressive
immunosuppression.4 CMC and sinopulmonary infections occur
in about 16% of FOXP3 deficient patients with IPEX syndrome
(T. R. Torgerson, unpublished data).4 Sequencing of the FOXP3
genewas normal in our patients. IL-2 receptora chain (CD25) de-
ficiency is typically associated with low numbers of natural killer
and T cells, and although infections are observed in patients with
CD25 deficiency, CMC is not reported.8 Patients with mutations
in STAT5B often present with CMV infection, CMC, and lung
disease related to T-cell dysfunction.9

Dominant gain-of-function mutations in STAT1 have recently
been associated with CMC,10-12 disseminated coccidioidomyco-
sis, and disseminated histoplasmosis.11-13 Interestingly, in one
series they were also associated with an increased incidence of
autoimmunity (19%), squamous cell cancer (9%), and cerebral
aneurysms (4%).11 These mutations in the coiled-coil and
DNA-binding domains lead to impaired dephosphorylation of
STAT1 after stimulation and reduced numbers of IL-17–produc-
ing TH17 cells.11,12

In view of the recognized link of gain-of-function STAT1
mutations with CMC, disseminated fungal infections, thyroid
ummary of cohorts studied

No. of patients

screened

No. of STAT1

mutants

No. of patients

with CMC E

titutes of Health 5 3 5/5

35 2* 14/35

38 0 4/38

tional Institutes of Health patients were also previously screened for FOXP3
autoimmunity, and aneurysm formation, we examined patients
with FOXP3WT IPEX-like autoimmunity with and without
CMC to determine whether gain-of-function STAT1 mutations
might underlie IPEX-like disease.
METHODS
All patients or their guardians provided informed consent under approved

protocols of the National Institute of Allergy and Infectious Diseases, Seattle

Children’s Hospital, or Anna Meyer Children’s Hospital in Florence, Italy.

Normal blood was obtained under approved protocols of these centers.
Cell lines
EBV-transformed B-cell lines derived from patients and healthy donors

were maintained in RPMI 1640 with 20% FCS (Gibco BRL, Carlsbad, Calif),

2 mmol/L L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin

(Gibco) at 378C in a humidified 5%CO2 incubator. STAT1-deficient U3A cells

were maintained in Dulbecco modified Eagle medium (Gibco) supplemented

with 10% FCS, 2 mmol/L L-glutamine, and antibiotics.
DNA sequencing
Genomic DNA (PureGene Gentra DNA isolation kit; Qiagen, Hilden,

Germany) and total RNA (RNeasy isolation kit, Qiagen) were extracted from

EBV-transformed B-cell lines or polymorphonuclear leukocytes. Primers for

STAT1 and full-length cDNA were designed with Primer Select (Lasergene;

DNAstar, Madison, Wis). Genomic amplification was performed with Plati-

num PCR Supermix High Fidelity (Invitrogen, Carlsbad, Calif). Samples

were treated with ExoSAP (Affymetrix, Santa Clara, Calif), and the resulting

product was used for sequencing with Big Dye Terminators (version 3.1; Ap-

plied Biosystems, Foster City, Calif), purified with a PerformaDTR short-well

plate kit (Edge Biosystems, Gaithersburg, Md), run on an Applied Biosystems

3730XL sequencer, and aligned to the consensus sequence NM_007315.3

with Sequencer software (Gene Codes, Ann Arbor, Mich).
Nuclear extracts and nuclear complex binding
Nuclear extracts from transfected U3A cells (Amaxa nucleofector; Lonza,

Walkersville, Md), stimulated or not with IFN-g (400 IU/mL) or IFN-a (IFN-

a2b; PBL Biomedical Laboratories, Piscataway, NJ; 1000 IU/mL), were

prepared by using the Panomics kit (Panomics, Fremont, Calif). For determi-

nation of DNA-binding activity, an ELISA-like colorimetric assay

(TRANSAM; Active Motif, Carlsbad, Calif) using a plate coated with a

STAT1-binding oligonucleotide derived from the gamma activating sequence

(GAS) was used. Absorbance was measured on a spectrophotometer at

450 nm.
Reporter gene assay
STAT1-deficient U3A cells were cotransfected with WT and/or mutant

STAT1 expression constructs along with a plasmid containing tandem

interferon response elements driving a luciferase reporter gene (1 mg,

Panomics). After overnight incubation, cells were stimulated or not with

IFN-g or IFN-a (1000 IU/mL) for 6 hours and resuspended in lysis buffer
nteropathy Skin disease Endocrinopathy

Autoimmune

cytopenia

Recurrent

infections

other than CMC

3/5 2/5 5/5 2/5 5/5

35/35 26/35 21/35 12/35 15/35

38/38 20/38 20/38 13/38 19/38

mutation by the Seattle group and are not included in their cohort of 35.



TABLE II. Clinical characteristics

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Age (y) 13 4 14 4 13

Sex Male Male Female Male Male

Initial presentation Infancy Infancy Infancy Infancy Toddler

Deceased Yes (invasive fungemia) Yes (intracranial bleed) No No No

Ethnicity Hispanic White Korean White White

CMC Oral, esophageal,

fingernail;

Candida parapsilosis

candidemia (catheter

related)

Limited oral mucosal Oral, esophageal, fingernail None Limited oral mucosal

Skin and appendages Generalized eczema with

hyperkeratosis

Acrodermatitis

enteropathica

Mild eczema

Poor tooth enamelation

Mild eczema Staphylococcal

superinfections

of severe atopic

dermatitis

Mild-to-moderate

eczema

Sinopulmonary

infections

Encapsulated bacteria;

RSV bronchiolitis;

bronchiectasis with

Mycobacterium avium;

Aspergillus pneumonia

Encapsulated bacteria;

RSV bronchiolitis

Encapsulated bacteria;

RSV bronchiolitis

Recurrent pneumonia;

otitis, sinusitis,

external otitis

Recurrent otitis

Pulmonary Bronchiectasis; pulmonary

hypertension

Bronchiectasis Bronchiectasis Recurrent pneumonia Recurrent croup

Blood-borne

infections

MRSA; disseminated

aspergillosis (with

immunosuppression)

MRSA None None Candida parapsilosis

candidemia (catheter

related); Enterococcus

species (catheter

related)

Herpes infections HSV stomatitis HSV skin infections,

limited

Herpes zoster twice, CNS VZV None None

CNS Normal vasculature

by MRI

Basilar and bilateral

carotid artery

aneurysms hemiparesis

and secondary

hydrocephalus

Basilar and bilateral carotid

artery aneurysms; CVAs

at 12 and 14 y

None None

Cardiovascular Persistent foramen ovale,

hypertension, heart

failure

None Calcification of aorta, celiac, and

superior mesenteric arteries;

renal artery stenosis

None None

Endocrine Type I DM

Multinodular goiter,

anti-thyroid antibody1

Type I DM, anti-GAD

antibody1

Hypothyroidism,

anti-thyroid antibody1

Type I DM None Hypothyroidism,

anti-thyroid

antibody–negative

Hyperglycemia while

on steroids

Growth hormone

insufficiency

Growth and

development

Short stature

Delayed puberty

Short stature Short stature

Delayed puberty

None Short stature; speech

delay; delayed puberty

Gastrointestinal Hepatosplenomegaly

Soft palate dysfunction

Esophageal dysmotility

Protein losing enteropathy

Villous blunting

Hepatosplenomegaly

Lymphocytic and

eosinophilic enteritis

Villous blunting

Recurrent intussusception

Recurrent C difficile

colitis

Hepatosplenomegaly No organomegaly

Protein losing

enteropathy

Lymphocytic and

eosinophilic

enteritis

No organomegaly

Chronic gastritis;

chronic lymphocytic

enteritis.

Villous atrophy

Renal Renovascular hypertension

renal scarring

(at autopsy)

None Renovascular hypertension

(renal artery stenosis)

None None

Hematology Thrombocytopenia

Hemolytic anemia

None None Neutropenia None

Bone Generalized osteopenia

and osteoporosis

Generalized osteopenia

and osteoporosis

Multiple bone fractures

Dactylitis

Osteomyelitis

Generalized osteopenia No osteoporosis No osteoporosis

L2 Hemivertebrae

Spina bifida occulta

CNS, Central nervous system; CVA, cerebrovascular accident; DM, diabetes mellitus; MRI, magnetic resonance imaging; MRSA, methicillin-resistant Staphylococcus aureus.
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TABLE III. Laboratory data

Immune characteristics of patients

STAT1 mutation

Patient 1 Patient 2

c.629G>T, p.R210I

Coiled-coil domain

c.1073T>G, p.L358W

DNA-binding domain

Lymphocyte subsets

Normal (cells/mL) 4 y 13 y 1 y 3.5 y 4 y

CD31CD41 (359-1565) 599 119 2219 1057 761

CD41 naive (82-755) NA 4 NA NA NA

CD31CD81 (178-853) 304 269 680 503 367

CD31CD42CD82 (18-185) 134 149 100 115 707

CD201 (59-329) 1486 ;1 2040 707 745

CD201IgM2IgD2CD271 (5-46) NA 0 NA 0 NA

CD32CD161 or CD561 (126-729) 81 130 277 568 137

FOXP31 Treg cells:

% of CD41 T cells (normal,

4% to 8%)

5.5 6.5

Lymphocyte proliferation*

Mitogens

PHA: normal

ConA: normal

PWM: normal

PHA: decreased (65% of normal)

ConA: decreased (46% of normal)

PWM: normal

Recall antigens Tetanus: normal

Candida species: normal

Tetanus: normal

Candida species: decreased (80% of normal)

Cytokine profiles of stimulated PBMCs PHA-induced IL-10 production <15% of healthy

control value,

LPS-induced TNF-a production increased

by 25-fold

PHA-induced IL-10 production ;32% of healthy

control value,

LPS-induced TNF-a production increased

by ;2-fold

Immunoglobulin levels (mg/dL) 4 y (normal value) 13 y (normal value) 1 y (normal value) 3.5 y (normal value)

IgG 800 (386-1470) 271 (695-1602) 1100 (246-904) 1470

IgA 29 (29-256) <10 (52-319) 178 (27-66) 192 (27-246)

IgM 166 (37-224) <10 (45-244) 92 (40-143) 84 (37-184)

IgE (IU/mL) NA NA (<90) 186 (<90) 81 (<90)

Immune globulin therapy Begun at 11 y

Rituximab at 12 y

Begun at 3 y

Anti-pneumococcal antibody titers Protective for 2/14 (at 1 y) Protective for 7/14 (at 7 mo) 0/14 (at 2 y)

HLA DQB1 02, 06 DQ 02, 02

ConA, Concanavalin A; NA, not applicable; PWM, pokeweed mitogen. Numbers in boldface are age at measurement.

*These studies were carried out at different centers with different normal values.
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before a dual luciferase assay (Promega, Madison, Wis). Experiments were

done in triplicate, and relative luciferase units were corrected for Renilla

luciferase activity, which was cotransfected to control for transfection

efficiency. Data are expressed as the fold increase in response to interferon

over the nonstimulated samples.
Flow cytometry
STAT1 and STAT5 activation. EBV-B cells or PBMCs, when

available, were stimulated with IL-2, IFN-g, IL-6, or IL-21 for 15 minutes,

fixed with paraformaldehyde, and permeabilized in methanol to assay STAT1

and STAT5 activation. Cells were stained with Alexa Fluor 488–conjugated

anti–phospho-STAT1 (pY701) and phycoerythrin-conjugated anti–phospho-

STAT5 (BD Biosciences, San Jose, Calif). Levels of phosphorylation were

assessed in the CD31 lymphocyte gate (PBMCs) or live cell population (EBV-

B cells).

STAT1 dephosphorylation. U3A cells were transiently trans-

fected with plasmids encoding WT or mutant STAT1 by using lipofectamine

(Invitrogen). The following day, culture media were replaced, cells were

treated or not with IFN-g (400 IU/mL) for 30 minutes, and incubation was

continued for the indicated periods of time, after which cells were recovered,

fixed, and permeabilized inmethanol. Cells were stained for total (Alexa Fluor

647–conjugated anti-STAT1) and phosphorylated tyrosine Y701 STAT1

(Alexa Fluor 488–conjugated anti–phospho-STAT1; BD Biosciences). For

U3A cells, levels of phosphorylation were assessed in the cells gated for the
expression of total STAT1. Data were collected with a FACSCaliber (BD

Biosciences). All flow data were analyzed with FlowJo software (Treestar,

Ashland, Ore).

Treg cell phenotyping and intracellular cytokine

analysis. Staining for intracellular cytokines and FOXP3 was performed

on freshPBMCspreparedbymeans of density centrifugation and resuspended in

complete RPMImedium (106 cells/mL). For Treg cell phenotyping, the PBMCs

were surface labeled for CD3, CD4, and CD8, followed by intracellular staining

forFOXP3 (clone259D)andHELIOS,amemberof the Ikaros transription factor

family, after fixation and permeabilizationwith the eBioscience FOXP3 staining

kit (all antibodies fromBioLegend, San Diego, Calif). For intracellular cytokine

analysis, the PBMCs were examined after stimulation with 50 ng/mL phorbol

12-myristate 13-acetate and 1mmol/L ionomycin (Calbiochem, San Diego, Ca-

lif) in the presence of brefeldin A (1mg/mL; Sigma, St Louis, Mo) for 5 hours at

378C. The PBMCs were surface labeled for CD3, CD4, and CD8, followed by

fixation and permeabilization and then intracellular staining for IL-2, IFN-g,

IL-17A, TNF-a, IL-10, and FOXP3 (all antibodies from BioLegend). Data col-

lection was done with BD LSR Fortessa and analyzed with FlowJo software.

Treg cell induction and functional analysis. PBMCs from

healthy control subjects and patients were surface labeled for CD4, CD127,

CD25, CD45RA, and CD31. The PBMCs were sorted on the BD FACSAria

II for Treg cells (CD41CD1272CD25hi) and naive T cells

(CD41CD1271CD252CD45RA1CD311). The naive CD41 T cells were

stimulated in 24-well plates (Nunc, Roskilde, Denmark) at 250,000 cells

per well that had been coated with anti-CD3 (3 mg/mL, UCHT1) and



Immune characteristics of patients

Patient 3 Patient 4 Patient 5

c.1154C>T, p.T385M

DNA-binding domain

c.796G>A; p.V266I

Coiled-coil domain

c.1154C>T, p.T385M

DNA-binding domain

4 y 14 y 3 mo 5 mo 4 y 11 y

700 301 3136 5427 622 276

NA 80 1975 4342 180 77

490 569 1372 1850 190 310

80 103 166 494 46 114

330 55 4704 5181 358 425

NA 0 NA 311 NA NA

50 45 588 740 39 46

6.2 5.2 4.5

PHA: decreased (35% of normal)

ConA: 54% normal

CD3: decreased

CD31IL-2: normal

PHA: decreased (69% of normal)

PWM: normal

CD3: decreased (41% of normal)

Tetanus: no response

Candida species: decreased (25% of normal)

PHA-induced IL-10 production 3% of healthy

control value,

LPS-induced TNF-a production similar to control

value

NA NA

4 y (normal value) 14 y (normal value) 1.5 y 4 y (normal value) 11 y (normal value)

800 (386-1470) 1200 735 455 (444-1187) 527 (695-1602)

29 (29-256) 16 (52-319) 49 99 (61-345) 81 (51-223)

166 (37-224) <21 (45-244) 45 30 (48-226) 50 (39-167)

NA <1 57 24 (<193) 5 (<397)

Begun at 13 y None None

Protective for 1/14 (at 12 y) Protective for 7/7

(at 16 mo)

Protective for 0/14 (at 4 y)

DQB1 03, 05:01 NA NA

TABLE III. (Continued)
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anti-CD28 (1 mg/mL, CD28.2) antibodies (BioLegend). The cells were cul-

tured in 200 U/mL IL-2 containing complete RPMI 1640 medium for 5 days

in the presence or absence of TGF-b1 (5 ng/mL), IFN-g (20 ng/mL), and/or

IL-21 (20 ng/mL; PeproTech, Rocky Hills, NJ). FOXP3 and HELIOS ex-

pression was analyzed. For in vitro Treg cell suppression, the responders,

Treg cells, and HLA-DR1 antigen-presenting cells (APCs) were obtained

from buffy coats of healthy donors. CD41 cells were isolated from PBMCs

by using CD4 microbeads and AutoMACS (Miltenyi Biotec, Bergisch Glad-

bach, Germany), as per the manufacturer’s protocol. The CD41 cells were

labeled for CD4, CD127, and CD25 to sort for responders

(CD41CD1271CD252) and Treg cells (CD41CD1272CD25hi). The HLA-

DR1 APCs were isolated from the CD42 PBMCs using HLA-DR microbe-

ads and AutoMACS. The responders were labeled with carboxyfluorescein

succinimidyl ester (CFSE) by using the CellTrace CFSE Kit (Invitrogen).

In 96 flat-bottom well plates (Nunc), 50,000 responders were stimulated

with 25,000 nonirradiated HLA-DR1 APCs and 0.25 mg/mL OKT3 alone

or in the presence of decreasing numbers of Treg cells or effector T cells

(CD41CD1271CD252 cells). On day 4, the cells were labeled for surface

CD4 and intracellular FOXP3 and analyzed for the level of CFSE dilution

within CD41 cells.
Autoantibody detection
Plasma anti-cytokine autoantibodies were determined, as previously

described.14
Statistics
The Student t test was used for analysis of in vitro data, where indicated

(GraphPad Prism Software, San Diego, Calif). The statistical significance

level adopted was a P level of less than .05.

RESULTS

Patients
In the cohort of patients at the National Institutes of Health, we

identified 5 patients with IPEX-like features and CMCbut with no
specific molecular cause. Sequencing of STAT1 identified hetero-
zygous defects in 3 patients (patients 1, 2, and 3), 2 of whom (pa-
tients 1 and 2) had already been tested for FOXP3 mutations in
Seattle and found to have a WT sequence. To determine whether
STAT1 gain-of-function mutations might be associated more
broadly with an IPEX-like phenotype, 2 cohorts of patients with
an IPEX-like phenotype were screened: 38 patients (4 with
CMC) from a cohort collected at AnnaMeyer Children’s Hospital
in Florence, Italy, and 35 patients with an IPEX-like phenotype
and normal Treg cell numbers (14 with CMC or candidemia)
collected in Seattle (see Table I for cohort characteristics). No
cases were identified in the Italian cohort, but 2 patients (patients
4 and 5) were found to have heterozygous STAT1mutations in the
Seattle cohort. Subsequent screening of 2 additional Italian



FIG 1. Clinical phenotypes. A, Patient 1: extensive candidiasis of nails, causing dystrophy and paronychia.

B, Patient 3: multiple intracranial aneurysms in the circle of Willis, as detected by using computed tomo-

graphic angiography and magnetic resonance angiography. C, Bilateral lower lobe bronchiectasis with

endobronchial/peribronchial consolidation seen on chest computed tomography. D, Multiple calcifications

in the descending aorta detected by means of computed tomography in patient 3.
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patients after submission of this manuscript identified 1 more
patient with a STAT1 mutation. Cases are described in detail in
the Methods section in this article’s Online Repository at www.
jacionline.org and summarized clinically in Table II, and their
laboratory data are summarized in Table III. Fig 1 shows elements
of their phenotypes. Four of the 5 patients with STAT1 mutations
had CMC (patient 1; Fig 1, A), but in 1 of these patients (patient
5), the CMC was very mild, occurring only after the patient had
been treated with antibiotics. Patients 2 and 3 had significant in-
tracranial aneurysms like those described previously (Fig 1, B).10
Immunophenotyping and immune function in

patients
All patients had normal T-cell numbers and subsets when tested

at less than 5 years of age, but patients 1, 3, and 5 had significant
CD41 T-cell lymphopenia, and patients 1 and 3 had B-cell lym-
phopenia by the early teen years, whereas CD81 T cells and nat-
ural killer cells were preserved (Table III). On the basis of a recent
review of classical IPEX syndrome, patients usually have lym-
phocytosis, but the CD3, CD4, CD8, CD16, and CD19 percent-
ages remain unchanged; the CD4/CD8 ratio is maintained
or increased; and the naive and memory T-cell percentages
are mostly comparable with those of their age-matched
control subjects.15 Class-switched memory B cells
(IgD2IgM2CD201CD271) were not present in patients 1, 2, or
3, although this was not evaluated at the earliest time points
(Table III). Patient 4 had markedly increased class-switched
memory B-cell numbers at 16 months, but we do not know their
trajectory. Patients 1, 2, and 3 received immune globulin replace-
ment for poor vaccine responses. In addition, patients 1 and 3 re-
ceived intravenous immunoglobulin (IVIG) for immune
modulation. Lymphocyte proliferation assays did not show signif-
icant or consistent abnormalities in the patients. In summary,
CD41 T-cell lymphopenia, diminished class-switched memory
B cells, and defective vaccine responses were common
among the identified patients and appeared to progress with age
(Table III).
STAT1 mutations
Full-length sequencing of STAT1 in genomic DNA identified

heterozygous mutations in either the coiled-coil or DNA-binding
domains (Table III). None of these mutations were previously re-
ported among patients with disseminated mycobacterial infections
or isolated CMC. However, the p.T385M mutation identified in
patients 3 and 5 has also been observed in an adult patient with dis-
seminated histoplasmosis but without autoimmunity.13 In all cases

http://www.jacionline.org
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sequencing of full-length cDNA demonstrated equal representa-
tion of mutant and WT alleles, indicating that these mutations do
not lead to cDNA instability. None of these mutations were found
in dbSNP 132 or the 1000 Genomes Project.
Gain-of-function mutations in STAT1 lead to

enhanced DNA binding and transactivation
Mutant STAT1 binding activity to a GAS oligonucleotide in

response to IFN-g was studied in EBV-transformed B cells from
all mutations (R201I, L358W, T385M, and V266I). After IFN-g
stimulation, the mean fold increase over baseline in STAT1
binding to a GAS oligonucleotide was higher in all 4 mutant cell
lines (mean6 SD, 2.846 0.31; range, 2.46-3.16) compared with
WT cells (P < .05; see Fig E1, A, in this article’s Online Reposi-
tory at www.jacionline.org). STAT1-deficient U3A cells trans-
fected with mutant constructs showed similarly enhanced
STAT1 activation, as detected based on luciferase activity in re-
sponse to IFN-g (mean fold induction, 3.03 6 0.26; range,
2.72-3.35; P 5 .04; see Fig E1, B). STAT1 mutant constructs
also showed enhanced GAS luciferase activity in response to
IFN-a (3.676 1.52). These activities were unaffected by cotrans-
fection of mutants with WT STAT1 constructs, confirming the
dominant gain-of-function aspect of these mutants.
IFN-g induces prolonged STAT1 phosphorylation in

gain-of-function mutants
Flow cytometric analysis of CD31 T cells (Fig 2, A) or EBV

B cells (data not shown) from the patients confirmed IFN-
g–induced STAT1 hyperphosphorylation. Higher STAT1 phos-
phorylation in CD31 T cells was also detected after stimulation
with IL-6 and IL-21, cytokines that signal through both STAT3
and STAT1.
STAT1 normally undergoes rapid phosphorylation, followed

by dephosphorylation (Fig 2, B, top panel), whereas the gain-of-
function mutations do not dephosphorylate normally. To quantify
dephosphorylation of transfected U3A cells after stimulation, we
calculated a median stimulation index (mean fluorescence index
of phospho-STAT1 after stimulation for 1 hour/mean fluorescence
index phospho-STAT1 at rest). These values were 2.6 for R210I,
4.0 for L358W, and 4.4 for T385M, whereas cells expressing the
WT STAT1 showed a stimulation index of 0.9 (P < .05; Fig 2, B).
Data for V266I are not available.
Normal Treg and diminished TH17 cell numbers

with gain-of-function mutations
The lack of functional FOXP31 Treg cells is the cause of dis-

ease in patients with classical IPEX syndrome. The percentage
of CD25hiFOXP31 cells present in the CD41 T-cell population
and their level of FOXP3 expression were repeatedly within the
normal range in all patients (Table III and Fig 3, A). Although it
has been shown in murine studies that Helios can be expressed
in peripheral induced Treg cells, the Helios1 Treg cells represent
a more stable and suppressive subset.16,17 Therefore we exam-
ined this subset and found that 84% and 64% of Treg cells
expressed Helios in patients 2 and 3, respectively, which is com-
parable with percentages seen in control subjects (Fig 3, A). In
addition, their naive CD41 T cells were capable of being
induced by TGF-b1 in vitro to express FOXP3 (Fig 3, B). As
previously reported, the vast majority of these inducible Treg
cells did not express HELIOS in vitro.16 Interestingly, there
was significant expression of FOXP3 in the absence of
TGF-b1, unlike in healthy control subjects. Although IFN-g
and IL-21 negatively affected TGF-b1 induction of FOXP3 in
control subjects, only IL-21 had an inhibitory effect in these
patients. Therefore patients’ naive CD41 cells were capable of
expressing FOXP3 in vitro, even in the presence of STAT1
signaling cytokines. Their suppressive function was not tested
because human in vitro TGF-b1–induced inducible Treg cells
are not suppressive.18

Another cardinal feature of Treg cells is anergy or the
absence of significant cytokine production. Examination of
cytokine production within CD41 T cells among patients and
control subjects showed that the vast majority of Treg cells
lack significant expression of IL-2, IFN-g, and TNF-a com-
pared with FOXP32 non–Treg cells. The predominant cytokine
producers within the FOXP31 population were localized to the
HELIOS2 Treg cell subset (data not shown). Consistent with
previous reports, there was significant diminution of
IL-171FOXP32CD41 (TH17) cells in patients 2 (0%) and 3
(0.3%) compared with control subjects (1% and 3%; Fig 3,
C).11,12 There were low levels of IL-10 signal predominately

http://www.jacionline.org


FIG 2. STAT1 staining. A, Intracellular staining of phospho-tyrosine 701 STAT1 in CD31 lymphocytes iso-

lated from healthy control subjects and patients with STAT1 gain-of-function mutations (patients 2 and 3)

after stimulation with IFN-g, IL-6, or IL-21 for 15 minutes. B, Kinetics of the STAT1 phosphorylation were

studied by using intracellular phospho-tyrosine 701 STAT1 staining in U3A cells transfected with mutant

or WT constructs and stimulated with IFN-g. Stimulation indices at 60 minutes after stimulation (stimulation

index: mean fluorescence index phospho-STAT1 at 60 minutes after stimulation/mean fluorescence index

phospho-STAT1 at rest) were higher for mutants (stimulation index: 2.6 for R210I, 4.0 for L358W, and 4.4

for T385M) than for WT STAT1 (stimulation index of 0.9, P < .05).
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FIG 3. Tregcell subsets, FOXP3expression, cytokineprofiles, andSTAT5signaling.A,Percentageand level of

FOXP3 and HELIOS expression within CD31CD41 gated T cells from patients 2 and 3 compared with healthy

control subjects.B, InductionofFOXP3andabsenceofHELIOSexpression innaiveTcells fromhealthycontrol

subjects andpatients 2 and3onday 5after anti-CD3/CD28 stimulation in thepresenceof IL-2 (NONE)only, IL-2

plus TGF-b1, IL-2 plus TGF-b1 and IFN-g, or IL-2 plus TGF-b1 and IL-21. C, Comparison of cytokine expression

betweenFOXP31andFOXP32CD41Tcellswithin freshPBMCsofhealthycontrol subjectsandpatients2and3

stimulatedwith phorbol 12-myristate 13-acetate/ionomycin.D,Normal IL-2–induced STAT5 phosphorylation

in CD31 lymphocytes of patient 3 (solid line histogram) compared with healthy control (dashed histogram)

and unstimulated (shaded histogram) cells. Patient 2 had a similar expression profile (data not shown).
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within the FOXP32 non–Treg cells in both patients and control
subjects.
Because Treg cells are functionally dependent on IL-2

signaling through CD25 and STAT5 and because CD25 and
STAT5b mutations are associated with autoimmune disease, we
examined patients’ IL-2–induced STAT5 phosphorylation,
which was normal in patients 2 and 3 (Fig 3, D). Regardless
of numbers of phenotypic Treg cells, their ability to suppress
T-cell proliferation is the critical functional output. Despite pa-
tients 2 and 3 having IPEX-like phenotypes, their Treg cells
were fully capable of suppressing the proliferation of allogeneic
responder cells (Fig 4). Unfortunately, we did not have sufficient
cells from the patients to perform a comprehensive study of Treg
cell suppressor function, particularly in the presence of STAT1
signaling cytokines.

Autoantibodies to IFN-a, IL-17, and IL-22
In view of the autoimmunity characteristically seen in patients

with IPEX syndrome and the demonstrated role for anti–IL-17
and anti–IL-22 autoantibodies in patients with CMC, we screened



FIG 4. Treg cell suppressive function. A, The responders-only histogram represents CFSE dilution on day 4

within CD41 T cells. The histograms in the 2 right columns demonstrate the level of proliferative suppres-

sion within CFSE1 cells in the presence of one half and one quarter of the numbers of Treg and effector

T cells relative to responders. The left FACS plot column shows the level of FOXP3 expression within CFSE2

Treg/effector T cells and CFSE1 responders on day 4. Patient 2 and control subject 1 are allogeneic, and con-

trol subject 2 is autologous to responders and HLA-DR1 APCs. B, Suppressive function of Treg cells from

patient 3 and healthy control subjects. Patient 3 and control subject 1 are allogeneic, and control subject

2 is autologous to responders and HLA-DR1 APCs. Tcons, Conventional T cells.
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patients’ sera for autoantibodies to IFN-a, IL-17, and IL-22, as
previously described,14 but found none.
DISCUSSION
We describe an IPEX-like clinical disease in 5 patients with

heterozygous gain-of-function mutations in STAT1. In the initial
patients we identified, CMC was prominent and, together with
widespread autoimmunity, suggested the underlying molecular
defect. However, in the subsequent patients the IPEX-like symp-
toms were accompanied by no CMC (patient 4) or mild CMC that
came to light only after detailed questioning and review of the
clinical history. Between the 2 cohorts of IPEX-like patients
screened for this study, STAT1mutations might account for 4% of
patients, but it is not clear whether preselecting patients with
specific clinical or laboratory features might help stratify those
most likely to have a STAT1 mutation.
The STAT1 mutations we identified led to prolonged phospho-

rylation of STAT1 with exaggerated signaling through direct
STAT1 homodimeric (IFN-g), direct heterodimeric (IFN-a), and
indirect heterodimeric (IL-6 and IL-21) pathways. Although low
IL-17–producing CD41 T-cell numbers might account for the
CMC seen in these patients, this does not account for the extended
phenotype of infection, enteropathy, aneurysms, and autoimmu-
nity. Autoimmunity and enteropathy have not been significant
aspects of patients with defects in IL-17Ra, IL-17F, or STAT3.
However, increased autoimmunity is seen in IFN-a therapy,
which might be a phenocopy of the increased IFN-a signaling
seen in this condition. Althoughmost of our cases had varying de-
grees of CMC, 4 had significant bacterial infections, and 3 had
recurrent or severe viral infections also including respiratory syn-
cytial virus (RSV), HSV, and VZV. This broader spectrum of in-
fectionmight reflect, at least in part, the progressive lymphopenia,
loss of memory B cells, and hypogammaglobulinemia that appear
to emerge over time and might not have been fully developed in
the younger children we identified. Respiratory Aspergillus spe-
cies andMycobacterium avium complex were seen as pulmonary
pathogens in the context of bronchiectasis, which might not
reflect an innate immune defect. The disseminated Aspergillus
species in patient 1 might reflect iatrogenic immunosuppression.
Three patients had insulin-dependent diabetes mellitus, which is

suggestive of an autoimmune basis for their loss of insulin
production. However, only 1 patient had demonstrated anti-GAD
autoantibodies. Patient 1 had numerous autoimmune complications
(type 1 diabetesmellitus, hypothyroidism, andEvan syndrome), the
management of which contributed to his fatal disseminated asper-
gillosis. Three patients had hypothyroidism, and all patients had
growth delay with or without growth hormone insufficiency. Other
manifestations of autoimmunity seen in these patients weremodest
compared with those observed in patients with classic IPEX
syndrome caused by FOXP3 mutations. The metabolic bases of
the osteopenia, growth failure, and delayed puberty remain unclear
but were significant clinical manifestations that brought these chil-
dren repeatedly to attention. In addition, we do not have an expla-
nation for the hepatosplenomegaly seen in 3 patients.
Gastrointestinal manifestations and growth failure contributed

to the initial diagnostic consideration of an IPEX-like syndrome.
Villous blunting or atrophy was seen in 3 patients, and a mixed
eosinophilic/lymphocytic infiltratewas detected in 4 patients. The
structural and functional defects of palatal dysfunction, esopha-
geal dysfunction, and diaphragmatic hernia in patient 1 were
clinically significant and suspected in patient 2. We are following
another patient with a STAT1 hypermorphic mutation with
midgut malrotation and CMC who does not have the IPEX-like
phenotype (S. M. Holland, unpublished data), suggesting that gut
development might be influenced by hypermorphic STAT1
mutation.
Although it is clear that these mutations lead to hyper-

activation of STAT1 with enhanced and prolonged responses to
IFN-g and IFN-a, the precise mechanisms by which these
mutations lead to autoimmunity, enteropathy, and infection
susceptibility are unclear. However, it is clear that there can
be widely variable expression of this disease because the
mutation T385M caused an infant-onset IPEX-like syndrome
in this report but also predisposed to disseminated histoplasmo-
sis in a different patient described in a companion report.13 The
mechanism for the susceptibility to intracellular infection ap-
pears to be interferon tachyphylaxis, leading to impaired restim-
ulation of the IFN-g pathway.13 Importantly, Treg cell frequency
and function appeared to be intact, which is in accordance with
normal FOXP3 expression. However, it should be noted that our
interrogation of Treg cell function was limited to just the Treg
cells from these patients and occurred in the absence of
STAT1 signaling cytokines. It is conceivable that the Treg cell
suppressor function could be abrogated in the presence of
STAT1 signaling cytokines. Likewise, their responder cells or
APCs could be more resistant to Treg cell–mediated
suppression.
Although patients with CD25 or STAT5B deficiency can have

enteropathy, eczema, type I diabetes, and opportunistic infec-
tions, IL-2–mediated STAT5 phosphorylation was intact in these
patients’ cells. Therefore the mechanism of their IPEX-like
syndrome is likely distinct from those previously identified.
Three patients had obvious cardiac or vascular defects, ranging

from cerebral aneurysms to premature atherosclerosis and renal
artery stenosis to patent foramen ovale, pulmonary hypertension,
and congestive heart failure. The recent report of a role for IL-17
blockade in development of aneurysms in a mouse model is
provocative because the development of IL-17–producing T cells
is impaired in patients with this disease.19

Gain-of-function mutations in STAT1 lead to a hypermorphic
phenotype in vitro, which is clearly capable of a range of manifes-
tations and developmental effects. They regulate numerous im-
mune and possibly extraimmunologic phenotypes, the most
common, but not universal, of which remains CMC. These mul-
tiple anomalies suggest that STAT1 has a broader role in hemato-
poietic, gastrointestinal, autoimmune, arterial, and cardiac
biology than previously appreciated.

Clinical implications: STAT1 gain-of-function mutations can
cause a syndrome of enteropathy and endocrinopathy, with or
without mucocutaneous candidiasis, that resembles IPEX syn-
drome. However, Treg cell function is preserved.
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METHODS
Patient 1 was a Hispanic boy born in 1992, who died at 13 years of age. He

was the term product of unrelated parents (Table II); birth weight and height

were appropriate. He had low tone as a newborn, difficulty feeding, congenital

left hemidiaphragmatic paralysis, soft palate dysfunction, and speech and de-

velopmental delay. At 6 months of age, he had Candida albicans infection of

the oral mucosa, which progressed to chronic persistent oral-pharyngeal can-

didiasis with extension to his nails (Fig 1, A) and his esophagus by 6 years. He

had type 1 insulin-dependent diabetes mellitus at 5 years of age. At age 6

years, he had autoimmune hemolytic anemia, and at age 12 years, he had im-

mune thrombocytopenic purpura and autoimmune enteropathy. After 10

years, concomitant with steroid use, cyclosporine use, or both, he had multiple

catheter-associated bacteremias and HSV stomatitis. M avium grew from a

bronchiectatic lung at 11 years. Progressive lymphopenia and hypogamma-

globulinemia (Table III) led to IVIG replacement. Immune thrombocytopenic

purpura at 12 years was treated with steroids, IVIG, and rituximab. By age 13

years, he remained small for age (weight, <3rd percentile; height, <3rd percen-

tile) and had delayed secondary sexual characteristics.

At 13 years of age, Aspergillus ustus and Aspergillus fumigatus infections

in his bronchiectatic left lower lobe disseminated fatally. Autopsy showed in-

vasive pulmonary and disseminated Aspergillus species involving the trachea,

heart, esophagus, pancreas, kidneys, lymph nodes, brain; spinal cord and lym-

phoid depletion and sinusoidal expansion in the lymph nodes; secondary he-

mophagocytosis; absent pancreatic islets; and cerebellar and cerebral

cortical atrophy. The contributions of his various forms of immune suppres-

sion to his infectious complications and death are difficult to isolate.

Patient 2 was a 4-year-old white boy born in 2008. Hewas the term product

of unrelated parents. He had neonatal hypotonia, unstable blood glucose

levels, apnea, and bradycardia. Delayed gross motor and language skills were

recognized during infancy. Severe RSV bronchiolitis and several episodes of

oral mucosal candidiasis started at 3 months (Table II).

Hypothyroidism with antithyroglobulin antibodies was found at 21 months

of age, insulin-dependent diabetes with anti-GAD antibodies was found at 26

months of age, and enteropathy with villous blunting and lymphocytic-

eosinophilic infiltrates were found at 30 months of age. He received steroids

for dactylitis. At 33months of age, he had extensive subarachnoid hemorrhage

occurring from bilateral saccular basilar artery aneurysms, which were

clipped. His postoperative period was complicated by midbrain and peduncu-

lar stroke, line-associated methicillin-resistant Staphylococcus aureus bacte-

remia, and ventriculoperitonial shunting. He had 2 episodes of HSV

stomatitis and methicillin-resistant Staphylococcus aureus skin infection be-

tween 2 and 3 years of age. Recurrent otitis led to tympanoplasty. Bronchiec-

tasis was diagnosed by 3 years. Response to conjugate pneumococcal vaccine

faded, and IVIG was initiated. At 40 months of age, bilateral fusiform internal

carotid artery aneurysms were detected. Osteopenia associated with minimal

trauma fractures occurred at 18 months, 2 years, and 3½ years of age. His ca-

rotid aneurysms progressively enlarged. Vascular shunt surgery was compli-

cated by multiple intracranial bleeds, which led to his demise at 4 years and

2 months of age.

Patient 3 is a 15-year-old Korean girl born to unrelated parents without

perinatal problems. She had acute respiratory distress syndrome caused

by RSV pneumonia at 5 months of age and required ventilator support.

She had recurrent pneumonias and otitis media and recurrent oral and

perineal candidiasis starting at 8 months of age, with esophageal

candidiasis at 7 years and onychomycosis in her teens. At age 11
months, she had diabetic ketoacidosis. At 15 months of age, systemic

varicella infection occurred. She had dermatomal herpes zoster at 27

months and again at 4 years of age. She had several episodes of cellulitis

before age 3 years.

At 3 years, an arm abscess near the site of BCG inoculation showed acid-

fast bacilli and was PCR positive for Mycobacterium tuberculosis. She re-

ceived antituberculosis medications for 18 months. At 5 years, she had

hepatomegaly, and at 8 years, she had a euthyroid goiter without anti-

thyroid antibodies. She had significant bronchiectasis with pulmonary

infections (Fig 1, B). Growth failure at 11 years showed low insulin-like

growth factor 1 (IGF1) but normal growth hormone stimulation. Vomiting,

hypertension, and headache at 12 years led to a diagnosis of central nervous

system vasculopathy with herpes zoster positive by means of cerebrospinal

fluid PCR. She received prolonged acyclovir therapy. Computed tomographic

angiography showed multiple intracranial aneurysms, especially in the circle

of Willis, including the distal portion of the left anterior cerebral artery and

middle cerebral artery and the right posterior cerebral artery (Fig 1, C). At

13 years of age, a small left subcortical infarction occurred. The abdominal

aorta had multifocal calcifications (Fig 1, D). Hypertension was thought to

be renovascular. Progressive decrease in T- and B-cell numbers and immuno-

globulin levels over a decade prompted IVIG replacement at 13 years of age.

At age 14 years, she is small for age (weight, <3rd percentile; height, <3rd per-

centile) and has delayed secondary sexual characteristics.

Patient 4 was identified through screening of IPEX referral cases. He is a 4-

year-old white boy born without perinatal problems. He had extensive,

recalcitrant, severe dermatitis at 3 months of age. Skin biopsy revealed

spongiotic psoriasiform perivascular dermatitis with intraepidermal vesicles

and eosinophils. At 4 months of age, he had recurrent fevers, weight loss, and

diarrhea, which prompted an empiric trial of amino acid–based formula,

improving his symptoms and weight. He had recurrent pneumonia, otitis

media (Pseudomonas species), sinusitis, and recurrent staphylococcal skin in-

fections. Immune evaluation at 6 and 9 months of age was normal other than

diminished anti-CD3–induced proliferation. Diagnostic endoscopy at 15

months showed chronic gastritis with eosinophilic infiltration of the mucosa

and muscularis mucosae along with lymphoid aggregates; duodenal and sig-

moid specimens were unremarkable.

Patient 5 was identified through screening of IPEX referral cases. He is a

13-year-old white boy born at term without perinatal complications. He began

to have growth delay within the first year of life and was given a diagnosis of

hypothyroidism at 3 years. Thyroid autoantibody measurements were persis-

tently negative. He has had chronic growth delay and was given a diagnosis of

growth hormone insufficiency at 10 years of age. He responded somewhat to

growth hormone replacement. He required insulin for hyperglycemia only

while being treated with steroids. By 3 years of age, he had chronic diarrhea

and bowel symptoms, which have persisted. He has had persistently abnormal

bowel biopsy results, showing chronic gastritis and subtotal or total duodenal

villous atrophy. Eczematous rashes wax and wane in severity. He has had mild

oral candidiasis, primarily while being treated with antibiotics, which has

responded to antifungal agents. He had 1 episode of line-related Candida par-

apsilosis candidemia. Bacterial infections have included recurrent otitis media

and 1 episode of enterococcal line sepsis.Multiple episodes of croupwere pre-

cipitated by upper respiratory tract infections. At 14 years of age, he had

slightly decreased IgG and IgM levels, with a normal IgA level. IgE levels

were within the normal range. Responses to tetanus and diphtheria vaccines

were protective.



FIG E1. STAT1 binding activity. A, STAT1 binding activity to a GAS oligonucleotide shown as fold induction

in response to IFN-g versus no stimulation (NS) in EBV-transformed B cells from a healthy control subject

and patients 1 to 4, as indicated by their mutations. The mean fold increase (2.84 6 0.31; range 2.46 to 3.16)

in STAT1 binding to a GAS oligonucleotide for all 4 mutations over WT is shown (P < .05). B, STAT1 activa-

tion of GAS-driven luciferase activity in response to IFN-g and IFN-a in U3A cells transfected with WT and

mutant STAT1 (R201I, L358W, and L385M). Activity is measured as fold increase over nonstimulated (NS)

values. When compared with WT subjects, mutant constructs led to enhanced STAT1 activation (mean

fold induction, 3.03 6 0.26; range, 2.72-3.35) in response to IFN-g (P 5 .04). Patients with mutations also

showed similar enhanced STAT1 activation with IFN-a (mean fold induction, 3.67 6 1.52; P < .05). This ob-

served enhanced STAT1 response was unaffected by cotransfection of patients with mutations with WT

STAT1, confirming the dominant gain-of-function nature of these mutations.
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FIG E1. (Continued)
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