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Abstract

The hyper-IgE syndromes (HIES) are a heterogeneous group of inborn errors of immunity sharing manifestations includ-
ing increased infection susceptibility, eczema, and raised serum IgE. Since the prototypical HIES description 55 years
ago, areas of significant progress have included description of key disease-causing genes and differentiation into clinically
distinct entities. The first two patients reported had what is now understood to be HIES from dominant-negative mutations
in signal transduction and activator of transcription 3 (STAT3-HIES), conferring a broad immune defect across both innate
and acquired arms, as well as defects in skeletal, connective tissue, and vascular function, causing a clinical phenotype
including eczema, staphylococcal and fungal skin and pulmonary infection, scoliosis and minimal trauma fractures, and
vascular tortuosity and aneurysm. Due to the constitutionally expressed nature of STATS3, initial reports at treatment with
allogeneic stem cell transplantation were not positive and treatment has hinged on aggressive antimicrobial prophylaxis and
treatment to prevent the development of end-organ disease such as pneumatocele. Research into the pathophysiology of
STAT3-HIES has driven understanding of the interface of several signaling pathways, including the JAK-STAT pathways,
interleukins 6 and 17, and the role of Th17 lymphocytes, and has been expanded by identification of phenocopies such as
mutations in IL6ST and ZNF341. In this review we summarize the published literature on STAT3-HIES, present the diverse
clinical manifestations of this syndrome with current management strategies, and update on the uncertain role of stem cell
transplantation for this disease. We outline key unanswered questions for further study.
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Introduction transducing signals from > 50 cytokines through transmem-

brane receptor binding and sequential phosphorylation of a

Hyper-immunoglobulin E syndrome (HIES) due to dom-
inant-negative (DN) mutations in signal transduction and
activator of transcription 3 [1, 2] (STAT3-HIES), previously
Job’s syndrome, affects fewer than 1 per million population
[3]. The JAK/STAT family of signal transducers comprises
of four Janus kinases (JAKs) and seven STATS, collectively
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JAK, then a STAT, allowing dimerization and nuclear trans-
location [4]. The numerous signals transduced through these
pathways mean that deleterious mutations cause diverse
pathology, including severe combined immunodeficiency,
malignancy, autoimmunity, and myeloproliferation [4, 5].

Ligands transducing through STAT3 include IL-6, IL-10,
IL-11, IL-21, IL-22, and IL-23 [5]; aberrant transduction of
these pathways coupled with STAT3's ubiquitous expression
explain the multisystem manifestations of this syndrome
including dermatitis, pulmonary disease, vasculopathy, and
skeletal and connective tissue abnormalities. Management
currently centers on prevention and treatment of infections
arising from the immune deficit, which classically result
from Staphylococcus aureus and Candida. Results from
correcting the molecular defect in hematopoietic cells were
initially discouraging; recent data, while limited, suggest
that stem cell transplantation may ameliorate aspects of the
syndrome.
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In this review, we present an update on recent advances
in the understanding of STAT3 biology, summarize the
immune and extra-immune phenotypes of STAT3-HIES,
describe current treatment strategies, including recent pub-
lications on the role of hematopoietic stem cell transplanta-
tion (HSCT), and outline areas for future study to advance
our understanding of this syndrome.

History of STAT3-HIES

The HIES have historically been defined by the triad of ele-
vated IgE, dermatitis, and recurrent skin and lung infections
and include diseases caused by mutations of STAT3 [1, 2],
TYK2 [6], PGM3 [7], ZNF341 [8], CARDI11 [9], and IL6ST
[10, 11]. However, recent reviews have highlighted that sev-
eral non-HIES disorders also manifest with raised IgE and
severe infection, while within the HIES group itself there is
significant etiological, phenotypic, and immunological vari-
ation between disorders [12—14]. Notably, TYK2 deficiency
does not always cause hyper-IgE [15]; PGM3 deficiency,
a glycosylation defect, causes a broad phenotype that may
include hyper-IgE in its spectrum [16]; and DOCKS defi-
ciency has been re-categorized from HIES to combined
immunodeficiency [17], highlighting the challenge of group-
ing such heterogeneous disorders by the shared feature of
raised IgE. The complex history and shifting definitions
of HIES may stem from the first case report predating the
discovery of IgE by some months [18] and are delineated
comprehensively in other reviews [12, 14]; we focus on the
syndrome first denoted as Job’s, then renamed as HIES, AD-
HIES, and latterly STAT3-HIES.

STAT3-HIES was first described in 1966, when Davis
et al. described recurrent “cold” abscesses isolating Staph-
ylococcus aureus in two unrelated girls sharing fair skin,
eczema, and chronic sinopulmonary infection [19]. The syn-
drome was named after Job, the biblical figure afflicted with
“sore boils from the sole of his foot unto his crown” for its
distinctive and severe dermatological manifestations. The
combination of recurrent skin abscess and pulmonary infec-
tion led to an initial suggestion that this may be a variant of
chronic granulomatous disease [20], though subsequent bac-
tericidal studies demonstrated normal in vitro phagocytosis
of Staphylococcus [21]: the titular raised IgE was not iden-
tified in the index patients until 1971 [22]. Buckley et al.’s
subsequent series expanded the phenotype to include chronic
mucocutaneous and pulmonary fungal infection [23],
impaired in vivo antibody production to novel and vaccine-
strain pathogens and diminished lymphocyte stimulation
by Candida. This was labeled the “hyper-immunoglobulin
E syndrome with recurrent infections,” an entity felt to be
distinct to Job’s syndrome, then still labeled a phagocytic
disorder. Subsequently, Buckley and Becker demonstrated
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a familial link in cases, refuted the previous assertion that
the syndrome affected only red-haired females, and unified
the two syndromes as one entity [24]. Grimbacher et al.’s
series [25] of 30 affected patients and 70 family members
defined STAT3-HIES as a multi-system disorder by adding
retention of primary dentition, scoliosis, and non-infectious
vascular events such as cerebrovascular thromboembolic
disease and aneurysms to the syndrome and identifying an
autosomal dominant inheritance pattern, allowing distinction
from a distinct consanguineous cohort subsequently found to
have DOCKS deficiency [26]. Identification that DN STAT3
mutations underlie the syndrome occurred through two sepa-
rate groups, led by Minegishi et al. and by Holland et al. [1,
2] and has driven significant research into how disrupted
STAT3 signaling generates its broad phenotype. Minegishi
et al. identified heterozygous mutations in 8 patients, all
located in the DNA-binding domain of STAT3, and all of
which displayed loss-of-function dominant-negative effects
when co-expressed with wild-type STAT3 [1]. Holland et al.
identified heterozygous mutations in 50 patients, which
were predicted to directly affect the DNA-binding and SRC
homology 2 (SH2) domains [2]. Unlike Minegishi et al., they
did not determine the loss-of-function or dominant-negative
effects of the mutations. Identification of phenocopies of
STAT3-HIES have aided correlation of cytokine to phe-
notype: biallelic mutations in ZNF341 largely phenocopy
STAT3-HIES, due to the protein’s role in positively regulat-
ing STAT3 transcription [8, 27], while dominant and reces-
sive defects in glycoprotein 130 (GP130, encoded by IL6ST)
disturb IL-6 and IL-11 signaling, thereby causing a partial
STAT3-HIES phenotype (Fig. 1) [10, 11, 28].

Clinical Spectrum of STAT3-HIES

Patients with STAT3-HIES commonly present early, with
infectious and non-infectious manifestations. Frequency of
clinical manifestations from published cohorts are summa-
rized in Table 1, while treatment recommendations, which
hinge on prevention of end-organ complications by anti-
microbial prophylaxis and aggressive treatment of break-
through infections, are detailed in Table 2.

Bacterial Infection

Bacterial infections in STAT3-HIES are common and
dominated by Staphylococcus aureus, affecting primarily
skin and lungs, though other epithelial sites are also rep-
resented. Dermatological infection commonly begins with
a newborn papulopustular rash resembling neonatal acne;
this is present in 50% of patients within the first 2 weeks of
life and pustulates, exudes pus, and crusts, before develop-
ing into eczema [29-31]; this rash isolates Staphylococcus
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Fig.1 Mechanisms for disruption of STAT3-related signaling in
STAT3-HIES and its phenocopies. 1. ZNF341 positively regulates
STATS3 transcription [27]. 2. IL-6 and IL-11 bind to their respective
receptors and form a complex with GP130, then sequentially phos-
phorylate first a JAK, then STAT3. IL-6 signaling may be disrupted
by mutations in /L6R, while IL-11 signaling may be disrupted by
IL1IR mutations, and both may be affected by mutated /L6ST or
STAT3. 3. Mutations in the SH2 domain of STAT3 impact tyrosine

aureus and improves with anti-staphylococcal antibiotics,
distinguishing it from other neonatal pustuloses [29]. The
resultant eczema is present in most patients and becomes
colonized with a narrow range of S. aureus strains express-
ing higher prevalence of methicillin resistance and Panton-
Valentine leucocidin [32], probably reflecting a high antibi-
otic burden exerting selection pressure on skin commensals.

Characteristic “cold” staphylococcal abscess forma-
tion is common and may occur in any distribution and can
recur despite surgical or radiological drainage, requiring
prolonged antibiotic courses [33, 34]. This diminished
inflammatory response may result from impaired signaling
of IL-6, a key pro-inflammatory cytokine which transduces
first through its receptor, then GP130 and STAT3. Unsur-
prisingly, deleterious mutations in /L6R, IL6ST, and STAT3
overlap in their clinical and immunological manifestations,
reflecting IL-6's contribution to STAT3-HIES pathogen-
esis [10, 11, 28, 35]. The reason for the predominance of
staphylococcal infection remains unknown but likely relates
to deficiency of Th17 lymphocytes, which release antimi-
crobial peptides and produce the IL-17 cytokine family
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phosphorylation, while mutations in the DBD domain impact on
STAT3 dimers binding to DNA [108]. 4. STAT3 activates ERBIN
and disrupts TGFB-SMAD2/3 signaling by sequestering phospho-
SMAD?2/3 in the cytoplasm and preventing transcriptional action of
TGFp [84]. This may be disrupted by mutations in STAT3 or ERB-
B2IP. Key: STATS3, signal transducer and activator of transcription
3; ERBIN, ERBB2-interacting protein; ZNF341, zinc finger protein
341; GP130, glycoprotein 130

implicated in the response to Staphylococcus aureus, Can-
dida, and gram-negative bacteria [36-39]; their differentia-
tion from naive CD4 + T-lymphocytes depends on STAT3
[40]. Reduced IL-17 production may explain the predisposi-
tion to epithelial site infections: keratinocytes and bronchial
epithelial cells require IL.-17A for anti-staphylococcal beta-
defensin secretion [41], and epithelial-site staphylococcal
infection occurs in other defects disrupting the IL-17 axis
including IL-17RA deficiency [42].

The lungs are the next most common site of infection in
STAT3-HIES, usually infected with Staphylococcus, Strep-
tococcus pneumoniae, or Haemophilus influenzae [3, 31],
and pulmonary infections contribute significantly to reduced
quality of life [43]. Pneumonia is seen in 80% of patients,
frequently recurs, may be complicated by pleural effusion,
and commonly provokes development of parenchymal dis-
ease including bronchiectasis and pneumatoceles. These
provide a nidus for further colonization and subsequent re-
infection with an evolving spectrum of pathogens as disease
progresses, including Pseudomonas aeruginosa or Asper-
gillus [44]. Meanwhile, ophthalmic infections, including
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Table 2 (continued)

&

Indication/notes

Recommendation

Dermatological

Vascular

Springer

Optimize modifiable risk factors (e.g., hypertension, hyperlipidemia)

Coronary arterial disease

May risk hemoptysis, particularly if significant parenchymal lung disease

or pulmonary arterial aneurysm is present

Consider antiplatelet agents, e.g., for primary prevention [129]

Management of asymptomatic aneurysms is challenging, due to limited
data on their natural history and the implicit risk of intervention

Surveillance every 3-5 years [91]

Other arterial aneurysms

Reproductive health and pregnancy

E.g., combined oral contraceptive with azole antifungals

Consider medication interactions when offering pharmacological

contraception

Contraception

Offer genetic counseling

Pre-conception

Risk of teratogenicity

Consider cessation of antimicrobial prophylaxis [130, 131]

Pregnancy

Pregnancy may exacerbate pulmonary disease

Low threshold for presentation with pulmonary symptoms

recurrent staphylococcal chalazia and fungal endophthal-
mitis, are also described [45-47].

Non-epithelial staphylococcal infection, such as liver
abscess, is less common than in other defects predisposing to
staphylococcal infection such as chronic granulomatous dis-
ease. Liver abscess has been described in~10% and osteo-
myelitis and other articular infections in~20% of patients
[25, 31, 48, 49].

Anti-staphylococcal antibiotic prophylaxis, such as co-tri-
moxazole, along with antiseptic washes are recommended to
prevent both dermatological and pulmonary infection [50].

Fungal Infection

The Th17/IL-17 axis is implicated in immunity against fungi
as well as bacteria, and susceptibility to mucocutaneous
Candida infection is promoted by decreased antimicrobial
peptides in the saliva of STAT3-HIES patients [51], caus-
ing an altered oral microbiome with Candida overgrowth.
Chronic mucocutaneous infection occurs in 70% of patients,
typically presenting as oral or genital thrush or onychomy-
cosis [31].

Pulmonary fungal infection, typically by Aspergillus,
complicates patients who develop parenchymal disease: all
patients in a French cohort [31] with pulmonary Aspergil-
lus had pre-existing lung damage radiologically. Aspergil-
lus may manifest as chronic pulmonary aspergillosis (CPA),
most frequently aspergillomas, and allergic bronchopulmo-
nary aspergillosis (ABPA). Criteria for diagnosis of CPA
involve consistent appearance on thoracic imaging, micro-
biological or immunological evidence of Aspergillus, and
presence of disease for >3 months [52], and treatment
may be prolonged due to poor antifungal penetration into
pneumatoceles. CPA can be associated with other invasive
disease [53] including of vasculature, causing life-threaten-
ing hemoptysis and contributing significantly to mortality
[54]. ABPA, caused by hypersensitivity to Aspergillus and
leading to further bronchiectasis and bronchospasm, is chal-
lenging to diagnose due to standardized criteria relying on
raised IgE and eosinophilia that may be present in STAT3-
HIES patients without Aspergillus isolation; diagnosis relies
instead on classic imaging findings [55]. Infrequently, Pneu-
mocystis jirovecii may cause the first episode of pneumonia.
Antifungals, such as fluconazole, are useful to treat and pre-
vent mucocutaneous Candida, while mold-active antifungals
such as itraconazole are considered when parenchymal lung
disease is present to prevent CPA and APBA, due to the
high mortality associated with Aspergillus infection [35].
Triazoles, such as posaconazole, should be used chronically
when pulmonary mold infection is present.

Endemic mycoses can cause disseminated dis-
ease: histoplasmosis frequently leads to infection of the
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gastro-intestinal tract and can mimic inflammatory bowel
disease. Coccidioides, endemic in the US southwest, can
cause severe meningitis and stroke, while Cryptococcus can
cause meningitis and has been reported to cause esophageal
infection [56]. Prophylaxis against these fungi should be
considered for high-risk exposure, such as living in endemic
areas.

Mycobacterial Infection

Local disease may follow Bacille Calmette-Guérin (BCG)
vaccination, manifesting as ipsilateral lymphadenitis and sup-
puration at varying incidence (7.4-39%, Table 1), though
a French registry reported no adverse effects following
BCG in their cohort [31]. In the few published reports of
disseminated BCG, most patients did not have confirmed
STAT3 mutations [57], and in endemic areas such as India
tuberculosis-related disease is well-described [58], favoring
BCG vaccination in high-prevalence countries. Likewise,
disseminated environmental mycobacterial infection is rare,
though pulmonary isolation of non-tuberculous mycobacteria
(NTM), such as Mycobacterium avium complex and Myco-
bacterium abscessus, is found at rates comparable to cystic
fibrosis (16% vs 13%) [59]; all patients with NTM isolation
had bronchiectasis, suggesting that parenchymal defects pre-
dispose to this expanded spectrum of infective organisms.

Viral Infection

Severe cutaneous viral infection occurs less commonly
than in DOCKS deficiency, though reactivation of zoster,
frequently with disease limited to a single dermatome,
occurs in one-third of individuals at a relatively young age;
poor immunological memory to varicella may arise from
impaired populations of memory CD8 + cytotoxic lympho-
cytes, which rely on STAT3-dependent IL-10 and IL-21
signaling [60-62]. Similarly, clearance of EBV-infected
B-lymphocytes is also impaired, though evidence of trans-
lation of this to EBV-related disease is scarce, with most
lymphomas being EBV-negative [63].

Non-infectious Manifestations
Allergy

Despite elevated IgE, patients with STAT3-HIES dem-
onstrate lower allergy and anaphylaxis rates compared
to controls with similar IgE levels and atopic dermatitis,
though still increased compared to the general population
[64]. Mast cell degranulation is impaired in STAT3-HIES
patients [65], and IgE formation is abnormal: it is produced
in higher quantities, but to a lower affinity to allergens [66].
The exact mechanism by which hyper-IgE occurs remains

unclear, though the elevated IgE levels seen in dominant and
recessive IL6ST [10, 28] and recessive IL6R [35] mutations
support a role for IL-6 in IgE homeostasis. STAT3-HIES
patients demonstrate a skew towards IgE 4 class-switch
recombination of memory B-lymphocytes with increased
numbers compared to other immunoglobulin classes [67],
possibly driven by IL-4, which acts independently of STAT3
[68]. The reduced affinity of STAT3-HIES IgE may result
from impaired affinity maturation from direct switching
from IgM to IgE production [67]. Common allergens include
food, pollen, and drugs, with antibiotic allergy significantly
more common in patients with pneumatoceles, possibly due
to increased lifetime exposure [3].

Connective Tissue Abnormalities and Poor Wound Healing
in STAT3-HIES

The connective tissue phenotype associated with STAT3-
HIES varies: the characteristic facies, including a promi-
nent forehead, deep-set eyes, broadened nasal bridge, and
high-arched palate, usually develops in adolescence and may
not be present in early childhood [69]. Permanent dentition
develops appropriately, but there is failure of resorption of
the root of primary teeth, which is necessary for eruption,
and most children require primary tooth extraction [70].
Joint hyperextensibility occurs in one-third of patients, with
degenerative joint disease arising in adulthood, and there is
a predisposition to early-onset, minimal trauma long bone
fracture. Reduced bone mineral density (BMD) is seen in
79% but does not correlate to fracture rate: while in classi-
cal osteoporosis reduced BMD is seen in the femoral neck
and spine [71], in STAT3-HIES only radial BMD correlates
with fracture risk [72]. IL-6 signaling through STAT3 inhib-
its receptor activator of NK-kB-mediated differentiation of
macrophages to osteoclasts [73]; subsequently STAT3-HIES
patients demonstrate a pro-resorptive state from higher num-
ber of osteoclasts than controls [74]. Interestingly, increasing
BMD through treatment with anti-osteoclastogenic drugs
such as bisphosphonates does not clearly reduce fracture
risk, suggesting that other factors contribute [72].

Etiologically, the linkage of these defects to abnormali-
ties in IL-6 and IL-11 signaling is supported by defects in
GP130, which acts as a co-receptor for ligands including
IL-6 and IL-11 upstream of STAT3 (Fig. 1), producing a
syndrome that phenocopies aspects of STAT3-HIES includ-
ing recurrent infection, skeletal abnormalities, and raised
IgE [10]. The contribution of IL-11 to STAT3-HIES’s skel-
etal phenotype is supported by mutations in /L1 /RA caus-
ing an overlapping syndrome of craniofacial abnormalities
without immunodeficiency [75], demonstrating how phe-
nocopies caused by mutations along the STAT3 axis have
shaped understanding of cytokine:phenotype correlation in
STAT3-HIES.
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An abnormal response to injury is demonstrated in sev-
eral tissues, including the lung and gastrointestinal tract.
As patients with STAT-HIES age, degenerative arthritis
is common, likely secondary to hyperextensible joints and
abnormal tissue remodeling. Joint replacements and spine
stabilization surgery may be required at relatively younger
ages compared to the general population [76]. A high preva-
lence of complications following thoracic surgery (~50%) is
seen, the most common being bronchopleural fistula forma-
tion, which may chronically discharge and form empyemas
in almost half of patients—more frequently than in surgery
for similar indications in other patients [77]. Abnormal pul-
monary remodeling may result from aberrant expression of
matrix metalloproteinases (MMPs) -3, -8, and -9, which are
dysregulated in STAT3-HIES [78]; unfortunately, there are
no features to prospectively determine risk of complication.

Recent reports include other epithelial sites being
affected, including intestinal perforation (both spontaneous
and associated with infection, including extra-gastrointes-
tinal infection) [79, 80]. Proposed mechanisms include gut
dysbiosis from antibiotic therapy, defective IL-6 signaling
supported by reports of perforation with IL-6 blockade
with tocilizumab [81], and dysregulated TGF-f signaling
supported by murine models of TGF-p knockout [82]. The
interaction of STAT3 and TGF-f§ appears important given
overlapping phenotypes of STAT3-HIES and Loeys-Dietz
syndrome caused by TGFBRI/2 mutations, which manifest
with connective tissue disease, raised IgE but an intact Th17
axis [83]. Indeed, IL-6 and IL-11 suppress the TGF-f path-
way through STAT3 activation and recruitment of ERBIN,
sequestering SMAD2/3 in the cytoplasm (Fig. 1) and pre-
venting exertion of TGF-f’s transcriptional effects [84]:
overlap in symptoms and TGF-f dysregulation between
STAT3-HIES and ERBIN-deficient patients provides
another indicator that IL-6 and IL-11, along with IL-17 and
IL-21, are the key disease-associated cytokines in STAT3-
HIES [84].

Vasculopathy

Vasculopathy in STAT3-HIES presents challenges to both
understanding of pathogenesis and clinical management.
Overall, medium-sized arterial abnormalities predominate,
particularly in the coronary and intracranial vasculature;
50% of patients in a prospective study had coronary artery
abnormalities with ectasia and aneurysm predominating
[85] and radiographic evidence of small infarcts in some.
Tortuosity and ectasia appear to develop with increasing
age [86] and may be explained by STAT3-mediated tran-
scription of VEGF and hypoxia-inducible factor (HIF)-1a,
whose expression are reduced in STAT3-HIES [87], and
through dysregulated MMPs: MMP-8 is specifically impli-
cated in aneurysm formation [88]. CT coronary angiography
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shows subclinical atherosclerosis at similar rates to patients
with coronary arterial disease, although their disease pro-
gresses to aneurysm formation, not stenosis [89]. Evidence
for hypertension as a driver of arterial disease is scant; it
is described in case reports and in 7/9 patients of an NIH
cohort with coronary artery disease at ages 3055 [86], but
not in larger cohorts. There also appears to be an interplay
between the Th17/IL-17 axis and vasculopathy in humans:
murine models demonstrate aneurysm formation from IL-
17A blockade [85], while blocking HIF-1a causes coronary
vessel abnormalities and prevents Th17 lymphocyte differ-
entiation [87]. However, paucity of evidence of infection in
these patients and reports of progressive vascular disease
after normalization of the Th17 axis and immunological
indices post-HSCT [90] raise further questions about the
relative contribution of immune defects in STAT3-HIES to
vascular abnormalities and how these may be prevented.

Cerebrovascular aneurysms may be silent or present
symptomatically with rupture, causing significant mortal-
ity [91]. Management of asymptomatic aneurysms poses a
dilemma, as intervention confers significant risk. A signifi-
cant proportion (86%) of patients screened with magnetic
resonance imaging display focal punctate hyperintense white
matter lesions, at an increased frequency compared to age-
matched individuals without STAT3-HIES [85]. These are
associated with arterial hypertension, smoking, silent cer-
ebral infarcts, and vasculitides [92]; their presence in greater
number and at a younger age may reflect increased ischemic
injury resulting from vasculopathy. Despite this, cognitive
and neuro-behavioral profiling suggests no significant dif-
ference between patients with STAT3-HIES and popula-
tion norms, nor between patients with and without imaging
abnormalities [92].

Intrathoracic arterial pseudoaneurysms may cause mas-
sive hemoptysis necessitating endovascular intervention
[93-95]; while Aspergillus infection is implicated in vas-
cular invasion and formation of pseudoaneurysms, the few
reported cases and paucity of histological examination make
etiological conclusions difficult to draw.

Data on primary prevention of vascular complications
in STAT3-HIES are limited, and further study is required;
empiric optimization of cardiovascular risk factors is
recommended.

Obstetric and Gynecological Health

Menses may trigger exacerbations of eczema and, less com-
monly, pulmonary disease. Decisions surrounding contra-
ception are challenging due to interactions with azole anti-
fungals and increasing risk of thromboembolic disease [34].
This may be relevant given the vasculopathy these patients
exhibit; alternative methods (such as progesterone-releasing
intra-uterine devices) appear to be well-tolerated. Rates of
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miscarriage, both sporadic and recurrent, are increased;
reduced STAT3 signaling in the placenta leads to insuf-
ficient proliferation of trophoblast cells and implantation
failure and is associated with early miscarriage [96, 97].
Pregnancy itself may exacerbate symptoms and provides
challenges in continuing antimicrobial prophylaxis due to
concerns regarding teratogenicity.

Malignancy and Autoimmunity

Malignancy in STAT3-HIES occurs in approximately 7%
of patients and is largely hematopoietic in origin, with lym-
phoma being most commonly described [31], contrasting
with DOCKS deficiency where malignancy is more common
and includes epithelial sites such as skin [43]. There is a
skew towards younger age, and B-lymphocyte non-Hodgkin
subtypes, though both Hodgkin-type and T-lymphocyte lym-
phomas are described [98]. Treatment may be complicated
by pre-existing increased infection risk compounded by
chemotherapy-related myelosuppression.

STAT3-HIES patients may rarely exhibit a lupus-like phe-
notype associated with antinuclear and anti-double-stranded
DNA antibodies [99]. This may progress to end-stage renal
disease from lupus nephritis; a low threshold to investigate
proteinuria or rising serum creatinine is therefore important.

Investigations

Genetics of STAT3

The ubiquitous expression and variety of signals transduced
explain the varied phenotype of mutations in STAT3. Key
disease-associated components of its structure include a
highly-conserved SH2 domain and a DNA-binding domain
(DBD), both implicated in loss-of-function and gain-of-
function (GOF) syndromes. While DN STAT3 mutations
cause STAT3-HIES, the phenotype of GOF mutations var-
ies: somatic mutations are associated with large granular
lymphocytic leukemia [100] and germline mutations with
a variable syndrome of early-onset multiorgan autoimmun-
ity and lymphoproliferation [101, 102]. Mutations causing
STAT3-HIES and STAT3-GOF may affect the same codon
[3, 103].

STAT3-DN mutations may be inherited or de novo [2]
and usually occur as a result of missense or in-frame dele-
tions [1, 50, 104], though deep intronic mutations have been
described [105]. Penetrance appears complete although
intra-familial phenotypes may differ, suggesting that envi-
ronmental factors, such as infection history, alter the phe-
notype [106, 107]. Comparison between mutation site and
phenotype has yielded only modest differences, with rates
of non-immunological features being slightly increased

in SH2 mutants [48, 106, 108]. While 118 mutations are
attributed to “hyper-IgE syndrome” or “STAT3 deficiency”
in the Human Gene Mutation Database, few variants had
been functionally demonstrated to impair STAT3 function;
however, a recent report examined all variants described to
cause STAT3-HIES and found functionally that the muta-
tions, including both in-frame and out-of-frame, were indeed
dominant negative [109].

Laboratory Analysis

Serum IgE is invariably raised, although it can decrease
and even normalize over time, and eosinophilia is typical.
Memory T- and B-lymphocyte populations are reduced;
B-lymphocyte maturation into memory B-lymphocytes is
dependent on pathways transduced through STAT3, includ-
ing IL-21 and the follicular T-lymphocyte subset [110, 111],
resulting in attenuated humoral responses to recall antigens
but usually normal total immunoglobulin concentration.
Classically, IL-17-producing Th17 lymphocytes are absent;
strategies for immunophenotyping and a summary of labora-
tory findings are summarized in Table 3.

NIH-HIES Score

A modified NIH-HIES score (Table 4) > 30 predicts
the presence of STAT3 mutation in patients with serum
IgE> 1000 IU/ml [50]. Given the accumulation of compli-
cations as patients’ age, this score may underestimate the
risk of STAT3-HIES in young children. Genetic testing to
identify variants in STAT3 remains the optimal diagnostic
investigation, though newly described variants should have
their deleterious effect functionally validated prior to attrib-
uting pathogenicity.

Quality of Life, Natural History,
and Mortality

Data on the impact on quality of life (QOL) in STAT3-HIES
are limited to three series. The largest dataset, from the
USIDNET registry, shows that <25% describe no impact of
their health on QOL [3], though this report was not restricted
to patients with STAT3 mutations. Fatigue and depression
are common (21%) and associated with skin and pulmonary
infection, as is reduced QOL, similarly to chronic granu-
lomatous disease probands, X-linked female carriers, and
X-linked agammaglobulinemia patients, demonstrating sig-
nificant impact of recurrent infection and hospitalization
[112—-114]. A second series supports the negative impact of
pulmonary symptoms on QOL, alone or in combination with
dermatological disease [43]. The final dataset explores QOL
and cognitive ability in 29 STAT3-HIES patients with white
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Table 3 Laboratory investigations in STAT3-HIES

Investigation Comments

Full blood count Eosinophilia in 70%

Occasionally, anemia and/or neutropenia [3, 25]

Lymphocyte subsets

Total lymphocyte count is normal

Reduced memory CD19 +CD27 + B-lymphocytes in 90% [3, 31, 132]
Reduced memory T-lymphocytes [34]

Immunoglobulins

Total IgA, IgM, IgG normal

Specific IgG to recall antigens is reduced
Raised IgE, usually > 1000 IU/ml, which peaks in infancy and may normalize in adulthood [13]

Specialist immunophenotyping

Absent IL-17-producing Th17-lymphocytes

Current strategies for identification of Th17-lymphocytes include the CD4 4+ CD45RA-CXCRS-
CCR6 + T-lymphocyte phenotype [133, 134] or ex vivo staining for IL-17A following stimu-
lation or induction of differentiation of naive CD4 + T-lymphocytes [3]

Molecular analysis of STAT3

Heterozygous mutations are typically missense or short in-frame deletions; identification of

new variants is complicated by dominant-negative and gain-of-function mutations sharing the

same codon [3, 103]

Any identified variant should be confirmed to be deleterious prior to attributing pathogenicity
Panels may include other candidate genes for HIES, e.g., PGM3, IL6ST, and ZNF341 (which is
a recessive phenocopy of STAT3-HIES), or DOCKS (a combined immunodeficiency sharing

features with HIES)

matter hyperintensities [92], showing a normal mean score
though 20% of subjects were > 1 standard deviation below
mean in physical and emotional wellbeing scores.

Data on natural history and mortality are limited, due
to the few published cohorts with several sources predat-
ing molecular confirmation of STAT3-DN mutations
[54]. Survival is typically into adulthood. The few series
detailing cause of death skew towards younger age (range:
14 months—40 years; median: 20.5 years), primarily from
pulmonary infection, particularly fungal, or complications
such as pneumatocele [31, 43, 48, 49, 54]. However, with
improved antifungals and expectant management, life expec-
tancy appears to be increasing.

The Uncertain Role of HSCT

HSCT was initially reported as unsuccessful due to pro-
gression of extra-immune features and failure to normalize
serum IgE levels [115]. Following this, its role appeared
more promising in a report describing HSCT as treatment
of lymphoma in two patients [116], and a recent review of

seven patients demonstrating satisfactory immune recon-
stitution and improvement in pulmonary and dermatologi-
cal symptoms [99]. We recently described eight patients,
including the original patient described as unsuccessful,
with follow-up ranging 1-20 years and 100% survival with
minimal peri-transplant complications [117]. Data from all
published patients who have undergone HSCT are summa-
rized in Table 5, and where available demonstrate improve-
ment in rates of infection, resolution of skin disease, and
stabilization or improvement of pulmonary function both
clinically and radiologically. Immunologically, serum IgE
fell and a normal population of IL-17-secreting Th17 lym-
phocytes has been demonstrated, highlighting that correcting
the immune defect is both possible and beneficial to aspects
of the syndrome, though the impact on non-immune mani-
festations such as connective tissue disease and vasculopathy
is not well-understood. Notably, one patient experienced an
anterior myocardial infarction associated with a coronary
artery aneurysm despite normal donor chimerism and a nor-
mal Th17/IL-17 axis [118].

Table 4 Revised NIH-
HIES score for predicting
the likelihood of a STAT3

dominant-negative mutation
in a patient with serum
IgE> 1000 IU/ml. Modified
from Woellner et al. [50]

Clinical finding Points Scaling factor
0 2 4 5 6 8

Pneumonia (X-ray proven, total no.) None 1 2 - 3 >3 25

Newborn rash Absent — Present - - - 2.08

Pathological bone fractures (total no.) None - 1-2 - - >2 333

Characteristic facies Absent Mild - Present - - 3.33

High-arched palate Absent Present — - - - 2.5

@ Springer



Journal of Clinical Immunology

¢1 +Q uo uonoafar snoeradAy Surmorjoy Juefdsuen puodas e pey juaned siyL,

[911] 0007 ur 'Te 32 A1ouuan) Aq pajiodar Ajfeursrio sem juaned siyJ,,

JOIRJUI TRIPIROOAW ‘74 ‘$1s9) uonouny Areuownnd ‘s7.74 ‘uorsuairedAy ‘Arz7f ‘(uomienuoa) amssaid Aemire aanyisod
SNONUNUOD ‘g V) OSBISIP ISOY-SNSIOA-1JRIT ‘FHAH ‘3UTUONIPuUOd AJISUIUI PAONPAI 1HJY ‘SUIUONIPUOD IATIB[QRO[AW ‘D YJH {I0UOP PIJB[oIUN PAYDIIBW ‘(7 )y {I0UOP SUI[QIS PAYdIeW ‘(7S A3

A — swojdwAs posoxduy UoT09JuT ou ‘A1 ma - - o) dSIN 9 A
A — swojdwAs pasoxduy UOT09JuT ou “‘AI(] ma - - O Ann €T N
diy
A Josnuyreondog  saSueyd YXD 2IqeIS - #Id - - DO dNN‘dnn 81 W
1D uo doue
A - -teadde paroxduy - [nd oMoy - ol anin LT 4
S14d pasoxduwr
eruadonnou sunw ‘1D uo doue
A -WIOJNE PIAJOSOY -readde poaoxduwy uonodyur ou ‘K1 g omoy - ord dSIN A\
s1dd
paaoxdur ‘1D uo
A [N Totyny  oouereadde o[qerg - g =mdy - 0)L:! dSsn el N
SLdd
paaoxdur ‘1) uo
A NLH ‘sisofjoog  aouereadde a[qerg - g mdy - JOVIN anin L vd
dvdD
X QImoeyj ‘SISOI00S  [eUINIOOU saxmboy - g - - ol ann L W [L11] Te 1o uosLey
91200}
X —  -ewnoud jueriosy - POXIA - - ol asin T N
SISO] [ogT]
X —  -[1S1edse Juermody - g omoy - ord anmn 8 A [e3I0 moewrSeueg
0U0
A - 991j-uonooqu]  UOHBULIOY SSI3SqY g - - Ond  [eonuoprojdey 4 B «[SET] T8 10 191
X - 901}-uondYU] - g - A OVIN asn 91 A 8111
A - 991J-UONIYU] - g - X OVIN dasn ST NN ‘[& 30 snessnoH
yreap
0 Surpeoy snu
N — -oumdud ennso] - UMOUY JON  9Jmdy A IOVIN dsn 9% N [STT] T8 19 19189N
20 Sun un[s
[BAIAING IOSH-1s0d smess uegiQg  wistewnyo Jouoq (HAD erwoydwAT Suruonipuo) ouoq JDSH®\BY X9 SOLIdS

juepdsuen-jsod snjejs ogroads-ue3io yiim ejep dn-mo[[0J pue ‘uonjen[eAd }s9Je[ Je WSLIAWIYD Jouop ‘qHAD Jo odA) pue ooua
-sa1d ‘(uonearpur se ewoydwA| ‘uowrdar Suruonipuod ‘adAy Jouop ‘IHSH Ie 95) sonsiiaioereyd juedsuer) ‘saLIds [eUISLIO YNm ‘SHIH-CLV.LS Ul LDSH Jo sased paysiqnd jo Arewwung ¢ ajqel

pringer

a's



Journal of Clinical Immunology

Outstanding Questions

Recent publications have helped define the pathophysiologi-
cal mechanisms underlying STAT3-HIES, particularly relat-
ing to the contributions of specific cytokines. Extant ques-
tions include the natural history of vascular anomalies, the
role infection or inflammation have in their development, and
how conventional risk factors impact this, in order to inform
strategies for primary and secondary prevention. Further
studies should explore vasculopathy in this cohort as well
as other emerging symptoms, including early-onset degen-
erative joint and spine disease and intestinal perforation.
Understanding the impact of both infectious and non-
immune manifestations on QOL would inform focus of
further treatments. The role of HSCT has only begun to be
explored—it would be important to know whether HSCT
has any impact on any of the presumed non-immunolog-
ical manifestations in this cohort. Finally, further gene
discovery will likely unveil more phenocopies and add to
our understanding of the complex biology of this disease.

CME Review Questions

Question 1:

Along with STAT3 mutations, which of the following
affected genes causing HIES may be inherited in a domi-
nant manner?

DOCKS
PGM3
ZNF341
IL6ST
IL6R

monwy

Question 2:
Which of the following pathogens is not typically asso-
ciated with STAT3-HIES?

Staphylococcus aureus
Aspergillus fumigatus
Pseudomonas aeruginosa
Candida albicans
Burkholderia cepacia

monNw»

Question 3:
Which of the following clinical features suggests an
alternative cause of HIES?

A. Vascular abnormalities, including tortuosity
B. Retained primary dentition
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C. Severe cutaneous viral infection
D. Abnormalities on CNS imaging
E. Bronchiectasis on cross-sectional thoracic imaging

Question 4:
Which of the following best describes the immunophe-
notype seen in STAT3-HIES?

A. Normal eosinophil count, normal total lymphocyte
count, reduced total IgG, normal IgM

B. Normal eosinophil count, absent lymphocyte count, nor-
mal total IgG, normal IgM, presence

C. Raised eosinophil count, normal total lymphocyte
count, normal total IgG, normal IgM, absence of
IL-17-producing Th17 lymphocytes

D. Raised eosinophil count, reduced total lymphocyte
count, reduced total IgG, reduced total IgM

E. Raised eosinophil count, normal total lymphocyte count,
reduced total IgG, reduced total IgM, present IL-17-pro-
ducing Th17 lymphocytes

Question 5:
From available evidence, which factor is most likely to
impact on quality of life in patients with STAT3-HIES?

A. Presence of pulmonary symptoms (e.g., dyspnea,
reduced exercise tolerance)

B. Presence of connective tissue symptoms (e.g., facial dys-
morphism, delayed tooth eruption)

C. Presence of vascular anomalies (e.g., asymptomatic
coronary artery aneurysm)

D. Presence of CNS white matter hyperintensities

E. Need for immunoglobulin replacement therapy
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