
TYPE Mini Review
PUBLISHED 09 February 2023| DOI 10.3389/fped.2022.770077
EDITED BY

Luis Ignacio Gonzalez-Granado,

University Hospital October 12, Spain

REVIEWED BY

Markus G. Seidel,

Medical University of Graz, Austria

Lovro Lamot,

University of Zagreb, Croatia

*CORRESPONDENCE

Lisa R. Forbes Satter

lisa.satter@bcm.edu,

lisa.forbes@bcm.edu

SPECIALTY SECTION

This article was submitted to Pediatric

Immunology, a section of the journal Frontiers

in Pediatrics

RECEIVED 03 September 2021

ACCEPTED 28 December 2022

PUBLISHED 09 February 2023

CITATION

Vogel TP, Leiding JW, Cooper MA and Forbes

Satter LR (2023) STAT3 gain-of-function

syndrome.

Front. Pediatr. 10:770077.

doi: 10.3389/fped.2022.770077

COPYRIGHT

© 2023 Vogel, Leiding, Cooper and Forbes
Satter. 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 Pediatrics
STAT3 gain-of-function syndrome
Tiphanie P. Vogel1, Jennifer W. Leiding2,3, Megan A. Cooper4 and
Lisa R. Forbes Satter1*
1Department of Pediatrics, Baylor College of Medicine and William T. Shearer Center for Human
Immunobiology, Texas Children’s Hospital, Houston, TX, United States, 2Division of Allergy and Immunology,
Department of Pediatrics, Johns Hopkins University, Baltimore, MD, United States, 3Orlando Health Arnold
Palmer Hospital for Children, Orlando, FL, United States, 4Division of Rheumatology and Immunology,
Department of Pediatrics, Washington University School of Medicine, St. Louis, MO, United States

STAT3 gain-of-function (GOF) syndrome is a multi-organ primary immune regulatory
disorder characterized by early onset autoimmunity. Patients present early in life, most
commonly with lymphoproliferation, autoimmune cytopenias, and growth delay.
However, disease is often progressive and can encompass a wide range of clinical
manifestations such as: enteropathy, skin disease, pulmonary disease,
endocrinopathy, arthritis, autoimmune hepatitis, and rarely neurologic disease,
vasculopathy, and malignancy. Treatment of the autoimmune and immune
dysregulatory features of STAT3-GOF patients relies heavily on immunosuppression
and is often challenging and fraught with complications including severe infections.
Defects in the T cell compartment leading to effector T cell accumulation and
decreased T regulatory cells may contribute to autoimmunity. While T cell
exhaustion and apoptosis defects likely contribute to the lymphoproliferative
phenotype, no conclusive correlations are yet established. Here we review the
known mechanistic and clinical characteristics of this heterogenous PIRD.
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Introduction

Investigation of patients with inborn errors of immunity (IEI) has provided insight into the

human immune system and mechanisms governing regulation of a coordinated and controlled

response (1, 2). Such defects of human immunity can present with a broad range of clinical

symptoms, including infectious susceptibility, autoinflammation, autoimmunity, and cancer

pre-disposition. Gain-of-function (GOF) variants in STAT3, encoding signal transducer and

activator of transcription 3 (STAT3), lead to a syndrome of early-onset autoimmunity with

immune dysregulation first recognized in 2014 (3). Since the initial discovery of the molecular

mechanism of STAT3 GOF syndrome, further identification and investigation of these

patients has increased understanding of the often severe clinical consequences of this disease

and the effects of abnormal STAT3 regulation on immunity, and provided rationale for

targeted therapeutic approaches (4). Here we review our current knowledge of the

mechanisms and clinical course of this immune dysregulation syndrome.
STAT3 biology

STAT3 belongs to a family of 7 STAT proteins and is found in immune and non-immune

cells. It is a critical regulator of cellular survival, proliferation, differentiation, and effector

function. Cytokines including the IL-6 and IL-10 families and IL-21, IL-23, and IL-27 activate

STAT3 (Figure 1). After cytokines bind to their respective receptors, Janus kinases (JAKs) are
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FIGURE 1

Mechanism in STAT3 GOF syndrome. JAK, Janus kinase; STAT, signal transducer and activator of transcription; PTP, protein tyrosine phosphatase.
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activated, which in turn leads to STAT3 phosphorylation.

Phosphorylated STAT3 translocates into the nucleus where it binds

to specific DNA sequences.
Mechanism of STAT3 GOF variants confer
increased activity

Determining the underlying mechanisms behind how single

amino acid changes (and one single deletion) in the STAT3

protein functionally lead to a GOF is an area of active investigation

given the insights such an understanding would provide. The

generally accepted standard to determine if a genetic variant in a

transcription factor, like STAT3, has altered function is to use a

transcriptional assay, most commonly a reporter system such as

luciferase (5). For STAT3, this entails co-transfecting a plasmid

that will lead to expression of the STAT3 variant of interest with a

reporter construct containing STAT3 binding sites upstream of a

luciferase gene in a cell line lacking endogenous STAT3 activity.

Subsequent luciferase production is a measurable read-out, and

generated in proportion to the transcriptional capacity of the

STAT3 variant of interest. In this manner, nearly every reported

STAT3 GOF variant has been confirmed to lead to a gain-of-

function at baseline or with cytokine stimulation (5, 6). It remains

to be seen what further factors may explain the wide range in
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transcriptional power, anywhere from 2 to 100 times more than

wild-type, of various STAT3 GOF variants (5, 6).

A luciferase assay allows for distinction of GOF variants from

STAT3 polymorphisms that do not change transcriptional

function, or variants that lead to loss-of-function (3, 5). However,

a transfection system may not sufficiently reflect the biology of a

complex and protean molecule like STAT3 in immune or other

cells in vivo. For instance, despite the fact that most STAT3 GOF

variants have much greater than wild-type transcriptional capacity

in a luciferase assay system at baseline, STAT3 GOF variants do

not appear to lead to constitutive activation (i.e., phosphorylation)

of STAT3 in peripheral blood mononuclear cells (PBMCs) of

patients with STAT3 GOF syndrome, e.g., in cells that are not

transfected or transformed (5, 7–11). Even with stimulation,

PBMCs from STAT3 GOF patients rarely demonstrate hyper-

phosphorylation (12), unlike in STAT1 GOF where hyper-

phosphorylation in primary cells can identify disease-causing

variants (13). Indeed, STAT3 GOF variants can be under-

phosphorylated compared to wild-type (5, 7).

STAT3 GOF variants are found throughout the molecule,

encompassing each of the protein domains (14). There is growing

evidence in both primary and patient-derived cells that activation

of a number of DNA-binding domain (DBD) STAT3 GOF variants

leads to a prolonged activation state, specifically delayed de-

phosphorylation over time (5, 6) (Figure 1). This may be due to
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augmented DNA binding and nuclear retention (6) as the result of

the specific amino acid changes, which have been predicted to

result in enhanced DNA interactions due to replacement with

more positively charged residues (3, 15). It is not clear this

mechanism will be true for STAT3 GOF variants in other domains,

as N-terminal variants do not appear to bind DNA stronger (6),

and coiled-coil domain (CCD) variants do not appear to have

altered nuclear kinetics (6, 16).

Measuring transcriptional capacity using luciferase provides only

one terminal read-out, and may not entirely account for non-

canonical roles of STAT3. Non-canonical mechanisms (17) could

explain why some rare and predicted damaging STAT3 variants in

patients with convincing clinical phenotypes do not generate

significantly higher than wild-type luciferase results (5, 6). Non-

canonical signaling or non-transcriptional roles for STAT3 GOF

variants have not been investigated thus far.

Upregulation of several known STAT3 targets has been

investigated. Most frequently reported is SOCS3, which is increased

at baseline and after stimulation in most reports with similar

experimental design (5, 6, 18, 19). It has been postulated that the

increase in SOCS3 results in negative feed-back on the activation of

other STAT molecules (5, 8, 15, 20), including STAT5 which plays

a role downstream of growth hormone. Other target genes have

also been noted to differ from wild-type after stimulation of

STAT3 GOF molecules including enhanced (IL-10, BCL3) (6, 21)

and decreased (CXCL8) (16) expression (Figure 1). It may be that

increased expression of pro-survival genes downstream of STAT3

GOF variants (18) contributes to an apoptosis defect that drives

lymphoproliferation, one of the most common clinical findings.

How an enhanced STAT3 GOF transcriptional signature is

connected to the clinical and immunological phenotypes of STAT3

GOF patients is starting to grow clearer. Much attention has been

given to the CD4+ T cell populations in STAT3 GOF patients due

to the known role of IL-6 signaling in T regulatory and Th17 cell

development and the phenotypic connection of the patients with

others that carry T regulatory cell defects (14). Enhanced STAT3

signaling would be predicted to result in elevated CD4+ Th17 cells

(22), however, while it is clear that patients with STAT3-hyper-

IgE-syndrome due to dominant negative STAT3 loss-of-function

variants have decreased CD4+ Th17 cells (23), it remains unclear if

the corollary of enhanced Th17 cells is present in STAT3 GOF

patients (4). This may be secondary to the treatment status of

patients at the time of immune profiling, as immune modulation

can impact the differentiation of CD4+ T cells (24). When

enumerated, CD4+ T regulatory cells have been noted to be

decreased in STAT3 GOF patients (4, 5, 9, 16, 20, 25, 26), which

may also have decreased function (10). However, recently, a

murine model for STAT3 GOF generated through CRISPR/Cas9

genetic engineering in a diabetic prone mouse model showed that

disease can be driven by a cell intrinsic defect in CD8+ T cells

which do not progress through to terminal exhaustion and then

drive pathology (27). Another murine model of STAT3 GOF,

reported oligoclonal accumulation of effector CD8+ T cells that

contributed to autoimmunity (28). Two additional murine models

demonstrated no functional differences in T regulatory cells, but

suggested enhanced Th1 polarization (29, 30) and IFN-γ

production by CD4+ T cells. The lack of a profound defect of T
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regulatory cells was supported by single cell transcriptional analysis

of cells from patients (30). Interestingly, a patient with PD-1

deficiency was recently described to have susceptibility to

Mycobacterium tuberculosis with an immunologic phenotype

similar to STAT3 GOF, including expanded DNTs thought to be

the result of increased STAT3-mediated signaling, suggesting a

possible explanation for mycobacterial disease in some STAT3

GOF patients (31).

Finally, while it has been reported in a collection of patients

(5, 6), no explanation yet exists for the incomplete penetrance of

STAT3 GOF variants in certain families with asymptomatic

carriers. This suggests that there are other disease modifiers,

including genetic and environmental, that will be important to

identify in order to understand the mechanisms of immune

dysregulation in these patients.
Clinical manifestations of STAT3 GOF

The original clinical descriptions of patients with STAT3 GOF

included early onset type I diabetes mellitus, post-natal growth

failure, and lymphoproliferation (3, 5, 10). Although all 3 remain

hallmark symptoms of the disease, the clinical and immune

phenotype has significantly expanded as additional patients have

been identified (4) (Figure 2). Onset of disease is early, occurring

at a median of 2.3 years (4, 14). Early onset diabetes, autoimmune

cytopenias, enteropathy, and growth failure are amongst the first

features at presentation of these patients, and can occur together or

separately (3, 14, 19, 32, 33).

We have recently investigated the clinical manifestations of a

large international cohort of 191 patients with STAT3 GOF,

including updated information on the originally described patients

(4). While organ-specific autoimmunity can vary among patients,

lymphoproliferation, described as hepatomegaly and/or

splenomegaly and chronic reactive lymphadenopathy, is the most

common clinical symptom, suggestive of a common mechanism

underlying disease development (4, 5, 14, 34). Biopsies typically

show lymphoid reactive hyperplasia. Malignancy is uncommon, but

has been described in a small number of patients including

marginal zone B cell lymphoma, large granular lymphocytic

leukemia, and non-Hodgkin’s lymphoma, suggesting an increased

risk in this disease given the relatively small number of patients

(3–5).

The severe lymphoproliferation observed in patients with STAT3

GOF has been described as a mimic of Autoimmune

Lymphoproliferative Syndrome (ALPS). Within the large

international cohort, three-quarters had lymphoproliferation

manifested as diffuse lymphadenopathy (76%) and/or splenomegaly

(72%). As with ALPS, elevated double negative (CD3 + CD4-CD8-)

T cell populations appear to be the most reliable immune

phenotype described in association with STAT3 GOF

lymphoproliferation. Eighty-nine patients with lymphoproliferation

within the large international cohort had DNTs assessed, and of

those 82% had increased DNTs (4), which is not associated with

Fas apoptosis defects (4, 5). The observation of elevated DNTs as

an association with lymphoproliferative disease supports the

quantification of DNTs to serve as a biomarker of STAT3 GOF
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FIGURE 2

Clinical manifestations in STAT3 GOF syndrome. The most common features are in bold, rarely reported features are in gray.
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activity. Autoimmune cytopenias are the second most common

symptom and typically 2 to 3 cell lineages are affected. Direct anti-

globulin (Coombs), anti-platelet or anti-granulocyte antibodies are

present in 41% tested (4). Autoimmune cytopenias can be life-

threatening requiring chronic transfusions, and are often refractory

to standard treatment with IVIG and corticosteroids (14).

Rituximab with steroid sparing immunosuppression, such as

mycophenolate mofetil or sirolimus, can provide partial

improvement but most patients with autoimmune cytopenias, fail

to respond to these additional therapies(4). Janus kinase inhibitors

(jakinibs) are often used as salvage therapy but have successfully

controlled cytopenias (4, 34).

Post-natal growth failure, with usual profound short stature, was

a hallmark symptom in the first descriptions of STAT3 GOF and one

hypothesis is that this is secondary to defective STAT5b signaling

(3, 5, 7, 14, 34). In the large international cohort, growth failure

occurred in 57% of subjects (4). Over half of patients with growth

failure (55%) had concurrent enteropathy or endocrinopathies,

likely complicating their growth failure.

Interstitial lung disease is the most common non-infectious

pulmonary manifestation in STAT3 GOF syndrome, and has been
Frontiers in Pediatrics 04
characterized as lymphocytic interstitial pneumonia, bronchiectasis,

granulomatous lymphocytic interstitial lung disease (ILD) or

cryptogenic organizing pneumonia (4, 14, 34, 35). Pulmonary

disease can progress to pulmonary fibrosis, restrictive lung disease,

and oxygen dependency. Overall survival is negatively affected

when pulmonary disease has progressed to the point of oxygen

dependency (4). ILD was also complicated by the

immunodeficiency and accompanied by bronchiectasis in

approximately one-quarter of patients with ILD. Patients with

hypogammaglobulinemia and B cell lymphopenia were more likely

to have bronchiectasis (4).

STAT3 GOF was initially discovered through genetic sequencing

of a cohort of patients with early-onset type I diabetes, and this was

initially considered a major feature of the disease (3). With

identification of additional cases, it is evident that other

endocrinopathies are more common feature such as hypothyroidism

and growth hormone deficiency (3, 4, 7, 14, 33). Gastrointestinal

manifestations primarily consist of enteropathy and/or colitis (4, 14,

19) presenting as diarrhea, bloody diarrhea, abdominal pain,

achalasia, pseudo-obstruction, weight loss, and growth failure.

Colonic biopsies show villous atrophy, small bowel thickening, and
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lymphocytic infiltration. In some cases, patients have been diagnosed

with celiac disease, and gluten restriction has been helpful. In severe

cases, patients have required total parenteral nutrition, which

negatively affects survival (4). Autoimmune hepatitis has also been

described in small number of patients, with liver transplant having

mixed success (4, 34). Pancreatic exocrine insufficiency has also

been reported in a small number of patients.

Inflammatory arthritis was also a major manifestation in the first

descriptions of STAT3 GOF (5, 36). Oligoarthritis and polyarthritis

mimicking juvenile idiopathic arthritis refractory to standard

treatment have been reported. Eczema, psoriasis, and alopecia are

frequently reported skin symptoms. Renal tubular disease and

nephrolithiasis have been reported; chronic renal failure can be a

cause of death (14, 37). Ophthalmologic disease has included

ocular myasthenia gravis, uveitis, and papilledema (14, 38).

Vasculopathy and central nervous system (CNS) manifestations

occur in a minority of patients. Systemic vasculitis, CNS vasculitis

and stroke, pulmonary vasculitis, vascular malformations, and

MoyaMoya Syndrome were recently reported (4). Other neurologic

manifestations included isolated CNS lesions which presented as

seizures and focal deficits. One patient responded to jakinib

therapy (after failing corticosteroids) with improvement of

symptoms despite no change on imaging (4).

Other clinically relevant immunologic abnormalities are varied in

STAT3 GOF, but include humoral and cellular defects. Variable

decreases in T, B, and NK cell quantities occur as do reduced

functional responses. Lymphopenia and reduced functional

lymphocyte responses more commonly occurred in patients receiving

pulse or chronic steroids (4). Approximately half of patients have a

humoral deficiency including hypogammaglobulinemia, B cell

lymphopenia and reduced memory B cells (4, 5, 39, 40). A major

caveat to immunophenotyping of the peripheral blood of patients is

that this may not represent the local immune response at sites of

inflammation/autoimmunity.

Infections are a common feature in STAT3 GOF, but infection

susceptibility is complicated by the need for immune suppression to

control autoimmune symptoms (4, 5, 10, 14, 34). Bacterial infections

are most common followed by viral, fungal, opportunistic, and

mycobacterial. Patients with hypogammaglobulinemia were at higher

risk of bacterial infections while those with T cell lymphopenia were

at higher risk of viral and/or fungal infections (4).
Genotype-Phenotype correlation

Given the heterogeneity of STAT3 GOF syndrome symptoms,

investigations attempting to predict the phenotype with specific

disease manifestations based on genotype have been performed. In

addition, Jagle et al. suggested a grouping based on luciferase

activity. Although an important attempt to show characteristics for

GOF based on transcriptional activity measured in the lab, not all

variants could be categorized. Despite these efforts, a specific

genotype-phenotype correlation has not been made (4, 6, 41).

However, some gene domain-phenotype correlations were observed

(4), as patients with SH2, CCD, and DBD variants were inclined to

have endocrinopathies. Lymphoproliferative disease was a common

feature across variants in all domains but more prominent in CCD
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(91%) and N-terminal domain variants (100%) (4). Although not

reaching significance, Leiding et al. showed N-terminal domain

conferred best survival and SH2 domain worst survival outcomes.
Survival

Survival of patients with STAT3 GOF is impacted by many

variables, but overall survival was recently described to be 88% (4).

Age and number of organ systems affected did not impact overall

survival, but time from first presentation to genetic diagnosis did.

When time from presentation to diagnosis was shorter, overall

survival was worse, suggesting those with milder phenotypes

presumably taking longer to diagnose do better (4). The number of

treatments a patient receives also impacts survival. Patients

receiving 5 or more treatments fared worse, and showed that

increasing number of treatments was a better indication of disease

burden that the number of organ systems affected.

Specific disease manifestations also negatively affect survival.

Progressive respiratory disease leading to oxygen dependency was

highly associated with death. Enteropathy, total parenteral nutrition

dependency, autoimmune hepatitis, and growth failure are also

significantly associated with worse survival.
Treatment approaches for STAT3 GOF

For many patients with JAK/STAT-GOF disorders and immune

dysregulation, immunosuppression is the mainstay of therapy. Most

patients require more than one conventional immunosuppressant

such as corticosteroids in addition to steroid sparing agents such as

rituximab, mycophenolate mofetil (MMF), sirolimus, tacrolimus,

and alemtuzumab, which may provide partial responses. Other

treatments include hormone replacement, anti-microbial

prophylaxis, immunoglobulin replacement and hematopoietic stem

cell transplant. In the international cohort of 191 patients, 77%

received at least 1 immune suppressing medication and nearly half

required 5 or more therapies (4). Despite these additional agents,

most patients remained with uncontrolled disease. More than half

of patients with cytopenias failed to respond to treatment with

corticosteroids and immunoglobulin replacement. About a quarter

of those who failed had been treated with rituximab in

combination with MMF or sirolimus. Of those, approximately 80%

had partial response and half required additional therapies.

Laboratory investigations have demonstrated that STAT3GOF leads

to increased transcriptional activity following activation. This

mechanistic insight provides rationale for blocking upstream signals

that lead to STAT3 phosphorylation. Because of the limited therapeutic

options for these patients and the fact that they often fail conventional

immunosuppressants, we and others began to use jakinibs as targeted

therapy. In 2018, Forbes et al. reported 6 STAT3 GOF patients who

had clinical improvement with ruxolitinib (5 patients) and tofacitinib

(1 patient). Most patients experienced a reduction in autoimmune

disease activity, to include enteropathy, as well as the reversal of severe,

life-threatening interstitial lung disease and autoimmune cytopenias

(34, 42). IL-6 blockade with tocilizumab, an IL-6R antagonist, has

shown to alleviate arthritis and autoimmune complications in a small
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subset of patients (5, 26, 34). In our large international cohort, 19% of

patients received jakinibs as salvage therapy. Use of jakinibs, sometimes

in combination with tocilizumab led to control of cytopenias and

oxygen withdrawal in patients with interstitial lung disease. Jakinibs

also improved optic neuritis in 1 patient, clinical improvement in 1

patient with a cerebral vascular lesion, and control of enteropathy with

withdrawal of total parenteral nutrition. While precision therapy with

jakinibs and IL-6 blockade are reasonable based on mechanism and

published experiences, clinical trials are needed to assess disease-

specific safety and efficacy. That being said, jakinibs offer a viable

option with published reports supporting their use when life-

threatening manifestations are not controlled with standard immune

suppression in patients with STAT3 GOF syndrome.

Hematopoietic stem cell transplant (HSCT) has been used as life-

saving therapy for treatment refractory disease manifestations

(manuscript in progress). HSCT is considered in patients with

progressive disease where medication management has not

achieved optimal control of disease. Survival is approximately 62%

(4). An effort to report the international experience in HSCT in

STAT3 GOF syndrome is underway to understand what influences

transplant survival and how disease manifestations at the time of

transplant interfere with outcomes.
Summary

Investigation of monogenic causes of errors of the immune

response has provided tremendous insight into human immunity,

enabling novel diagnoses for patients and providing hope for

precision therapies based on the molecular mechanisms of disease.

Since initially described in 2014, identification of additional patients

with STAT3 GOF syndrome and studies of the mechanisms behind

this disease have enhanced our understanding of the immune

dysregulation found in these patients. Early identification of disease

is essential given the heterogeneity of disease manifestations with

substantial morbidity. This disorder should be suspected in patients

with early onset and progressive autoimmunity. Lymphoproliferation

is the most prominent feature with most patients presenting early in

life with splenomegaly and autoimmune cytopenias. Precision

therapy offers an optimal treatment in order to control disease

manifestations. However, there are still many remaining questions

regarding the molecular mechanisms of increased STAT3

transcriptional activity in the spectrum of disease-causing variants
Frontiers in Pediatrics 06
across different protein domains, in dissecting infectious

susceptibility due to STAT3 GOF from that due to

immunomodulatory treatments, and in the design of clinical trials to

address unmet therapeutic needs for these patients.
Author contributions

TPV, JWL, MAC, LRFS contributed to writing, editing, and

finalizing the manuscript. LRFS coordinated content and organized

the final manuscript. All authors contributed to the article and

approved the submitted version.
Funding

Lisa R. Forbes Satter is supported by the Jeffrey Modell

Foundation, Baylor College of Medicine Chao Physician Scientist

Award and NIH/NCATS UG3TR003908. Tiphanie P. Vogel was

supported by the Arthritis National Research Foundation. Megan

A. Cooper is supported by NIH/NIAID P01 AI155393.
Acknowledgments

Figures 1 and 2 were created in biorender.
Conflict of interest

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.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Tangye SG, Al-Herz W, Bousfiha A, Cunningham-Rundles C, Franco JL, Holland
SM, et al. The ever-increasing array of novel inborn errors of immunity: an interim
update by the IUIS committee. J Clin Immunol. (2021) 41(3):666–79. doi: 10.1007/
s10875-021-00980-1

2. Notarangelo LD, Bacchetta R, Casanova JL, Su HC. Human inborn errors of
immunity: an expanding universe. Sci Immunol. (2020) 5(49). doi: 10.1126/
sciimmunol.abb1662. [Epub ahead of print].

3. Flanagan SE, Haapaniemi E, Russell MA, Caswell R, Allen HL, De Franco E, et al.
Activating germline mutations in STAT3 cause early-onset multi-organ autoimmune
disease. Nat Genet. (2014) 46(8):812–4. doi: 10.1038/ng.3040

4. Leiding JW, Vogel TP, Santarlas VGJ, Mhaskar R, Smith MR, Carisey A, et al.
Monogenic early-onset lymphoproliferation and autoimmunity: natural history of
STAT3 gain-of-function syndrome. J Allergy Clin Immunol. (2022) [Epub ahead of
print].

5. Milner JD, Vogel TP, Forbes L, Ma CA, Stray-Pedersen A, Niemela JE, et al.
Early-onset lymphoproliferation and autoimmunity caused by germline STAT3 gain-
of-function mutations. Blood. (2015) 125(4):591–9. doi: 10.1182/blood-2014-09-
602763

6. Jagle S, Heeg M, Grun S, Rensing-Ehl A, Maccari ME, Klemann C, et al. Distinct
molecular response patterns of activating STAT3 mutations associate with penetrance
of lymphoproliferation and autoimmunity. Clin Immunol (Orlando, Fla). (2020)
210:108316. doi: 10.1016/j.clim.2019.108316

7. Sediva H, Dusatkova P, Kanderova V, Obermannova B, Kayserova J, Sramkova L,
et al. Short stature in a boy with multiple early-onset autoimmune conditions due to a
frontiersin.org

https://doi.org/10.1007/s10875-021-00980-1
https://doi.org/10.1007/s10875-021-00980-1
https://doi.org/10.1126/sciimmunol.abb1662
https://doi.org/10.1126/sciimmunol.abb1662
https://doi.org/10.1038/ng.3040
https://doi.org/10.1182/blood-2014-09-602763
https://doi.org/10.1182/blood-2014-09-602763
https://doi.org/10.1016/j.clim.2019.108316
https://doi.org/10.3389/fped.2022.770077
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Vogel et al. 10.3389/fped.2022.770077
STAT3 activating mutation: could intracellular growth hormone signalling be
compromised?. Horm Res in Paediatr. (2017) 88(2):160–6. doi: 10.1159/000456544

8. Mauracher AA, Eekels JJM, Woytschak J, van Drogen A, Bosch A, Prader S, et al.
Erythropoiesis defect observed in STAT3 GOF patients with severe anemia. J Allergy
Clin Immunol. (2020) 145(4):1297–301. doi: 10.1016/j.jaci.2019.11.042

9. Wienke J, Janssen W, Scholman R, Spits H, van Gijn M, Boes M, et al. A novel
human STAT3 mutation presents with autoimmunity involving Th17 hyperactivation.
Oncotarget. (2015) 6(24):20037–42. doi: 10.18632/oncotarget.5042

10. Haapaniemi EM, Kaustio M, Rajala HL, 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(4):639–48. doi: 10.1182/blood-2014-04-570101

11. Saarimaki-Vire J, Balboa D, Russell MA, Saarikettu J, Kinnunen M, Keskitalo S, et al.
An activating STAT3 mutation causes neonatal diabetes through premature induction of
pancreatic differentiation. Cell Rep. (2017) 19(2):281–94. doi: 10.1016/j.celrep.2017.03.055

12. Sarfati E, Hadjadj J, Fusaro M, Klifa R, Grimaud M, Berteloot L, et al. Life-Saving,
dose-adjusted, targeted therapy in a patient with a STAT3 gain-of-function mutation.
J Clin Immunol. (2021) 41(4):807–10. doi: 10.1007/s10875-020-00914-3

13. 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(6):1611–23. doi: 10.1016/j.jaci.2012.11.054

14. Fabre A, Marchal S, Barlogis V, Mari B, Barbry P, Rohrlich PS, et al. Clinical
aspects of STAT3 gain-of-function germline mutations: a systematic review. J Allergy
and Clin Immunol in Pract. (2019) 7(6):1958–69.e9. doi: 10.1016/j.jaip.2019.02.018

15. Gutierrez M, Scaglia P, Keselman A, Martucci L, Karabatas L, Domene S, et al.
Partial growth hormone insensitivity and dysregulatory immune disease associated
with de novo germline activating STAT3 mutations. Mol Cell Endocrinol. (2018)
473:166–77. doi: 10.1016/j.mce.2018.01.016

16. Marega LF, Sabino JS, Pedroni MV, Teocchi M, Lanaro C, de Albuquerque DM,
et al. Phenotypes of STAT3 gain-of-function variant related to disruptive regulation of
CXCL8/STAT3, KIT/STAT3, and IL-2/CD25/treg axes. Immunol Res. (2021). [Epub
ahead of print].

17. Villarino AV, Kanno Y, Ferdinand JR, O’Shea JJ. Mechanisms of jak/STAT
signaling in immunity and disease. J Immunol. (2015) 194(1):21–7. doi: 10.4049/
jimmunol.1401867

18. Nabhani S, Schipp C, Miskin H, Levin C, Postovsky S, Dujovny T, et al. STAT3 gain-
of-function mutations associated with autoimmune lymphoproliferative syndrome like
disease deregulate lymphocyte apoptosis and can be targeted by BH3 mimetic
compounds. Clin Immunol (Orlando, Fla). (2017) 181:32–42. doi: 10.1016/j.clim.2017.05.021

19. Parlato M, Charbit-Henrion F, Abi Nader E, Begue B, Guegan N, Bruneau J, et al.
Efficacy of ruxolitinib therapy in a patient with severe enterocolitis associated with a
STAT3 gain-of-function mutation. Gastroenterol. (2019) 156(4):1206–10.e1. doi: 10.
1053/j.gastro.2018.11.065

20. Weinreich MA, Vogel TP, Rao VK, Milner JD. Up, down, and all around: diagnosis
and treatment of novel STAT3 variant. Front Pediatr. (2017) 5:49. doi: 10.3389/fped.
2017.00049

21. Todaro F, Tamassia N, Pinelli M, Moratto D, Dotta L, Grassi A, et al. Multisystem
autoimmune disease caused by increased STAT3 phosphorylation and dysregulated gene
expression. Haematologica. (2019) 104(7):e322–e5. doi: 10.3324/haematol.2018.202374

22. Hillmer EJ, Zhang H, Li HS, Watowich SS. STAT3 Signaling in immunity. Cytokine
Growth Factor Rev. (2016) 31:1–15. doi: 10.1016/j.cytogfr.2016.05.001

23. Holland SM, DeLeo FR, Elloumi HZ, Hsu AP, Uzel G, Brodsky N, et al. STAT3
Mutations in the hyper-IgE syndrome. N Engl J Med. (2007) 357(16):1608–19. doi: 10.
1056/NEJMoa073687

24. Kikuchi J, Hashizume M, Kaneko Y, Yoshimoto K, Nishina N, Takeuchi T.
Peripheral blood CD4(+)CD25(+)CD127(low) regulatory T cells are significantly
increased by tocilizumab treatment in patients with rheumatoid arthritis: increase in
regulatory T cells correlates with clinical response. Arthritis Res Ther. (2015) 17:10.
doi: 10.1186/s13075-015-0526-4
Frontiers in Pediatrics 07
25. Forbes LR, Milner J, Haddad E. Signal transducer and activator of transcription 3: a
year in review. Curr Opin Hematol. (2016) 23(1):23–7. doi: 10.1097/MOH.
0000000000000206

26. Khoury T, Molho-Pessach V, Ramot Y, Ayman AR, Elpeleg O, Berkman N, et al.
Tocilizumab promotes regulatory T-cell alleviation in STAT3 gain-of-function-
associated multi-organ autoimmune syndrome. Clin Ther. (2017) 39(2):444–9. doi: 10.
1016/j.clinthera.2017.01.004

27. Warshauer JT, Belk JA, Chan AY, Wang J, Gupta AR, Shi Q, et al. A human
mutation in STAT3 promotes type 1 diabetes through a defect in CD8+ T cell
tolerance. J Exp Med. (2021) 218(8):e20210759. doi: 10.1084/jem.20210759

28. Masle-Farquhar E, Jackson KJL, Peters TJ, Al-Eryani G, Singh M, Payne KJ, et al.
STAT3 gain-of-function mutations connect leukemia with autoimmune disease by
pathological NKG2D(hi) CD8(+) T cell dysregulation and accumulation. Immunity.
(2022) 55(12):2386–404.e8. doi: 10.1016/j.immuni.2022.11.001

29. Woods J, Pemberton SE, Largent AD, Chiang K, Liggitt D, Oukka M, et al. Cutting
edge: systemic autoimmunity in murine STAT3 gain-of-function syndrome is
characterized by effector T cell expansion in the absence of overt regulatory T cell
dysfunction. J Immunol. (2022) 209(6):1033–8. doi: 10.4049/jimmunol.2100920

30. Schmitt EG, Toth KA, Risma SI, Kolicheski A, Saucier N, Berrios RJF, et al. A
human STAT3 gain-of-function variant confers T cell dysregulation without
predominant treg dysfunction in mice. JCI Insight. (2022) 7(21):e162695. doi: 10.1172/
jci.insight.162695

31. Ogishi M, Yang R, Aytekin C, Langlais D, Bourgey M, Khan T, et al. Inherited
PD-1 deficiency underlies tuberculosis and autoimmunity in a child. Nat Med. (2021).
[Epub ahead of print].

32. Besnard C, Levy E, Aladjidi N, Stolzenberg MC, Magerus-Chatinet A, Alibeu O,
et al. Pediatric-onset evans syndrome: heterogeneous presentation and high frequency
of monogenic disorders including LRBA and CTLA4 mutations. Clin Immunol
(Orlando, Fla). (2018) 188:52–7. doi: 10.1016/j.clim.2017.12.009

33. Velayos T, Martínez R, Alonso M, Garcia-Etxebarria K, Aguayo A, Camarero C,
et al. An activating mutation in STAT3 results in neonatal diabetes through reduced
insulin synthesis. Diabetes. (2017) 66(4):1022–9. doi: 10.2337/db16-0867

34. Forbes LR, Vogel TP, Cooper MA, Castro-Wagner J, Schussler E, Weinacht KG,
et al. Jakinibs for the treatment of immune dysregulation in patients with gain-of-
function signal transducer and activator of transcription 1 (STAT1) or STAT3
mutations. J Allergy Clin Immunol. (2018). [Epub ahead of print].

35. Fabre A, Marchal S, Forbes LR, Vogel TP, Barlogis V, Triolo V, et al. STAT3 Gain
of function: a new kid on the block in interstitial lung diseases. Am J Respir Crit Care
Med. (2018) 197(11):e22–e3. doi: 10.1164/rccm.201707-1500IM

36. Giovannini-Chami L, Vogel TP, Forbes LR, Fabre A, Trojani MC, Leroy S, et al.
STAT3 Gain of function: a new aetiology of severe rheumatic disease. Rheumatol
(Oxford, England). (2019) 58(2):365–7. doi: 10.1093/rheumatology/key308

37. Terry J, Langlois S, Rupps R, Gill H. Prenatal autoimmune disease, multisystem,
infantile onset-like phenotype and proximal renal tubular dysplasia associated with STAT3
mutation. Pediatr Dev Pathol. (2020) 23(4):306–11. doi: 10.1177/1093526619890734

38. Suh YW, Horton JC. Papilledema from gain-of-function mutations in the STAT3
gene. Ophthalmic Genet. (2019) 40(2):165–9. doi: 10.1080/13816810.2019.1592202

39. Ciullini Mannurita S, Goda R, Schiavo E, Coniglio ML, Azzali A, Fotzi I, et al. Case
report: signal transducer and activator of transcription 3 gain-of-function and spectrin
deficiency: a life-threatening case of severe hemolytic Anemia. Front Immunol. (2020)
11:620046. doi: 10.3389/fimmu.2020.620046

40. Erdos M, Tsumura M, Kallai J, Lanyi A, Nyul Z, Balazs G, et al. Novel STAT-3
gain-of-function variant with hypogammaglobulinemia and recurrent infection
phenotype. Clin Exp Immunol. (2021) 205(3):354–62. doi: 10.1111/cei.13625

41. Lodi L, Faletti LE, Maccari ME, Consonni F, Gross M, Pagnini I, et al. STAT3-
confusion-of-function: beyond the loss and gain dualism. J Allergy Clin Immunol.
(2022) 150(5):1237–41.e3. doi: 10.1016/j.jaci.2022.06.007

42. Silva-CarmonaM,Vogel TP,Marchal S,GuesmiM,Dubus JC, Leroy S, et al. Successful
treatment of interstitial lung disease in STAT3 gain-of-function using JAK inhibitors. Am
J Respir Crit Care Med. (2020) 202(6):893–7. doi: 10.1164/rccm.201906-1204LE
frontiersin.org

https://doi.org/10.1159/000456544
https://doi.org/10.1016/j.jaci.2019.11.042
https://doi.org/10.18632/oncotarget.5042
https://doi.org/10.1182/blood-2014-04-570101
https://doi.org/10.1016/j.celrep.2017.03.055
https://doi.org/10.1007/s10875-020-00914-3
https://doi.org/10.1016/j.jaci.2012.11.054
https://doi.org/10.1016/j.jaip.2019.02.018
https://doi.org/10.1016/j.mce.2018.01.016
https://doi.org/10.4049/jimmunol.1401867
https://doi.org/10.4049/jimmunol.1401867
https://doi.org/10.1016/j.clim.2017.05.021
https://doi.org/10.1053/j.gastro.2018.11.065
https://doi.org/10.1053/j.gastro.2018.11.065
https://doi.org/10.3389/fped.2017.00049
https://doi.org/10.3389/fped.2017.00049
https://doi.org/10.3324/haematol.2018.202374
https://doi.org/10.1016/j.cytogfr.2016.05.001
https://doi.org/10.1056/NEJMoa073687
https://doi.org/10.1056/NEJMoa073687
https://doi.org/10.1186/s13075-015-0526-4
https://doi.org/10.1097/MOH.0000000000000206
https://doi.org/10.1097/MOH.0000000000000206
https://doi.org/10.1016/j.clinthera.2017.01.004
https://doi.org/10.1016/j.clinthera.2017.01.004
https://doi.org/10.1084/jem.20210759
https://doi.org/10.1016/j.immuni.2022.11.001
https://doi.org/10.4049/jimmunol.2100920
https://doi.org/10.1172/jci.insight.162695
https://doi.org/10.1172/jci.insight.162695
https://doi.org/10.1016/j.clim.2017.12.009
https://doi.org/10.2337/db16-0867
https://doi.org/10.1164/rccm.201707-1500IM
https://doi.org/10.1093/rheumatology/key308
https://doi.org/10.1177/1093526619890734
https://doi.org/10.1080/13816810.2019.1592202
https://doi.org/10.3389/fimmu.2020.620046
https://doi.org/10.1111/cei.13625
https://doi.org/10.1016/j.jaci.2022.06.007
https://doi.org/10.1164/rccm.201906-1204LE
https://doi.org/10.3389/fped.2022.770077
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	STAT3 gain-of-function syndrome
	Introduction
	STAT3 biology
	Mechanism of STAT3 GOF variants confer increased activity
	Clinical manifestations of STAT3 GOF
	Genotype-Phenotype correlation
	Survival
	Treatment approaches for STAT3 GOF

	Summary
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


