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Signal transducer and activator of transcription 3 (STAT3) is a key transcription factor

involved in regulation of immune cell activation and differentiation. Recent discoveries

highlight the role of germline activating STAT3 mutations in inborn errors of immunity

characterized by early-onset multi-organ autoimmunity and lymphoproliferation. Much

progress has been made in defining the clinical spectrum of STAT3 GOF disease and

unraveling the molecular and cellular mechanisms underlying this disease. In this review,

we summarize our current understanding of the disease and discuss the clinical pheno-

type, diagnostic approach, cellular and molecular effects of STAT3 GOF mutations and

therapeutic concepts for these patients.
Control of immune cell activation is critical to restore immune of inborn errors of immunity that can be summarized as
homeostasis after resolution of infections and to prevent

immunopathology including autoimmune diseases. Uncon-

trolled expansion of immune cells is a hallmark feature of

benign lymphoproliferationmanifesting as lymphadenopathy

and/or splenomegaly and of immune-cell derived malig-

nancies. The combination of lymphoproliferation and auto-

immunity or immunopathology, variably associated with

increased infection susceptibility, is characteristic for a group
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autoimmune-lymphoproliferative primary immunodefi-

ciencies (AL-PID). In recent years, tremendous progress has

been made in understanding the genetic and molecular

mechanisms underlying this spectrum of diseases. Mutations

in the FAS pathwaywere the first genetic variants identified to

cause autoimmune-lymphoproliferative syndromes (ALPS) in

the 1990s [1]. However, recent advances in genetics have

allowed the discovery of defects in many other pathways that
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can lead to ALPS-like clinical presentations. They include

disorders of the RAS-pathway, the PI3 Kinase pathway, JAK/

STAT pathways, the NFkB pathway and the CTLA4 checkpoint

pathway. Amongst these genes recently associated with an

ALPS-like phenotype is STAT3 (Signal transducer and acti-

vator of transcription 3) [2e4].

Janus tyrosine kinases (JAKs) and STATs are crucial pro-

teins in signal transduction initiated by a wide range of cyto-

kines [5] and growth factors [6]. The important functions of

the JAK-STAT signaling components in the control of the im-

mune system homeostasis have been demonstrated by ge-

netic knockout studies [7e9]. STAT3 is essential for vertebrate

development [10] and plays a critical role in regulating key

physiological functions in tissues, including the innate and

adaptive immune responses [11]. It is therefore not surprising

that activating or inactivating mutations in STAT3 result in

human diseases such as immunodeficiency, autoimmunity

and cancer. The discovery of inactivating (loss-of-function,

LOF) germline heterozygousmutations in STAT3, which cause

the Hyper-immunoglobulin E syndrome (HIES), first illustrated

how STAT3 impacts human T and B lymphocyte function

in vivo [12,13].
Phenotypic heterogeneity and incomplete
clinical penetrance: the clinical picture of STAT3
GOF disease

Recently, several groups have identified germline gain-of-

function (GOF) mutations in STAT3 as a cause for early onset

multi-organ autoimmunity and lymphoproliferation [2e4].

While the first report identified germline STAT3 mutations in

pediatric cohorts with early-onset diabetes, subsequent re-

ports associated STAT3 GOF mutations predominantly with

lymphoproliferation and autoimmunity [4]. Retrospective

analysis of published case reports [14] and bigger cohort

studies [15] now allow amore comprehensive definition of the

clinical phenotype of STAT3 GOF disease [Fig. 1]. There is no

obvious sex preference and the average age of onset of first

symptoms is 3 years. However, it is important to note that not

all mutation carriers become symptomatic and there are

several reports of asymptomatic family members (15 asymp-

tomatic of 83 reported cases, 18%) who carry the exact same

mutation as the affected individual [4,14e16]. This suggests

that the STAT3 mutation itself is not sufficient to trigger

STAT3 GOF disease.

The most predominant symptoms are autoimmune cyto-

penia (63%), lymphoproliferation including splenomegaly and

lymphadenopathy (63%), susceptibility to infections (66%),

hypogammaglobulinemia, enteropathy and growth deficiency

[Fig. 1]. Rarer manifestations include interstitial lung disease

[17], endocrinopathies, arthritis [4] and erythropoiesis defects

[18]. None of these features or combinations of features are

sufficiently specific to delineate STAT3 GOF from other AL-PID

diseases based on clinical findings. Notably, the occurrence of

early onset (<2 y) diabetes mellitus type 1 [2,14,19,20] is rarely

observed in other AL-PID diseases. However, this manifesta-

tion is not very sensitive since only 20% of the published

STAT3 GOF patients have developed early onset diabetes.

Another observation is that endocrine and gastrointestinal
disease in STAT3 GOF patients usually manifest early in life

and frequently appear before the onset of hematologic disease

[14]. Hematological malignancy has only been reported in two

cases [2,4] and seems to be rarer than in other AL-PID condi-

tions [Fig. 1].

Currently ongoing comprehensive cohort studies will

define the phenotype at higher resolution in the near future

(Forbes et al., in preparation).
The STAT3 pathway and its molecular regulation

To understand the variety of immune alterations and the

heterogeneity of the clinical presentation, a basic molecular

understanding of the STAT3 pathway is required. The tran-

scription factor STAT3 is activated by a wide range of ligands

that bind cytokine receptors (e.g. interleukins, IL), receptor

tyrosine kinases (e.g. epidermal growth factor, EGF; Platelet-

derived growth factor, PDGF, fibroblast growth factor, FGF) or

G-protein-coupled receptors. This broad role in a variety of

receptor pathways explains the functional pleiotropy of

STAT3: it is involved in inflammation, tissue regeneration, cell

proliferation, cell survival, cellular differentiation, angiogen-

esis, chemotaxis and cell adhesion. Cytokines that activate

STAT3 include those that bind to the Interleukin (IL)-6 family

of cytokine receptors (e.g. IL-6, oncostatin M, IL-11), the

homodimeric receptors (e.g. granulocyte colony-stimulating

factor, G-CSF; Erythropoietin, EPO; growth hormone, GH), the

IL-10 family receptors (e.g. IL-10, IL-19, IL-20, IL-22) [5] and the

interferon receptors [31]. Upon cytokine binding, the receptor

multimerizes and tyrosine kinases from the Janus kinase (JAK)

family are brought into close proximity, allowing trans-

phosphorylation [Fig. 2]. Subsequently, the activated JAKs

phosphorylate the cytoplasmic tails of the receptor allowing

STAT3 recruitment and further phosphorylation at the highly

conserved tyrosine residue 705 (pY705), located in the trans-

activation domain. STAT3 structurally comprises an N-ter-

minal region followed by a coiled-coil domain (1e320), a DNA

binding domain (DBD, 320e465), and a C-terminal region

(465e770) which includes the Src Homology 2 (SH2) domain,

and a C-terminal transactivation domain [Fig. 3]. After being

phosphorylated by JAKs, active STAT3 forms homo- or het-

erodimers with other STATs and translocate to the nucleus to

activate or repress transcription of target genes by mainly

binding to the canonical ‘5-TTC(N3)GAA-3’ consensus

sequence or to the non-canonical sequences ‘TTC(N3)AA’ and

‘TTC(N3)TAA’ [32]. Additional alternative STAT3 binding sites

have been reported [33].

Several post-translational modifications regulate STAT3

activity. Phosphorylation at serine 727 (pS727) by serine/

threonine kinases like the mitogen-activated protein ki-

nases (MAPK), mechanistic target of rapamycin (mTOR), and

protein kinase C delta type (PKCd) significantly enhances

STAT3 transcriptional activity [34]. Additional modifications

include lysine acetylation and methylation by protein ace-

tyltransferases and methyltransferases [35], influencing

STAT3 the dimerization, DNA binding and transcriptional

activation.

The signaling strength, kinetics and specificity of the JAK-

STAT pathway are modulated at several levels by three

https://doi.org/10.1016/j.bj.2021.03.003
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Fig. 1 Frequency of clinical symptoms observed in STAT3 GOF, APDS, CTLA4 and NFkB 1 associated diseases. Data from Ref. [14]

were complemented with new patient reports from Refs. [15,16,21e27]. Patients appearing in more than one report were

removed to the best of our ability resulting in a total of 83 STAT3 GOF patients. Reference values for APDS (n ¼ 77), CTLA4

(n ¼ 133) and NFkB1 (n ¼ 157.) were taken from Refs. [28e30]. n.r.: not reported.
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major negative feedback regulators. The primary negative

regulator that switches off the signaling cascade at the level of

the receptor is the STAT3 target gene SOCS3 (suppressor of

cytokine signaling 3). SOCS3 engages with the IL6 family of

cytokine receptors (bearing the subunit gp130) that contain

binding sites for its SH2 domain, and inhibits the catalytic

activity of JAKs preventing STAT3 phosphorylation [5]. Addi-

tionally, SOCS3 mediates the ubiquitination and subsequent

proteasome degradation of other receptors, like the G-CSF and

insulin receptor [36]. The second main regulatory mechanism

consists of tyrosine phosphatases (e.g. PTPRC, PTPRT, and

SHP1) that can dephosphorylate STAT3 dimers in the cyto-

plasm or in the nucleus. Finally, upon cytokine-mediated

STAT3 activation, PIAS3 (protein inhibitor of activated

STAT3) represses STAT3 in the nucleus preventing its binding

to the DNA [37]. Additional regulation involves the direct tar-

geting of STAT3 mRNA by microRNAs [38].

Apart from its pY705-dependent actions on gene tran-

scription (canonical pathway), several additional functions
have been attributed to STAT3. For example, unphosphory-

lated STAT3 operate as a transcription factor driving gene

expression by mechanisms distinct from those used by pY705

STAT3 [39] and interacts with several components of the

cytoskeleton to regulate cellular motility [40]. Serin-

phosphorylated STAT3 localizes in the mitochondria

(STAT3), where it modulates cell respiration and metabolism

[41,42].
The molecular mechanisms of STAT3 GOF
disease

Heterozygous mutations in STAT3 causing hyperactivation

of the STAT3 pathway have first been associated with large

granular lymphocytic leukemia (LGL), a clonal lymphoproli-

ferative disorder mostly of CD8þ T cells in which themutation

is present in a somatic form [43]. In contrast, STAT3 GOF

associated autoimmune lymphoproliferative disease is

https://doi.org/10.1016/j.bj.2021.03.003
https://doi.org/10.1016/j.bj.2021.03.003


Fig. 2 Overview of the STAT3 signaling pathway. A cytokine (here IL-6) binds to its cognate receptor, which leads to

phosphorylation of Janus Kinases (JAKs). Activated JAKs phosphorylate STAT3, which allows it to form dimers, shuttle to the

nucleus and act as a transcription factor. The three main negative regulators of STAT3 activity are shown in red. SOCS3 inhibits

the catalytic activity of JAKs preventing STAT3 phosphorylation, PTPs (phosphotyrosine phosphatases) dephosphorylate STAT3

dimers and PIAS3 prevents DNA binding of STAT3 dimers. In STAT3 GOF disease, the signaling cascade can be influenced at

different levels leading to a variable combination of (1) increased phosphorylation or decreased dephosphorylation, (2) altered

dimer formation (including heterodimers), (3) changes in nuclear translocation of the dimer, (4) altered DNA binding kinetics

and motives and (5) changes in the target gene expression. The effect on non-canonical functions (6) and heterodimerization of

different STAT molecules remains to be fully characterized.
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caused by heterozygous germline mutations in STAT3. A

simplified explanation for the dominant nature of these mu-

tations (assuming that the mutation does not affect expres-

sion or dimerization) is that: 25% of the STAT3 homodimers

will contain two GOF STAT3 molecules, 50% one wild type

(WT) and one mutated molecule, while only 25% of dimers

would function normally [44]. The gain-of-function effect of a

given STAT3 variant is most commonly evaluated by expres-

sion of themutant allele in a STAT3 deficient cell line followed

by an in vitro luciferase assay. This test assesses transcrip-

tional activity induced by binding of the STAT3 variant to a

single defined STAT3-responsive element in the firefly re-

porter construct. If the mutation confers hyperactivity to

STAT3 through increased binding to this element, this leads to

an increased luciferase activity.

Since germline STAT3 GOF mutations associated with

autoimmunity and lymphoproliferation have been described
in all functional domains of the protein [Fig. 3] [15,45] it is

expected that the different mutations exert their GOF effect at

distinct steps of the signaling pathway, including phosphor-

ylation, dimerization, interaction with other proteins, DNA

binding or nuclear shuttling. Such molecular differences may

contribute to the variability of the clinical or immunological

phenotype [2e4,15]. J€agle et al. performed a comparative

analysis of the molecular mechanisms underlying 17 distinct

STAT3mutations. The effect of themutations on spontaneous

and IL-6 induced canonical STAT3 signaling was assessed in

reconstituted STAT3 deficient cell lines and primary patient

cells. These results were correlated with the immunological

and clinical manifestations [15] and suggested that most

activating STAT3 mutations can be assigned to one of three

groups defined by a distinct molecular response pattern.

Group 1 mutations were characterized by an increased base-

line activity in the luciferase assay and increased DNA

https://doi.org/10.1016/j.bj.2021.03.003
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Fig. 3 Schematic of the STAT3 protein showing the location of all reported (02/2021) germline STAT3 GOF mutations within the

STAT3 domains. All mutations were reported in at least one patient with clinical symptoms consistent with STAT3 GOF

disease. For mutations depicted in black, GOF activity was confirmed by either in vitro testing using the luciferase assay or by

increased pSTAT3 in ex vivo testing. For mutations depicted in green, no validation of GOF activity was reported. Detailed

information can be found in Supplemental Table 1.
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binding. Two group 1 mutations were shown to cause

increased STAT3 phosphorylation in resting and stimulated

cells, delayed dephosphorylation, and induced the highest

expression of the STAT3 target genes, particularly SOCS3. This

molecular patternwas associatedwith the highest penetrance

of lymphoproliferation, autoimmune cytopenia and small

stature among mutation carriers. Group 2 mutations only had

a slightly increased basal transcriptional activity, that

increased after stimulation to STAT3 WT. The other investi-

gated molecular characteristics were variable and associated

with moderately elevated STAT3 target gene expression,

including SOCS3. Consistently, patients with group 2 muta-

tions showed lower clinical penetrance. Group 3 mutants

exhibited similar transcriptional reporter activity when

compared to STAT3 WT. Nevertheless, they showed pro-

longed phosphorylation, increased DNA binding affinity and

increased SOCS3 target gene expression, clearly confirming a

GOF effect. Although these initial mechanistic observations

require confirmation in more patients, they point towards a

contribution of the specific mutation and the resulting mo-

lecular consequences to expressivity and penetrance of

STAT3 GOF associated disease.

It is important to note that these studies did not cover other

potential consequences of GOF variants such as the hetero-

dimerization with other STAT molecules, like STAT1 and

STAT5 [46e48]. STAT3 can also compete with STAT5 for DNA

binding sites (e.g. antagonistic regulation of BCL6), with con-

sequences for target gene expression [35]. Therefore, the

relative abundance of STAT1, STAT3 and STAT5 may influ-

ence the amount/ratio of dimer formation and thus the bio-

logical outcome of the response to cytokines.

Additional complexity derives from the shared negative

feedbackmechanisms in STAT3 and STAT5 signaling via SOCS

proteins. Milner et al. reported decreased STAT5 and STAT1

phosphorylation after treatment of patient-derived EBV cell

lines with IL-2 and IFNg, suggesting that STAT3 hyperactivity

may lead to suppression of these STAT pathways. Moreover,
patients with STAT5b LOF mutations show overlapping

symptoms with STAT3 GOF patients (e.g. short stature, cyto-

penias, enteropathy) [49]. Reduced STAT5 phosphorylation

and decreased STAT5b transcriptional activity was also

observed by other groups in STAT3GOFpatient cells [18] and in

HEK293-T cells transfected with STAT3 GOF variants [50].

Finally, GOF variants may also have an impact on the non-

canonical functions of STAT3 and the cross-talk with other

signaling pathways, for example the RTK/Ras/MAPK and PI3K/

Akt pathways [51]. In cancers, mitochondrial STAT3 supports

aberrant proliferation through its effects on the regulation of

mitochondrial respiration and metabolism [52,53]. Activation

ofMAPK downstreamRTK/Ras leads to the phosphorylation of

STAT3 at S727 which enhances its transcriptional activity.

Moreover, STAT3 activation indirectly promotes Ras signaling

through the transcriptional activation of SOCS3, which di-

minishes the activity of the negative regulator RasGAP.

Furthermore, S727-mitochondrial STAT3 was found to sup-

port Ras-dependent oncogenic transformation through the

regulation of glycolysis and oxidative phosphorylation [42].

This indicates that activating mutations in STAT3 GOF

patients may indirectly promote the activation of the Ras

pathway. Additionally, the mutations may also impact

the cellular distribution of unphosphorylated STAT3 and/or

its interaction with the DNA, organelles and cytoskeletal

proteins [54].
The immune cellular basis of STAT3 GOF disease

The functional consequences of the lack of STAT3 in the

innate and adaptive immune system have been extensively

reviewed [11,45,55]. Mice with conditional deletion of STAT3

in T and B cell lineages have revealed the essential role of

STAT3 in the development of IL-17 producing CD4þ T cells

(Th17, [56]), the differentiation of T follicular cells (Tfh, [57]),

the inhibition of the generation of CD4þ T regulatory cells

https://doi.org/10.1016/j.bj.2021.03.003
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(Tregs, [58]) and the differentiation of immunoglobulin G (IgG)

secreting plasma cells [59]. Many of these features are illus-

trated by the clinical phenotypes and immune cell alterations

observed in patients with HIES [12] (STAT3 LOF).

It has been more challenging to understand the cellular

consequences of the activating germline STAT3 mutations in

the biological function of primary human immune cells.

Although some features such as reduced naı̈ve CD4þ T cells,

elevated CD57þ CD8 T cells, elevated double negative T cells,

reduced NK cells, reduced memory B cells, hypogammaglob-

ulinemia or neutropenia have been reported in some patients,

other patients show normal values and there is no consistent

pattern of these abnormalities [3,4,60]. STAT3/SOCS3 regulate

critical steps during emergency granulopoiesis [11] and G-CSF

signaling in neutrophils [61] - however neutropenia is not a

consistent feature of the disease. Furthermore, reduced Treg

function has been described in STAT3 GOF. Development of

Tregs depends on IL-2 and STAT5 signaling [62]. It has been

shown that SOCS3 negatively regulates responses to IL-2 [63].

Therefore, the upregulation of SOCS3 in STAT3 GOF variants

may explain in part the inhibition of the function of these cells

[63]. In addition, impaired STAT5 activation may also

contribute to the decrease in T regulatory cell number. How-

ever, reduced Tregs numbers are only observed in some of

these patients [4].

STAT3 controls key genes regulating proliferation (Cyclin

D1, c-Myc, PLK-1 and Pim 1/2) and apoptosis (BCL-xL, BCL-2,

MCL-1, and BIRC5) [64,65]. It is therefore plausible that most

patients with STAT3 GOF disease exhibit lymphoproliferation

(hepatosplenomegaly and/or lymphadenopathy). Aberrant

activation and overexpression of STAT3 is observed in many

cancers [66,67], including leukemias and lymphomas [35] and

has been shown to promote growth, survival, inflammation

and stem cell phenotype maintenance in tumors. Hyperactive

STAT3 in cancers is mainly associated with the aberrant ac-

tivity of upstream signaling pathways, like EGFR, HER2 and

JAK2 signaling. Somatic activating mutations in the STAT3

gene occur in hepatocellular adenomas, chronic lymphopro-

liferative disorders of NK cells (CLPD-NKs), diffuse large B-cell

lymphomas [54] and in around 70% of T-cell LGL patients

[68e70]. LGL is not only characterized by lymphoproliferation,

but also by autoimmunity and autoimmune cytopenia,

demonstrating that somatic mutations in T cells can recapit-

ulate many features of the germline STAT3 GOF phenotype.

Unlike most of the germline STAT3 GOF mutations, LGL

associated STAT3 mutations predominantly occur in the SH2

region of STAT3 (e.g., Y640F, D661H, D661V, D661Y) and cause

an increased phosphorylation and transcriptional activity [71].

Mechanistically, increased STAT3 activity was shown to in-

crease resistance to FAS-mediated apoptosis [69,72]. Other

authors reported that repression of STAT3 in LGL leukemic

cells down-regulated the survival protein Mcl-1, resulting in

an increased sensitivity to apoptosis [73]. Moreover, the bal-

ance of proapoptotic and antiapoptotic sphingolipid-

mediated signaling was deregulated in LGLs [74].

Because of the pleiotropic functions of STAT3, the GOF

variants also have an important impact on non-immune cell

populations. Mauracher et al. described that the germline
STAT3 GOF variant P715L led to a reduced response to stress

erythropoiesis and concomitant anemia by interfering with

the EPO-STAT5 signaling pathway [18]. Growth failure is

another key clinical finding in STAT3 GOF patients [75] and

insufficient responses to GH and primary insulin-like growth

factor 1 (IGF-I) deficiency were previously reported [20,50]. The

transcriptional activity of STAT5b was partially impaired in

presence of STAT3 GOF variants, suggesting that the

enhanced activity of STAT3 can lead to partial GH insensitivity

[50]. Finally, interstitial lung disease (ILD) represents another

example of an aspect of STAT3 GOF disease that may not only

be immune cell related [17,26]. STAT3 is involved in the

extracellular matrix remodeling mechanism during wound

healing responses of fibroblasts [76,77] and has been impli-

cated in mediating pulmonary fibrosis [78e82]. The crucial

role of STAT3 signaling in fibrotic transformation together

with the increased susceptibility to infectionsmay explain the

severe pulmonary manifestations observed in some STAT3

GOF patients (Gothe et al., submitted).
Diagnosing STAT3 GOF disease

Diagnosis of STAT3 GOF disease is challenging as neither

specific clinical nor laboratory criteria exist. In the differential

diagnosis to other autoimmune-lymphoproliferative diseases,

early onset diabetes or growth failure should raise suspicion,

but are by no means specific. Although most patients have

some relevant immune cell alterations including a low num-

ber of switched memory B cells, reduced NK cells, reduced

amounts of T regs or elevated double negative T cells

(TCRab þ CD4- CD8-) [3,15,45], none of these markers are

sensitive or specific enough to be routinely used in diagnosis

of STAT3 GOF. Low IgE levels have been suggested as a

biomarker for STAT3 GOF disease, but testing IgE in larger

cohorts revealed its insufficient sensitivity [83]. In our cohort

of 52 AL-PID patients (28with STAT3GOF), sensitivity of IgE< 2

IU/ml was 39% whereas the specificity was 91% (unpublished

data). Gene panel or exome analysis is therefore indicated for

patients with a compatible clinical phenotype [84,85]. If pre-

viously unreported genetic STAT3 variants are found, their

functional validation is important. Ex vivo PBMC assays

investigating STAT3 phosphorylation or indirect assessments

using STAT5 phosphorylation or SOCS3 expression have been

successfully used to confirmGOF effects in individual patients

[4,15,16,20,22], but at least in our hands they are not reliable

enough to confirm or reject the diagnosis in all cases. The

current gold standard for evaluating STAT3 variants is to ex-

press the mutation in a STAT3 deficient cell line followed by a

luciferase reporter assay [2,4,15]. However, as discussed

above, not all STAT3 GOF mutations are associated with

increased luciferase activity. This may be explained by the

fact that the test is based on a single STAT3 binding element

and provides limited information on kinetics and dose

response [15]. Therefore, in some cases more comprehensive

studies including phosphorylation studies, DNA-binding and

target gene expression assays are required to confirm the GOF

effect of STAT3 mutations.

https://doi.org/10.1016/j.bj.2021.03.003
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Treating STAT3 GOF disease

Autoimmune symptoms of STAT3 GOF patients have been

treated with a broad spectrum of immunosuppressive medi-

cations. Retrospective analysis of published case reports and

smaller case series indicated that systemic steroids only

showed benefit in 3/17 patients [14]. Similarly poor treatment

responses have been reported with mycophenolate mofetil

(MMF) (2/5), Tacrolimus (1/4), Azathioprine (0/4) andRituximab

(1/3) [2,4,14,86e91]. However, theremight be an ascertainment

bias in retrospective analysis andongoing larger cohort studies

can hopefully provide more information on the use of non-

targeted immunosuppressive agents in STAT3 GOF disease.

Other drugs allow direct targeting of the overactive IL6-

JAK-STAT3 pathway. Tocilizumab is a monoclonal antibody

against the IL6 receptor and Janus kinase inhibitors such as

ruxolitinib act directly upstream of STAT3. Targeted immu-

nosuppression with these agents has been successfully

applied for the treatment of most of STAT3 GOF related

symptoms including arthritis [4,86,91], interstitial lung dis-

ease [17,26,27,86] and enteropathy [22,27,92]. Several groups

reported an additional benefit of combined treatment with

tocilizumab and JAK-inhibitors in patients with severe ILD or

severe enteropathy [27,86]. There is pharmacokinetic evi-

dence to suggest that patients with STAT3 GOF might benefit

from modified regimes with higher doses of ruxolitinib [27].

Hematopoietic stem cell transplantation (HSCT) has only

been reported in a few patients with severe disease

[4,20,21,50,86]. Out of 6 published patients 4 have died from

complications after HSCT. In a recent survey by the EBMT 11/

18 patients survived HSCT [93]. However, these numbers are

still too small to judge the risks associated with HSCT and to

appropriately weigh these risks against the spontaneous

evolution of the disease including long-term immunosup-

pressive therapies. It is important to note that the growth

deficit in some of these patients are not expected to be cor-

rected by HSCT. Growth hormone (GH) treatment was re-

ported to be (partially) successful in 7 patients [14] and only

one reported patient did not respond to GH treatment [22].

Some patients have been reported with early onset and severe

interstitial lung disease, which may have an epithelial

component. It will therefore be important to closely monitor

lung function both in transplanted as well as in non-

transplanted patients in the future. Another important open

question is whether full chimerism in all lineages will be

needed for definite disease control.
Outlook

STAT3 GOF disease is a relatively common autosomal-

dominant inborn error of immunity. Due to its phenotypic

heterogeneity leading to initial presentation in very different

medical subspecialties and its variable penetrance, it is likely

underdiagnosed. The increasing number of patients will not

only allow us to further define the clinical spectrumbut also to

gain further exciting insights into the role of STAT3 in

orchestrating the human immune response. Currently it is

unclear if a STAT3 GOF mutation itself is sufficient to drive
disease or if external factors are needed. Drugs targeting the

JAK-STAT signaling pathway offer excellent therapeutic pos-

sibilities in these patients. However, long-term effects and

side effects must be closely monitored.

Many patients with autoimmune-lymphoproliferative

phenotypes still remain without genetic diagnosis and it is

likely that other genes involved in JAK-STAT signaling will be

identified. For example, a recent report identified SOCS1 hap-

loinsufficiency tobeassociatedwithearly onset autoimmunity

in a patient cohort that phenotypically shows large overlaps

with STAT3 GOF patients [94]. It is also likely that related

clinical phenotypes can be caused by somaticmutations in the

JAK/STAT pathway leading to a proliferative advantage of

disease-inducing immunecells, ashasbeendescribed fora few

patients with hypereosinophilic syndrome [95,96].

Whether the T cells of germline STAT3 GOF variants show

a similar behavior as the somatic LGL variants regarding

proliferation and impairment of apoptosis remains to be

investigated. EBV-transformed cells from one STAT3 GOF pa-

tient and primary T cells from another GOF patient weremore

sensitive to death induced by the BCL-2 inhibitor ABT-737,

indicating an impairment in apoptosis and a potential treat-

ment approach [60]. Another question is which cells drive the

lymphoproliferation in the liver, spleen and lymph nodes and

whether a certain stimulus is required to trigger it.

Many aspects of STAT3 GOF disease are still not well un-

derstood on a molecular level. Genome-wide (single cell)

transcriptomic studies could certainly shed light onto the

mutation's effect on leukocytes including not only T-, B- and

NK lymphocytes but alsomyeloid cells. Further unbiased DNA

binding studies using e.g., ATAC Seq or Cut & Run Seq could

help to elaborate altered binding motives and identify new

transcriptional targets of mutated STAT3. This will hopefully

lead to amore comprehensive understanding of themolecular

and cellular consequences of germline STAT3 mutations that

could have direct influence on patient treatment.
Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgement

We would like to acknowledge the work of all the members of

the group of Prof. Ehl, who have worked on our STAT3 pro-

jects, especially Sabine J€agle, Sarah Grün, Jonathan Gehrig,

Senthilkumar Ramamoorthy, Anne Rensing-Ehl and the cli-

nicians Carsten Speckmann, Christian Klemann, Oliver

Wegehaupt, Julian Thalhammer, Marco Fischer and the

network of clinicians supporting the AL-PID study. We

acknowledge the excellent support by the CCI Advanced

Diagnostic Unit (Ilka Fuchs), the CCI Clinical Research Unit/

Biobank (Alexandra Nieters).

This work was supported by the German Research Foun-

dation (DFG) under Germany’s Excellence Strategy (CIBSS e

EXC-2189 Project ID 390939984) and the BMBF GAIN-

consortium (TP6; 01GM1910A).

https://doi.org/10.1016/j.bj.2021.03.003
https://doi.org/10.1016/j.bj.2021.03.003


b i om e d i c a l j o u r n a l 4 4 ( 2 0 2 1 ) 4 1 2e4 2 1 419
Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.bj.2021.03.003.
r e f e r e n c e s

[1] Fisher GH, Rosenberg FJ, Straus SE, Dale JK, Middleton LA,
Lin AY, et al. Dominant interfering Fas gene mutations
impair apoptosis in a human autoimmune
lymphoproliferative syndrome. Cell 1995;81:935e46.

[2] 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;46:812e4.

[3] Haapaniemi EM, Kaustio M, Rajala HLM, van Adrichem AJ,
Kainulainen L, Glumoff V, et al. Autoimmunity,
hypogammaglobulinemia, lymphoproliferation, and
mycobacterial disease in patients with activating mutations
in STAT3. Blood 2015;125:639e48.

[4] 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;125:591e9.

[5] Morris R, Kershaw NJ, Babon JJ. The molecular details of
cytokine signaling via the JAK/STAT pathway. Protein Sci
2018;27:1984e2009.

[6] Silva CM. Role of STATs as downstream signal transducers in
Src family kinase-mediated tumorigenesis. Oncogene
2004;23:8017e23.

[7] Igaz P, T�oth S, Falus A. Biological and clinical significance of
the JAK-STAT pathway; lessons from knockout mice.
Inflamm Res 2001;50:435e41.

[8] Ihle JN, Nosaka T, Thierfelder W, Quelle FW, Shimoda K. Jaks
and Stats in cytokine signaling. Stem Cell 1997;15:105e11.

[9] O'Shea JJ. Jaks, STATs, cytokine signal transduction, and
immunoregulation: are we there yet? Immunity
1997;7:1e11.

[10] Takeda K, Noguchi K, Shi W, Tanaka T, Matsumoto M,
Yoshida N, et al. Targeted disruption of the mouse Stat 3
gene leads to early embryonic lethality. Proc Natl Acad Sci
USA 1997;94:3801e4.

[11] Hillmer EJ, Zhang H, Li HS, Watowich SS. STAT3 signaling in
immunity. Cytokine Growth Factor Rev 2016;31:1e15.

[12] 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;357:1608e19.

[13] Minegishi Y, Saito M, Tsuchiya S, Tsuge I, Takada H, Hara T,
et al. Dominant-negative mutations in the DNA-binding
domain of STAT3 cause hyper-IgE syndrome. Nature
2007;448:1058e62.

[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 Clin Immunol Pract
2019;7:1958e69. e9.

[15] J€agle S, Heeg M, Grün 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
2020;210:108316.

[16] Tanita K, Sakura F, Nambu R, Tsumura M, Imanaka Y,
Ohnishi H, et al. Clinical and immunological heterogeneity in
Japanese patients with gain-of-function variants in STAT3. J
Clin Immunol 2021;41:780e90.
[17] 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:e22e3.

[18] 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;145:1297e301.

[19] Velayos T, Martı́nez 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;66:1022e9.

[20] 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
STAT3 Activating Mutation: Could Intracellular
Growth Hormone Signalling Be Compromised?. Horm
Res Paediatr 2017;88:160e6.

[21] Shah RM, Elfeky R, Nademi Z, Qasim W, Amrolia P, Chiesa R,
et al. T-cell receptor abþ and CD19þ cell-depleted
haploidentical and mismatched hematopoietic stem cell
transplantation in primary immune deficiency. J Allergy Clin
Immunol 2018;141:1417e26. e1.

[22] ParlatoM, Charbit-Henrion F, Abi Nader E, Begue B, Guegan N,
Bruneau J, et al. Efficacy of ruxolitinib therapy in apatientwith
severe enterocolitis associatedwith a STAT3 gain-of-function
mutation. Gastroenterology 2019;156:1206e10. e1.

[23] 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:e322e5.

[24] Gonzalez-Mancera MS, Johnson B, Mirsaeidi M. STAT3 gain-
of-function mutation in a patient with pulmonary
Mycobacterium abscessus infection. Respir Med Case Rep
2020;30:101125.

[25] 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;23:306e11.

[26] Silva-Carmona M, Vogel TP, Marchal S, Guesmi M, Dubus J-C,
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;202:893e7.

[27] 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;41:807e10.

[28] Maccari ME, Abolhassani H, Aghamohammadi A, Aiuti A,
Aleinikova O, Bangs C, et al. Disease evolution and response
to rapamycin in activated phosphoinositide 3-kinase
d syndrome: the European society for immunodeficiencies-
activated phosphoinositide 3-kinase d syndrome registry.
Front Immunol 2018;9:543.

[29] Schwab C, Gabrysch A, Olbrich P, Pati~no V, Warnatz K,
Wolff D, et al. Phenotype, penetrance, and treatment of 133
cytotoxic T-lymphocyte antigen 4-insufficient subjects. J
Allergy Clin Immunol 2018;142:1932e46.

[30] Lorenzini T, Fliegauf M, Klammer N, Frede N, Proietti M,
Bulashevska A, et al. Characterization of the clinical and
immunologic phenotype and management of 157 individuals
with 56 distinct heterozygous NFKB1 mutations. J Allergy
Clin Immunol 2020;146:901e11.

[31] Velichko S, Wagner TC, Turkson J, Jove R, Croze E. STAT3
activation by type I interferons is dependent on specific
tyrosines located in the cytoplasmic domain of interferon
receptor chain 2c. Activation of multiple STATS proceeds
through the redundant usage of two tyrosine residues. J Biol
Chem 2002;277:35635e41.

https://doi.org/10.1016/j.bj.2021.03.003
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref1
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref1
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref1
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref1
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref1
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref2
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref2
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref2
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref2
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref2
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref3
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref3
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref3
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref3
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref3
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref3
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref4
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref4
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref4
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref4
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref4
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref5
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref5
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref5
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref5
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref6
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref6
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref6
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref6
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref7
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref7
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref7
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref7
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref7
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref8
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref8
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref8
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref9
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref9
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref9
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref9
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref10
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref10
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref10
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref10
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref10
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref11
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref11
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref11
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref12
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref12
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref12
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref12
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref13
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref13
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref13
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref13
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref13
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref14
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref14
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref14
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref14
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref14
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref15
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref15
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref15
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref15
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref15
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref15
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref16
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref16
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref16
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref16
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref16
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref17
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref17
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref17
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref17
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref17
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref18
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref18
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref18
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref18
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref18
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref19
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref19
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref19
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref19
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref19
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref20
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref20
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref20
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref20
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref20
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref20
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref20
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref21
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref21
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref21
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref21
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref21
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref21
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref21
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref21
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref22
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref22
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref22
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref22
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref22
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref23
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref23
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref23
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref23
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref23
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref24
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref24
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref24
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref24
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref25
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref25
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref25
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref25
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref25
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref26
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref26
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref26
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref26
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref26
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref27
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref27
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref27
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref27
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref27
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref28
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref28
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref28
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref28
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref28
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref28
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref29
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref29
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref29
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref29
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref29
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref29
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref30
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref30
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref30
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref30
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref30
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref30
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref31
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref31
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref31
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref31
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref31
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref31
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref31
https://doi.org/10.1016/j.bj.2021.03.003
https://doi.org/10.1016/j.bj.2021.03.003


b i om e d i c a l j o u r n a l 4 4 ( 2 0 2 1 ) 4 1 2e4 2 1420
[32] Kwon H, Thierry-Mieg D, Thierry-Mieg J, Kim H-P, Oh J,
Tunyaplin C, et al. Analysis of interleukin-21-induced
Prdm1 gene regulation reveals functional cooperation of
STAT3 and IRF4 transcription factors. Immunity
2009;31:941e52.

[33] Vallania F, Schiavone D, Dewilde S, Pupo E, Garbay S,
Calogero R, et al. Genome-wide discovery of functional
transcription factor binding sites by comparative genomics:
the case of Stat 3. Proc Natl Acad Sci USA 2009;106:5117e22.

[34] Wen Z, Zhong Z, Darnell JE. Maximal activation of
transcription by Stat 1 and Stat 3 requires both tyrosine and
serine phosphorylation. Cell 1995;82:241e50.

[35] Wingelhofer B, Neubauer HA, Valent P, Han X,
Constantinescu SN, Gunning PT, et al. Implications of STAT3
and STAT5 signaling on gene regulation and chromatin
remodeling in hematopoietic cancer. Leukemia
2018;32:1713e26.

[36] Carow B, Rottenberg ME. SOCS3, a major regulator of
infection and inflammation. Front Immunol 2014;5:58.

[37] Chung CD, Liao J, Liu B, Rao X, Jay P, Berta P, et al. Specific
inhibition of Stat 3 signal transduction by PIAS3. Science
1997;278:1803e5.

[38] Roca Suarez AA, Van Renne N, Baumert TF, Lupberger J. Viral
manipulation of STAT3: evade, exploit, and injure. PLoS
Pathog 2018;14:e1006839.

[39] Cheon H, Yang J, Stark GR. The functions of signal
transducers and activators of transcriptions 1 and 3 as
cytokine-inducible proteins. J Interferon Cytokine Res
2011;31:33e40.

[40] Huynh J, Chand A, Gough D, Ernst M. Therapeutically
exploiting STAT3 activity in cancer - using tissue repair as a
road map. Nat Rev Canc 2019;19:82e96.

[41] Wegrzyn J, Potla R, Chwae YJ, Sepuri NBV, Zhang Q, Koeck T,
et al. Function of mitochondrial Stat 3 in cellular respiration.
Science 2009;323:793e7.

[42] Gough DJ, Corlett A, Schlessinger K, Wegrzyn J, Larner AC,
Levy DE. Mitochondrial STAT3 supports Ras-dependent
oncogenic transformation. Science 2009;324:1713e6.

[43] Jerez A, Clemente MJ, Makishima H, Koskela H, Leblanc F,
Peng Ng K, et al. STAT3 mutations unify the pathogenesis of
chronic lymphoproliferative disorders of NK cells and T-cell
large granular lymphocyte leukemia. Blood
2012;120:3048e57.

[44] Veitia RA, Caburet S, Birchler JA. Mechanisms of mendelian
dominance. Clin Genet 2018;93:419e28.

[45] Vogel TP, Milner JD, Cooper MA. The ying and yang of STAT3
in human disease. J Clin Immunol 2015;35:615e23.

[46] Wan CK, Andraski AB, Spolski R, Li P, Kazemian M, Oh J, et al.
Opposing roles of STAT1 and STAT3 in IL-21 function in
CD4þ T cells. Proc Natl Acad Sci USA 2015;112:9394e9.

[47] Sadreev II, Chen MZQ, Umezawa Y, Biktashev VN, Kemper C,
Salakhieva DV, et al. The competitive nature of signal
transducer and activator of transcription complex
formation drives phenotype switching of T cells.
Immunology 2018;153:488e501.

[48] Novak U, Mui A, Miyajima A, Paradiso L. Formation of
STAT5-containing DNA binding complexes in response to
colony-stimulating factor-1 and platelet-derived growth
factor. J Biol Chem 1996;271:18350e4.

[49] Kanai T, Jenks J, Nadeau KC. The stat5b pathway defect and
autoimmunity. Front Immunol 2012;3:234.

[50] Guti�errez M, Scaglia P, Keselman A, Martucci L, Karabatas L,
Domen�e S, et al. Partial growth hormone insensitivity and
dysregulatory immune disease associated with de novo
germline activating STAT3 mutations. Mol Cell Endocrinol
2018;473:166e77.

[51] Rawlings JS, Rosler KM, Harrison DA. The JAK/STAT signaling
pathway. J Cell Sci 2004;117:1281e3.
[52] Zhang Q, Raje V, Yakovlev VA, Yacoub A, Szczepanek K,
Meier J, et al. Mitochondrial localized Stat 3 promotes breast
cancer growth via phosphorylation of serine 727. J Biol Chem
2013;288:31280e8.

[53] Raja V, Giri S, Hamid S, Buekers T, Munkarah A, Rattan R.
Abstract A69: role of mitochondrial-STAT3 in promoting
chemoresistance by modulating the energy metabolism in
ovarian cancer. Poster Presentations - proffered Abstracts.
Proceedings of the AACR Special Conference on Advances in
Ovarian Cancer Research; 2019 Sep 13-6, 2019; Atlanta, GA.
Philadelphia (PA): AACR. Clin Cancer Res 2020.

[54] Zhang HF, Lai R. STAT3 in cancer-friend or foe? Cancers
2014;6:1408e40.

[55] Deenick EK, Pelham SJ, Kane A, Ma CS. Signal transducer and
activator of transcription 3 control of human T and B cell
responses. Front Immunol 2018;9:168.

[56] Yang XO, Panopoulos AD, Nurieva R, Chang SH, Wang D,
Watowich SS, et al. STAT3 regulates cytokine-mediated
generation of inflammatory helper T cells. J Biol Chem
2007;282:9358e63.

[57] Wu H, Xie MM, Liu H, Dent AL. Stat 3 is important for
follicular regulatory T cell differentiation. PLoS One
2016;11:e0155040.

[58] Yang XO, Nurieva R, Martinez GJ, Kang HS, Chung Y,
Pappu BP, et al. Molecular antagonism and plasticity of
regulatory and inflammatory T cell programs. Immunity
2008;29:44e56.

[59] Fornek JL, Tygrett LT, Waldschmidt TJ, Poli V, Rickert RC,
Kansas GS. Critical role for Stat 3 in T-dependent terminal
differentiation of IgG B cells. Blood 2006;107:1085e91.

[60] 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
2017;181:32e42.

[61] Kimura A, Kinjyo I, Matsumura Y, Mori H, Mashima R,
Harada M, et al. SOCS3 is a physiological negative regulator
for granulopoiesis and granulocyte colony-stimulating factor
receptor signaling. J Biol Chem 2004;279:6905e10.

[62] Owen DL, Farrar MA. STAT5 and CD4 þ T cell immunity.
F1000Res 2017;6:32.

[63] Pillemer BBL, Xu H, Oriss TB, Qi Z, Ray A. Deficient SOCS3
expression in CD4þCD25þFoxP3þ regulatory T cells and
SOCS3-mediated suppression of Treg function. Eur J
Immunol 2007;37:2082e9.

[64] Carpenter RL, Lo HW. STAT3 target genes relevant to human
cancers. Cancers 2014;6:897e925.

[65] Turkson J, Jove R. STAT proteins: novel molecular targets for
cancer drug discovery. Oncogene 2000;19:6613e26.

[66] Xiong A, Yang Z, Shen Y, Zhou J, Shen Q. Transcription factor
STAT3 as a novel molecular target for cancer prevention.
Cancers 2014;6:926e57.

[67] Segatto I, Baldassarre G, Belletti B. STAT3 in breast cancer
onset and progression: a matter of time and context. Int J Mol
Sci 2018;19:9.

[68] Koskela HLM, Eldfors S, Ellonen P, van Adrichem AJ,
Kuusanm€aki H, Andersson EI, et al. Somatic STAT3
mutations in large granular lymphocytic leukemia. N Engl J
Med 2012;366:1905e13.

[69] Andersson EI, Rajala HLM, Eldfors S, Ellonen P, Olson T,
Jerez A, et al. Novel somatic mutations in large granular
lymphocytic leukemia affecting the STAT-pathway and T-
cell activation. Blood Canc J 2013;3:e168.

[70] Jerez A, Clemente MJ, Makishima H, Rajala H, G�omez-Seguı́ I,
Olson T, et al. STAT3 mutations indicate the presence of
subclinical T-cell clones in a subset of aplastic anemia and
myelodysplastic syndrome patients. Blood 2013;122:2453e9.

http://refhub.elsevier.com/S2319-4170(21)00017-2/sref32
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref32
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref32
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref32
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref32
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref32
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref33
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref33
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref33
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref33
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref33
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref34
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref34
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref34
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref34
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref35
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref35
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref35
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref35
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref35
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref35
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref36
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref36
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref37
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref37
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref37
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref37
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref38
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref38
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref38
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref39
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref39
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref39
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref39
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref39
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref40
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref40
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref40
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref40
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref41
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref41
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref41
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref41
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref42
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref42
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref42
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref42
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref43
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref43
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref43
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref43
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref43
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref43
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref44
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref44
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref44
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref45
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref45
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref45
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref46
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref46
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref46
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref46
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref46
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref47
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref47
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref47
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref47
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref47
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref47
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref48
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref48
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref48
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref48
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref48
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref49
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref49
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref50
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref50
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref50
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref50
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref50
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref50
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref50
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref50
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref51
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref51
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref51
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref52
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref52
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref52
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref52
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref52
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref53
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref53
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref53
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref53
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref53
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref53
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref53
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref54
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref54
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref54
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref55
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref55
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref55
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref56
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref56
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref56
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref56
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref56
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref57
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref57
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref57
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref58
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref58
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref58
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref58
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref58
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref59
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref59
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref59
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref59
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref60
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref60
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref60
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref60
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref60
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref60
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref60
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref61
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref61
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref61
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref61
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref61
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref62
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref62
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref62
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref63
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref63
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref63
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref63
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref63
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref63
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref63
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref63
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref64
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref64
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref64
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref65
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref65
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref65
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref66
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref66
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref66
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref66
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref67
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref67
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref67
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref68
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref68
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref68
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref68
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref68
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref68
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref69
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref69
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref69
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref69
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref70
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref70
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref70
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref70
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref70
http://refhub.elsevier.com/S2319-4170(21)00017-2/sref70
https://doi.org/10.1016/j.bj.2021.03.003
https://doi.org/10.1016/j.bj.2021.03.003


b i om e d i c a l j o u r n a l 4 4 ( 2 0 2 1 ) 4 1 2e4 2 1 421
[71] Rajala HLM, Porkka K, Maciejewski JP, Loughran TP,
Mustjoki S. Uncovering the pathogenesis of large granular
lymphocytic leukemia-novel STAT3 and STAT5b mutations.
Ann Med 2014;46:114e22.

[72] Lamy T, Liu JH, Landowski TH, Dalton WS, Loughran TP.
Dysregulation of CD95/CD95 ligand-apoptotic pathway in
CD3(þ) large granular lymphocyte leukemia. Blood
1998;92:4771e7.

[73] Epling-Burnette PK, Liu JH, Catlett-Falcone R, Turkson J,
Oshiro M, Kothapalli R, et al. Inhibition of STAT3 signaling
leads to apoptosis of leukemic large granular lymphocytes
and decreased Mcl-1 expression. J Clin Invest
2001;107:351e62.

[74] Shah MV, Zhang R, Irby R, Kothapalli R, Liu X, Arrington T,
et al. Molecular profiling of LGL leukemia reveals role of
sphingolipid signaling in survival of cytotoxic lymphocytes.
Blood 2008;112:770e81.

[75] Guti�errez M. Activating mutations of STAT3: impact on
human growth. Mol Cell Endocrinol 2020;518:110979.

[76] Ray S, Ju X, Sun H, Finnerty CC, Herndon DN, Brasier AR. The
IL-6 trans-signaling-STAT3 pathway mediates ECM and
cellular proliferation in fibroblasts from hypertrophic scar. J
Invest Dermatol 2013;133:1212e20.

[77] Papaioannou I, Xu S, Denton CP, Abraham DJ, Ponticos M.
STAT3 controls COL1A2 enhancer activation cooperatively
with JunB, regulates type I collagen synthesis
posttranscriptionally, and is essential for lung myofibroblast
differentiation. Mol Biol Cell 2018;29:84e95.

[78] Pechkovsky DV, Prêle CM, Wong J, Hogaboam CM,
McAnulty RJ, Laurent GJ, et al. STAT3-mediated signaling
dysregulates lung fibroblast-myofibroblast activation and
differentiation in UIP/IPF. Am J Pathol 2012;180:1398e412.
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