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ABSTRACT

The STAT3 is an important regulator in a wide range of different cell types. Human STAT3 
variants are associated with several immune dysregulation diseases. The current study 
investigated the clinical, genetic, and immunobiological data obtained from a family with 
novel heterozygous STAT3 variants located at p.Y360C of the DNA binding domain. The 
clinical manifestations of these patients include autoimmunity, immunodeficiency, and 
postnatal growth defects. Broad STAT3 regulated cells including patient primary immune 
cells and HEK293 cells harboring the variant were assessed. Remarkably high levels of 
STAT3-regulated cytokines were detected in the sera of the patients. STAT3 nuclear binding 
and STAT3 activity were higher in STAT3-transduced HEK293 cells containing the p.Y360C 
variant when compared to HEK cells expressing wild type (WT) STAT3. Upon cytokine 
activation, STAT3 variants inhibited nuclear translocation of the WT STAT3 molecule. We also 
demonstrated that PBMCs from these patients exhibit significantly higher mitochondrial 
activity compared to that of healthy controls. The exploration of the effects of STAT3 Y360C 
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INTRODUCTION

The STAT family comprises 7 members of transcription factors that mediate diverse cellular 
responses to cytokines, growth factors, and hormones (1). These proteins are crucial for 
relaying signals from the cell membrane receptors to the nucleus, where they regulate gene 
expression. In mammals, the STAT family includes STAT1, STAT2, STAT3, STAT4, STAT5A, 
STAT5B, and STAT6. Among these, the STAT3 signaling pathway has gained considerable 
attention for its involvement in a plethora of physiological processes, including cell survival, 
proliferation, differentiation, angiogenesis, and immune regulation, as well as its significant 
role in various pathological conditions, particularly cancer, autoimmune diseases, and 
immunodeficiencies (2-5).

Several cytokines and hormones activate STAT3 through interactions with cell surface 
receptors, including the receptors for IL-6, IL-10, IL-21, IL-23, IFNs, growth hormone (GH), 
and epidermal growth factor (6-8). IL-6, in particular, is recognized as a classic immune 
activator of STAT3 (9). Binding of IL-6 to the IL-6 receptor results in the formation of an 
IL-6/IL-6R/gp130 complex, which subsequently activates JAK1 and JAK2. These kinases then 
phosphorylate STAT3 at tyrosine residue 705 (10,11). The phosphorylated STAT3 (pSTAT3) 
molecules form dimers and translocate to the nucleus, where they initiate the transcription of 
target genes (12). In addition to forming homodimers, pSTAT3 can heterodimerize with other 
STAT family members, such as STAT1, STAT5A, and STAT5B, depending on the activating 
stimulus (13). Interestingly, some studies suggest that phosphorylation is not always required 
for STAT3 nuclear translocation, as unphosphorylated monomeric or dimeric STAT3 can also 
accumulate in the nucleus (14-17).

STAT3-mediated signaling is crucial for the differentiation of T-helper (Th) 17 lymphocytes 
(2,18). Th17 polarization of naïve T cells increased in adult mice with a STAT3 gain-of-function 
(GOF) variant (19). STAT3 signaling is tightly controlled by several mechanisms including 
the upregulation of a suppressor of cytokine signaling 3 (SOCS3), which is a downstream 
target gene of STAT3 (20,21). The SOCS3 protein is a well-known JAK/STAT3 pathway 
feedback inhibitor. It achieves this by binding to gp130 or obstructing the activity of JAK2, 
thereby creating a negative feedback loop that limits STAT3 activation. However, SOCS3 does 
not regulate all cytokine receptors that activate STAT3 and prolonged STAT3 activation by 
IL-6 might not be controlled by SOCS3 (20,21). In addition to its role in STAT3 regulation, 
SOCS3 modulates the signaling of other STAT proteins and pathways unrelated to STAT thus 
affecting infection and inflammatory responses (20,22,23).

Besides its classical function as nuclear transcription factor, STAT3 also localizes in 
mitochondria (mitoSTAT3) where it displays alternative functions known as non-classical 
STAT3 functions (24). MitoSTAT3 is a positive regulator of complexes I, II, and V of the 
electron transport chain (24-26). In addition to regulating cellular metabolism, mitoSTAT3 
participates in various cellular events including cell development, cell death, inflammation, 
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and T lymphocyte immunity (24). Upon activation of CD4+ T lymphocytes by IL-6, STAT3 
accumulates in the mitochondria, elevates mitochondrial membrane potential (MMP), and 
promotes the formation of mitochondrial respiratory supercomplexes (27,28). mitoSTAT3 
also binds mitochondrial DNA and is related to the transcriptional regulation of the 
mitochondrial genome (29).

STAT3 variants are associated with severe immune dysregulation. Dominant-negative 
loss-of-function (LOF) variants of STAT3 are linked to autosomal dominant hyper-IgE 
syndrome (AD-HIES or Job’s syndrome), where patients exhibit impaired IL-6 responses 
and a marked reduction in IL-17-producing Th17 lymphocytes (6,30-32). Clinically, AD-
HIES is characterized by increased susceptibility to bacterial infections, particularly in 
the lungs and skin, along with eczema and elevated serum IgE levels (30-37). Conversely, 
patients with STAT3 GOF variants suffer from prominent early-onset multi-organ immune 
dysregulations (38,39). Clinical manifestations of patients with STAT3 GOF syndrome 
are diverse, but commonly include autoimmune cytopenias, lymphoproliferation, skin 
disorders, enteropathy, interstitial lung disease, growth defects, immunodeficiency, and 
endocrinopathies (6,38-40). Increased intrinsic STAT3 transcriptional activity or elevated 
expression of STAT3-target genes, including SOCS3, are mostly detected in cells carrying the 
STAT3 GOF variant (41-44). Interestingly, STAT3 hyperphosphorylation is typically absent in 
these cases. Instead, some studies report reduced phosphorylation of STAT1 and/or STAT5, 
potentially contributing to immunodeficiency and growth defects, respectively (41,44-46).

In this study, we describe a novel germ-line heterozygous STAT3 Y360C variant. We evaluated 
the immunobiological phenotypes from broad STAT3 regulated cells including primary 
immune cells derived from the patients and HEK293 cells harboring the variant. Our 
findings substantiated the importance of STAT3 as a crucial regulator of immune function. 
Additionally, we provide immunometabolic characteristics of this STAT3 variant. Although 
comprehensive clinical overviews of STAT3 GOF variants have been reported, further 
immunophenotyping and biological characterization data remain necessary to elucidate the 
diverse clinical phenotypes observed in patients with STAT3 GOF syndrome. This study aimed 
to significantly enhance our understanding of the variable clinical spectrum associated with 
STAT3 GOF variants, thereby contributing to a broader knowledge of immune regulation and 
its implications.

MATERIALS AND METHODS

Patient consent and regulatory compliance
Informed consent was obtained from all enrolled participants. The study protocol including 
blood sampling from healthy controls was approved by the Institutional Review Board of 
the Erasmus MC, University Medical Center, Rotterdam, with ethics approval numbers MEC 
2013-026 and MEC-2016-202. The study protocol was in accordance with the principles of the 
Declaration of Helsinki.

Long-term T lymphocyte culture
Long-term cultures of T lymphocytes from both patients and healthy controls were isolated 
from PBMCs via an EasySep™ Human T Cell Isolation Kit (STEMCELL Technologies, Köln, 
Germany). The cells were cultured and expanded in RPMI-1640 medium containing 10% 
heat inactivated human serum (Sigma-Aldrich, Saint Louis, MO, USA), 2% penicillin and 
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streptomycin (Cambrex BioWhittaker, Verviers, Belgium), 1 μg/ml phytohemagglutinin 
(Sigma-Aldrich), 25 IU/ml IL-2 (Novartis, Basel, Switzerland) and 12.5 ng/ml IL-15 (BioLegend, 
San Diego, CA, USA), in the presence of γ-irradiated (40 Gy) allogeneic PBMCs, Hal01 and 
RS411 B cell lines. After 2 wk of expansion, cultured cells were checked for expression of the 
T lymphocyte surface marker, CD3 (BD Biosciences, San Jose, CA, USA) by flow cytometry, 
confirming that all long-term T lymphocyte cultures contained >95% CD3+ expressing cells.

Plasmids and site-specific mutagenesis
The pLEGFP-WT-STAT3 plasmid (Addgene, Watertown, MA, USA) was mutated into 
c.1079A>G via site-specific mutagenesis (QuikChange Site-Directed Mutagenesis Kit; Agilent 
Technologies, Santa Clara, CA, USA) according to the manufacturer’s protocol. Following 
confirmation by Sanger sequencing, STAT3 construct was extracted from the pLEGFP 
plasmid and cloned into a Gateway-compatible pCW57.1 plasmid (Addgene #41393) using 
the pENTRTM Directional TOPO® cloning Kit and the Gateway® LR Clonase™ II Enzyme Mix 
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). The final expression constructs 
were confirmed by Sanger sequencing.

HEK293 cell culture and transduction
Lentiviral production of the pCW57.1 plasmid construct was carried out in HEK293FT 
packaging cells (kindly provided by Bram van der Eerden) using a ViraPower plasmid (kindly 
provided by Jenny A. Visser) and Fugene 6 (Promega Corporation, Madison, WI, USA). Two 
days after transfection, media containing lentiviral particles were harvested and transferred 
to HEK293 cells (kindly provided by Jenny A. Visser). Cells were cultured with lentiviral 
particles overnight, after which the media were replaced with fresh growth media. The cells 
were then grown and expanded under puromycin selection for 2 wk. Single cell dilution 
was performed to obtain clonal populations. Total STAT3 levels expressed by the clones 
were measured by intracellular flow cytometry using FITC-conjugated anti-STAT3 (BD 
Biosciences). Three clones of both the STAT3 variant and STAT3 wild type (WT), displaying 
similar total STAT3 levels, were selected for further expansion and subsequent experiments.

Flow cytometry
Th subset analysis was performed on isolated PBMCs of patients and healthy controls. Cells 
were stained with fluorochrome-conjugated human-specific antibodies (BD Biosciences) in 
PBS containing 1% fetal calf serum (FCS) and 0.09% sodium azide for 30 min and analyzed 
on a BD LSRFortessa™ cell analyzer. Th cells (CD4+CD45RA-) were further subdivided 
into Th1 (CCR6-CXCR3+), Th2 (CCR6-CXCR3-), Th17 (CCR6+CXCR3-CCR10-), Th22 
(CCR6+CXCR3-CCR10+), and Treg (CD25+CD127low).

For STAT phosphorylation experiments, long-term T lymphocyte cultures were starved in 
serum-free medium for 1 h and thereafter stimulated with IL-6 (100 ng/ml; R&D systems, 
Minneapolis, MN, USA), IFN-α (104 IU/ml; PeproTech, London, UK), IL-21 (200 ng/ml; 
Thermo Fisher Scientific), or IL-2 (100 IU/ml; Novartis). After stimulation, cells were fixed 
and permeabilized with reagents according to the manufacturer’s protocol (Phospho-
Epitopes Exposure kit; Beckman Coulter, Brea, CA, USA). Subsequently, all samples were 
stained with fluorochrome-conjugated anti-total STAT3 (M59–50; BD Biosciences), anti-
pSTAT1 (58D6; Cell Signaling Technology, Danvers, MA, USA), anti-pSTAT3 (D3A7; Cell 
Signaling Technology), or anti-pSTAT5 (C71E5; Cell Signaling Technology), with dilution 
according to the manufacturer’s protocol, for 30 min and measured with a BD FACSCanto™ 
II machine.
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Immunofluorescence
HEK293 cells were transfected with pCW57.1 STAT3 WT or the same plasmid containing 
STAT3 Y360C variant using Lipofectamine 3000 transfection reagent (Thermo Fisher 
Scientific). After 24 h of transfection, cells were detached and cultured on coverslips 
placed in 6-well culture plates. Cells were incubated for an additional 24 h to ensure firm 
attachment and were subsequently starved in serum-free medium for 1 h before stimulation. 
Following 30 min of stimulation with IFN-α (104 IU/ml; PeproTech), cells were immediately 
fixed with 4% paraformaldehyde for 15 min at room temperature and permeabilized with 
100% methanol for 10 min at −20°C. The cells were stained overnight with STAT3 Mouse 
mAb (1:1,600 [124H6; Cell Signaling Technology]) and Phospho-Stat3 (Tyr705) XP® Rabbit 
mAb (1:1,000 [D3A7; Cell Signaling Technology]). Cells were then incubated for 2 h with 
secondary antibodies: donkey-anti-rabbit-TRITC (1:500 dilution; Thermo Fisher Scientific) 
and F(ab')2-Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 
488 (1:1,000 dilution; Thermo Fisher Scientific). The coverslips were mounted using 
VECTASHIELD Antifade Mounting Medium with DAPI (Vector Laboratories, Burlingame, 
CA, USA) and sealed with nail polish. Images were obtained using Zeiss AxioVert 100 using a 
20× objective lens.

To compare the nuclear translocation between STAT3 WT and the Y360C variant, HEK293 
cells were transfected with pCW57.1 STAT3 WT or the same plasmid containing STAT3 Y360C 
variant (both FLAG-tagged) and the plasmid pEGFP-N1-STAT3 WT (Addgene #111934), 
using Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific). After 24 h of 
transfection, cells were detached and cultured on coverslips placed in 6-well culture plates. 
Cells were then incubated, stimulated, fixed, and permeabilized as described above. For 
immunofluorescence staining, cells were blocked with 5% human serum in combination 
with 0.3% Triton™ X-100 in PBS for 1 h and stained with rabbit-anti-human pSTAT3 (1:1,000 
[D3A7; Cell Signaling Technology]) and mouse anti-FLAG (1:1,000 [9A3; Cell Signaling 
Technology]) overnight. Cells were thereafter incubated for 2 h with secondary antibodies, 
donkey-anti-rabbit-TRITC (1:500 dilution, Thermo Fisher Scientific) and goat-anti-mouse-
Alexa Fluor 647 (1:500 dilution, Thermo Fisher Scientific). The coverslips were mounted 
using VECTASHIELD Antifade Mounting Medium with DAPI (Vector Laboratories) and 
sealed with nail polish. Confocal fluorescence images were obtained using a Leica confocal 
system (Leica TCS SP5 II; Leica Microsystems CMS GmbH, Wetzlar, Germany), equipped 
with diode laser (405 nm), Argon laser (488 nm), DPSS laser (561 nm) and a helium-neon 
laser (633 nm). Images were taken using a 63×/1.4 oil objective and recorded with standard 
LAS-AF software (version 2.6.3; Leica Microsystems CMS GmbH). Possible spectral overlap 
between different fluorochromes was avoided by careful compensation of imaging conditions 
and sequential scanning. Fluorescent intensity and nucleocytoplasmic localization were 
quantified using ImageJ (National Institutes of Health, Bethesda, MD, USA).

ELISA
Serum concentrations of IL-6, IL-17A, and IL-17F from both patients and healthy controls 
were measured using ELISA kits (IL-6 Human Matched Antibody Pair; Thermo Fisher 
Scientific, Human IL-17A and F DuoSet ELISA; R&D systems). To determine IL-6 production 
by PBMCs, the cells were first incubated in RPMI medium without FCS, then stimulated 
with 81 nM phorbol 12-myristate 13-acetate and 1.3 μM ionomycin (Cell Stimulation Cocktail 
(500×); Thermo Fisher Scientific). After 48 h of stimulation, the supernatants were collected 
for IL-6 measurement by ELISA.
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Electrophoretic mobility shift assay (EMSA)
Lentiviral transduced HEK293 cells were stimulated with IFN-α (104 IU/ml; PeproTech) for 30 
min. After stimulation, cells were collected for nuclear extraction with NE-PER™ Nuclear and 
Cytoplasmic Extraction Reagents (Thermo Fisher Scientific) according to the manufacturer’s 
protocol. Nuclear lysates were incubated for 10 min with binding buffer containing 3% 
Ficoll, 1 mM DTT, 5 mM MgCl2, 0.05 μg/μl poly (dI-dC), and UltraPure™ Salmon Sperm 
DNA Solution (Thermo Fisher Scientific). The reaction mixtures were incubated for an 
additional 20 min with STAT3 oligo hSIE (high-affinity sis-inducible element, m67 variant, 
5’-AGCTTCATTTCCCGTAAATCCCTA) in the dark. The protein-DNA complexes were 
fractionated in 5% non-denaturing TBE-polyacrylamide gels and detected with an Odyssey 
IR imaging system (LI-COR Biotechnology, Bad Homburg, Germany). The images were 
quantified using Image Studio Lite software (version 5.2; LI-COR Biotechnology).

Reverse transcription quantitative real-time PCR
STAT3-transduced HEK293 cells were starved in serum-free medium for 1 h and subsequently 
stimulated with IL-6 10 ng/ml (R&D systems) or IFN-α 103 IU/ml (PeproTech). After 
stimulation, the cultured cells were harvested, and RNA was extracted using the GenElute 
Mammalian Total RNA Miniprep Kit (Sigma-Aldrich). cDNA was synthesized from the 
RNA using random primers (Thermo Fisher Scientific). PCR for SOCS3 was achieved with 
TaqMan Universal PCR Master Mix (Thermo Fisher Scientific) and predesigned TaqMan® 
MGB probes (Thermo Fisher Scientific): glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH; Hs99999905_m1) and SOCS3 (Hs02330328_s1). Thermocycling was performed on 
the QuantStudio 5 Flex Real-Time PCR machine (Thermo Fisher Scientific). The expression 
level of SOC3 was analyzed using the 2-ΔΔCT method, normalized to the housekeeping gene, 
GAPDH.

Luciferase reporter assay
STAT3-transduced monoclonal HEK293 cells were co-transfected with pRL-SV40 and 
pGL4.47[luc2P/SIE/Hygro] vector plasmid (Promega Corporation). After 48 h of transfection, 
the cells were starved for 1 h and stimulated with IL-6 (10 ng/ml; R&D systems) or IFN-α 
(103 IU/ml; PeproTech). Following the stimulation, Firefly and Renilla luminescence was 
measured using the Dual-Glo® Luciferase Assay System (Promega Corporation). STAT3 
activity was determined by calculating the ratio of Firefly to Renilla luminescence.

Metabolic assay
Bioenergetic profiles of PBMCs were generated using a Seahorse XF24 Extracellular Flux 
Analyzer (Seahorse Bioscience, Billerica, MA, USA). Oxygen consumption rates (OCRs) and 
glycolysis (extracellular acidification rate [ECAR]) of the cells were measured simultaneously 
in real-time (47). A Seahorse XF-24 plate was coated with Cell-Tak (22.4 µg/ml; BD 
Biosciences) to enable cell adhesion. Patient and healthy control PBMCs were seeded on 
the plate at a density of 8×105 cells/well. The plate was incubated at 37°C for 30 min in the 
presence of CO2 in unbuffered DMEM (XF Assay Medium; Agilent Technologies) in which 
pH was set at 7.4 on the day of the experiment and supplemented with 5 mM of glucose and 1 
mM of pyruvate. Subsequently, the plate was incubated at 37°C without CO2 for 30 min before 
being moved to the Seahorse machine for analysis. After OCR and ECAR were measured at 
the baseline level, sequential injections of 0.5 μM oligomycin (ATP synthase inhibitor), 0.5 
μM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, mitochondrial respiration 
uncoupler), 0.5 μM rotenone (complex I inhibitor), and 0.5 μM antimycin (complex III 
inhibitor) were administered.
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RESULTS

Clinical phenotypes of patients with identified STAT3 variant
A family with 2 clinically affected individuals was enrolled in this study (Fig. 1A). The clinical 
disease spectrum of the patients was heterogeneous and overlapped with that of previously 
published cases of STAT3 GOF variants. Proband II-2 was a female patient with a height of 
157 cm (−2.1 SD) and disproportionately short arms and legs. Endocrine investigation of her 
short stature revealed a low serum IGF-1 level (4.1 nmol/l; normal range 13–35 nmol/l), a 
low serum insulin-like growth factor-binding protein 3 level (1.7 µg/l; normal range 3.3–6.6 
µg/l), while her basal GH (1.2 µg/l) and peak GH concentrations, following a GH releasing 
hormone-arginine stimulation test (51.1 µg/l), was normal, suggesting GH insensitivity.

The patient was splenectomised when she was 25 years of age due to recurrent autoimmune 
thrombocytopenic purpura and splenomegaly. Her medical history revealed recurrent 
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bacterial respiratory tract infections, persistent chronic EBV infection, and other viral 
infections including influenza, rhinovirus, adenovirus infections, and herpes zoster 
reactivation. Other isolated organisms included Staphylococcus aureus, Pseudomonas aeruginosa, 
Stenotrophomonas maltophilia, and Haemophilus influenzae. IgA, IgG2, and IgG4 deficiency were 
diagnosed at the age of 30, followed by intravenous immunoglobulin (IVIG) substitution 
therapy. She developed bronchiectasis following several episodes of pulmonary infections. 
Her additional medical history includes dermatitis, hemangioma, lymphadenopathy, 
and abnormal liver biochemistry tests (LBT). Currently, she was diagnosed with end-
stage lung disease with severe pulmonary hypertension and congestive heart disease. 
Although treated with anti-IL-6 therapy (tocilizumab) she did not show significant clinical 
improvement. During tocilizumab therapy, she developed a psoriasis-like lesion on the big 
toe superimposed by local staphylococcal and herpes zoster infections. Initiation of the JAK 
inhibitor (tofacitinib) resulted in significant relief of clinical signs including pulmonary 
hypertension, but the treatment was paused due to local cryptococcal infection of the toe. 
After prolonged fluconazole therapy, the lesion subsided with a negative microbial culture. 
Reintroduction of tofacitinib (5 mg/daily) was initiated afterward and the therapy improved 
her well-being significantly. Now not only pulmonary hypertension but also congestive heart 
disease is completely under control during tofacitinib treatment. However, the contribution 
of tofacitinib to this remission is speculative. In late 2024, she experienced a 2-month 
history of fever and generalized lymphadenopathy. She had recurrent infections, including 
rhinoviral, adenoviral, oral herpes simplex, and fungal infections. Additionally, increased 
cytomegalovirus and Epstein-Barr virus viral loads were detected. She was treated with 
valganciclovir, which resulted in a reduction of fever. However, a high-positive Toxoplasma 
PCR was also detected in peripheral blood. Consequently, the patient was treated with 
pyrimethamine and sulfadiazine, leading to an improvement in her clinical condition.

Proband III-1, a daughter of proband II-2, was of normal height with the general appearance 
of frontal bossing. She experienced autoimmune thrombocytopenia and leucopenia at the 
age of 10. She had poor pneumococcal vaccination response, recurrent otitis media, recurrent 
pulmonary infection, and herpes zoster reactivation. Causative agents included Pseudomonas 
spp., S. aureus, Acinetobacter spp., herpes simplex virus, influenza B virus, coronavirus, and 
adenovirus. IgA and IgG2 deficiency were found at the age of 16 and IVIG therapy was initiated. 
Hepatosplenomegaly with abnormal LBT and lymphadenopathy was also noted in her medical 
history. She experienced eczematous rashes on all of her extremities and the skin biopsy 
examination revealed non-infectious granulomatous inflammation. She was treated with anti-
B-cell therapy (rituximab) which initially led to improvement of her dyspnea and a reduction 
in spleen size. Following multiple episodes of pulmonary infections, the patient developed 
bronchiectasis. She subsequently succumbed to refractory pulmonary hypertension at the 
age of 25. Despite treatment with diuretics, bosentan, sildenafil, prostacyclins, and immune-
modulating agents such as tocilizumab and tofacitinib, her condition remained unresponsive.

Both of the index patients carried a novel heterozygous variant in exon 11 of STAT3 at 
c.1079A>G. This variant resulted in the replacement of tyrosine by cysteine at position 360 
(STAT3:c.1079A>G; p.Tyr360Cys; NM_139276.3) and was predicted as “tolerated” by the Sort 
Intolerant From Tolerant algorithm (score: 0.14), “possibly damaging” by the Polymorphism 
Phenotyping v2 (PolyPhen-2 score: 0.999), CADD score 29.2 (CADD GRCh38-v1.7), and 
“disease-causing” by Mutation Taster. This identified variant has not been reported as single 
nucleotide polymorphisms in the National Center of Biotechnology Information, GnomAD, 
and other control cohorts.
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The amino acid replacement of p.[Y360C] is located at evolutionary highly conserved 
positions in the DNA binding domain of STAT3 and exposed on the outer surface of the 
molecule (Fig. 1B-C). Although this amino acid replacement was not predicted to significantly 
affect the overall structure of the STAT3 molecule, the local surface region appeared more 
hydrophobic without a charge alteration (Fig. 1D).

Elevated serum levels of STAT3-regulated cytokines and Th17 lymphocytes in 
the blood of patients
Blood samples from enrolled patients and gender-ethnicity-matched healthy controls were 
collected for immunological evaluation. Serum levels of the STAT3-regulated cytokines, IL-6, 
IL-17A, and IL-17F, were markedly elevated in the patients when compared to healthy controls, 
in whom these cytokines were nearly undetectable (Fig. 2A). By contrast, IL-6 production in 
the PBMCs of patients was reduced following PMA/ionomycin stimulation, in comparison to 
PBMCs from healthy controls (Fig. 2B). The finding of high circulating IL-6 in combination 
with diminished capacity of PBMCs to produce IL-6 upon activation is substantiated 
by previous findings, and may be explained by a compensatory mechanism caused by 
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excessive IL-6 overexposure in vivo (48). Considering that STAT3 signaling is essential for 
the generation of Th17 lymphocytes, we assessed Th-subsets and regulatory T lymphocytes 
(Treg) in freshly isolated PBMCs. The frequency of Th17 lymphocytes was slightly higher in 
patients with Y360C STAT3 variants in comparison to the controls. However, this difference is 
not substantial (Fig. 2C). Frequencies of Th1, Th2, and Th22 did not differ between patients 
and healthy controls. Previous reports have indicated decreased Treg numbers in several 
cases of STAT3 GOF (39,41,43). In our study, however, we observed a marginal increase in 
Treg percentage in patients carrying the STAT3 Y360C variant (Fig. 2C).

STAT3 phosphorylation in T lymphocytes is not affected by STAT3 variants
To examine the effect of variants on STAT3 phosphorylation, long-term T lymphocyte 
cultures were established from patient-derived PBMCs. Long-term T lymphocyte cultures 
were used for this purpose in order to reduce the potential confounding effects of in vivo 
pathogens and/or therapy to which patient PBMCs may have been exposed (49). Total STAT3 
levels in T lymphocytes did not differ between patients and healthy controls (Fig. 2D). 
Moreover, STAT3 phosphorylation levels following stimulation with IL-6, IFN-α, or IL-21 
were comparable between patient and healthy control cells (Fig. 2E). Given that some clinical 
features of patients with STAT3 GOF variants were also observed in patients with STAT1 and 
STAT5b LOF variants (40,41,46), phosphorylation of these STAT molecules was investigated. 
STAT1 phosphorylation was clearly diminished in the T lymphocytes of the patients carrying 
the STAT3 Y360C variant following IFN-α stimulation (Fig. 2F). Additionally, a decrease in 
STAT5 phosphorylation following IL-2 stimulation was also observed in these patients, which 
might correlate with the growth delay (Fig. 2G).

STAT3 Y360C ablates nuclear migration of WT STAT3
HEK293 cells express low endogenous levels of STAT3. To investigate the impact of STAT3 
Y360C variants on nuclear translocation, HEK293 cells were transfected with plasmids 
encoding either STAT3 WT or STAT3 Y360C. In the absence of stimulation, STAT3 was clearly 
localized in the cytoplasm. Upon treatment with IFN-α for 30 min, pSTAT3 was detected in 
the nucleus. Cells carrying the STAT3 Y360C variant exhibited stronger nuclear fluorescence 
intensity of pSTAT3 compared to those expressing STAT3 WT (Supplementary Fig. 1).

HEK293 cells were also transfected with a plasmid encoding either GFP-tagged STAT3 WT, 
FLAG-tagged STAT3 WT, or FLAG-tagged STAT3 Y360C. In the absence of stimulation, all 
STAT3 were clearly localized in the cytoplasm (Fig. 3A-E, upper rows). Upon treatment with 
IFN-α, the localization of STAT3 and pSTAT3 was assessed. GFP-tagged and FLAG-tagged 
STAT3 WT, STAT3 Y360C, and pSTAT3 were prominently observed in the nucleus and were 
detected at negligible levels in the cytoplasm, indicating complete nuclear translocation of 
STAT3 (Fig. 3A-C, lower rows).

Since these patients carry a heterozygous STAT3 Y360C variant, we next examined the effect 
of STAT3 Y360C on STAT3 WT protein by co-transfecting HEK293 cells with a plasmid 
expressing GFP-tagged STAT3 WT and a plasmid expressing a FLAG-tagged STAT3 Y360C 
variant. Co-transfection of GFP-tagged STAT3 WT and FLAG-tagged STAT3 WT was used 
as a control. In these control cells, both GFP and FLAG-labelled STAT3 as well as pSTAT3 
were detectable in the nucleus after IFN-α stimulation (Fig. 3D, lower row). Upon IFN-α 
stimulation, FLAG-tagged STAT3 Y360C migrated to the nucleus (Fig. 3E, lower row) 
comparable to that observed in the homozygous situation (Fig. 3A-C, lower rows). However, 
some GFP-tagged STAT3 WT remained in the cytoplasm after stimulation while FLAG-tagged 
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STAT3 Y360C was mostly translocated to the nucleus (Fig. 3E, lower row). This suggests that 
STAT3 Y360C may have a higher efficiency than STAT3 WT in migrating to the nucleus.

STAT3 Y360C exhibits increased DNA-binding and transcriptional efficacy
To investigate the functional effects of STAT3 Y360C variants in greater detail, we established 
HEK293 cells that stably overexpressed STAT3 Y360C or STAT3 WT. Monoclonal cells 
were established from polyclonal pools of stably transduced cells via the dilution method. 
Intracellular staining for STAT3 followed by flow cytometry was used to detect cell clones 
for WT and Y360C, respectively, that expressed equivalent levels of STAT3. Since the Y360C 
variant is located within the DNA binding domain, we assessed its DNA binding capacity 
using an EMSA. Nuclear extracts were prepared from monoclonal HEK293 cells. To ensure 
that equivalent amounts of pSTAT3 WT and Y360C were used in this approach, nuclear 
lysates were first analyzed via western blot analyses (data not shown) before performing 
EMSA experiments. In the unstimulated condition, no DNA binding activity was detected 
for both STAT3 WT and STAT3 Y360C variant (Fig. 4A). STAT3 DNA binding activity was 
detectable following IFN-α stimulation, and the level of DNA binding appeared stronger 
in the nuclear extracts from HEK293 cells expressing the STAT3 Y360C compared to those 
expressing STAT3 WT (Fig. 4A).

Since the clinical and immunological features of STAT3 GOF patients are diverse, luciferase 
reporter assay and SOCS3 expression level analysis are commonly used to confirm the GOF 
characteristic of STAT3 variants (41-43). Here we examined SOCS3 mRNA expression in HEK293 
cells that stably overexpressed STAT3 Y360C or STAT3 WT. IL-6 or IFN-α stimulation resulted 
in far higher SOCS3 mRNA induction in cells transduced with the STAT3 variant constructs, 
compared to that of WT STAT3 at 1–4 h following the stimulation (Fig. 4B). STAT3 activity in 
these cells was also determined using the SIE promoter via a dual-luciferase reporter assay. 
At the basal unstimulated condition, the STAT3 Y360C variant exhibited already a higher 
baseline level of STAT3 activity compared to STAT3 WT (Fig. 4C). Stimulation with IL-6 or 
IFN-α for up to 24 h also resulted in higher activity of STAT3 Y360C in comparison to that of 
STAT3 WT (Fig. 4C).

STAT3 Y360C variant is associated with increased mitochondrial activity in 
PBMCs
As STAT3 also exerts a function in mitochondria, we performed bioenergetics 
characterization evaluating mitochondrial respiration and glycolytic activity in PBMCs from 
patients and healthy controls using a Seahorse XF24 Extracellular Flux Analyzer. PBMCs 
derived from patients with STAT3 Y360C variant displayed enhanced basal mitochondrial 
respiration as indicated by an elevated basal OCR in comparison to control PBMCs (Fig. 5A:  
indicated by (1) and Fig. 5B: indicated by (1)). Respiration linked to ATP production 
(ATP-linked respiration), as measured after administration of the ATP-synthase inhibitor 
oligomycin, was also elevated (Fig. 5A: indicated by (2) and Fig. 5B: indicated by (2)), 
suggesting that patients PBMCs allocate higher oxygen consumption for ATP synthesis than 
PBMCs from healthy controls (50). Maximal respiration measured after administration of 
FCCP uncouplers (Fig. 5A: indicated by (3) and Fig. 5B: indicated by (3)) and the reserve 
respiratory capacity (Fig. 5A: indicated by (4), Fig. 5B: indicated by (4)) were also elevated 
in PBMCs from the patients, demonstrating a larger contribution of mitochondria to the 
bioenergetics layout of Y360C STAT3. No difference in proton leakage and non-mitochondrial 
respiration was observed between PBMCs from patients and healthy controls (Fig. 5A: 
indicated by (5) and (6)). PBMCs harboring the STAT3 Y360C variant exhibited a marginally 
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elevated ECAR under basal conditions, indicating increased lactate production and enhanced 
glycolysis, compared to healthy controls. However, this difference was not statistically 
significant (Fig. 5C and Fig. 5D: indicated by (1)). Collectively, the OCR/ECAR ratio in basal 
conditions indicated a shift towards enhanced mitochondrial respiration in the PBMCs with 
the STAT3 Y360C variant. PBMCs from the patients with the STAT3 Y360C variant also displayed 
fractionally higher glycolytic capacity activity when compared to PBMCs from the healthy 
controls, although this was not statistically significant (Fig. 5C and Fig. 5D: indicated by (2)).

DISCUSSION

GOF variants of STAT3 were found to be associated with severe immune dysregulation. 
However, the clinical presentations of such patients are divergent and the disease mechanisms 
underlying these clinical presentations remain unclear. The current study investigated a novel 
germline variant of STAT3 located in the DNA binding domain and discovered that this variant 
displayed multiple immunological features associated with STAT3 GOF syndrome. To elucidate 
the pathological mechanisms of the STAT3 Y360C variant, immunological profiles, the STAT 
phosphorylation status, cytokine-induced localization of STAT3, DNA-binding activity, STAT3 
transcriptional activity, and mitochondrial activity were investigated.

Elevated serum levels of IL-6, IL-17A, and IL-17F were observed in several patients harboring 
STAT3 GOF variants, which correlated with increased frequencies of Th17 lymphocytes (48). 
The differentiation of Th17 lymphocytes is primarily induced by the exposure of naïve CD4+ T 
lymphocytes to TGF-β in combination with IL-6 and IL-21, while IL-6 by itself does not promote 
Th17 development, as a mono-stimulator (51,52). However, in the absence of proinflammatory 
cytokines, TGF-β directs the differentiation of naïve T lymphocytes into Treg (52). In our 
study, we detected higher frequencies of Th17 lymphocytes, although this increase was not 
considerable. This was associated with elevated serum levels of IL-6 and IL-17 and may be 
considered as potential drivers of autoimmune complications in these patients with STAT3 GOF 
variants. Contrary to our expectations, we did not observe a reduction in Treg frequencies. 
However, a comprehensive report on STAT3 GOF syndrome indicated that Treg cell percentages 
were reduced in only 39% of patients, while IL-17–producing T cells were enhanced in 27%. 
Therefore, these parameters do not assist in the diagnosis of this disease (39).

To examine the influence of STAT3 Y360C variant on various cellular effects, we first measured 
STAT phosphorylations. Cytokine-induced STAT3 phosphorylation did not differ between 
the T lymphocytes of patients and healthy controls. This observation aligns with previous 
findings in other patients with GOF and LOF variants of STAT3, particularly when the variant 
is located further away from the tyrosine 705 phosphorylation site (41,46,53-55). Given that 
interactions between STAT3 and other members of the STAT family have been documented, 
such interactions may influence the functioning of the immune system as well as other organ 
systems, potentially contributing to comorbidities observed in patients carrying the STAT3 
GOF variant (39,41,45,46). Consequently, we investigated the phosphorylation of STAT1 and 
STAT5 in T lymphocytes. In patients with the STAT3 Y360C variant, T lymphocytes exhibited 
a mark reduction in STAT1 phosphorylation upon IFN-α stimulation. Clinical and cellular 
phenotypic similarities of patients with STAT1 GOF and STAT3 LOF variants suggest that the 
mechanisms underlying STAT1 and STAT3 activities may oppose each other (56). In both 
STAT1 GOF and STAT3 LOF patients, hyperphosphorylation of STAT1 is accompanied by 
increased expression of PD-L1 and decreased expression of SOCS3 (56). Overexpression of 
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SOCS3 has been shown to prevent IL-27-induced STAT1 hyperphosphorylation and PD-
L1 expression in CD4+ T lymphocytes of patients with STAT1 GOF or STAT3 LOF variants 
(56). Here, we observed that Y360C STAT3 variant displayed significantly higher levels of 
SOCS3 mRNA expression following IL-6 or IFN-α stimulation compared to WT STAT3. This 
enhanced SOCS3 expression in cells with STAT3 GOF variants may underlie the reduced IFN-
α-induced phosphorylation of STAT1, resulting in increased susceptibility to viral infections 
observed in these patients. Notably, this may also underpin the impairment of IFN-α 
induced STAT1 signaling typically seen in patients carrying the STAT1 LOF variant, who are 
predisposed to viral infections (57).

We also observed that T lymphocytes from individuals carrying the STAT3 Y360C variant 
failed to phosphorylate STAT5 upon IL-2 activation. STAT5 is a crucial downstream signaling 
molecule of the GH receptor, and postnatal growth failure is a major characteristic of 
patients with the STAT5B LOF variant (58). Remarkably, patients carrying the STAT3 Y360C 
variant displayed postnatal growth defects, suggesting that GH-induced STAT5 is likely 
compromised in these patients. Reduction of pSTAT5 may also be associated with increased 
SOCS3 activity, similar to the reduced phosphorylation of STAT1 (41).

Microscopic examination of HEK293 cells transduced with both WT and Y360C STAT3 
constructs allowed us to study cellular mechanisms that mimic the heterozygous state. This 
approach provided insights into how the presence of both WT and mutant STAT3 might 
interact within the same cellular environment. Interestingly, following IFN-α stimulation, we 
observed that WT pSTAT3 in heterozygous STAT3 Y360C HEK293 cells exhibited cytoplasmic 
retention. This behavior contrasts with the complete nuclear localization seen in cells 
expressing only WT STAT3. This suggests that the Y360C STAT3 variant exhibits higher 
nuclear translocation efficiency and may potentially compete with the WT STAT3 for nuclear 
migration. The precise mechanisms by which the Y360C variant affects the subcellular 
localization of WT STAT3 remain unclear. This effect could be attributed to structural and 
biochemical changes resulting from cysteine substitution, leading to the introduction of a 
sulfhydryl group. This group can undergo oxidation, leading to the formation of disulfide 
bonds that stabilize STAT3 dimers which may potentially enhancing nuclear translocation 
(59). Notably, a study on the heterozygous STAT5B LOF variant in the coiled-coil domain 
found that the variant had a nuclear localization defect. Additionally, when dimerized with 
WT STAT5B, the variant prevented the WT from entering the nucleus (60).

Protein-nucleic acid interaction was evaluated using EMSA, revealing that the Y360C STAT3 
variant was associated with increased DNA-binding affinity, which could result in enhanced 
transcriptional activity detected in luciferase reporter assay and SOCS3 mRNA expression. 
These findings are likely linked to alterations in the STAT3 DBD where the variant is 
localized. This substitution introduces a more hydrophobic residue, potentially increasing 
protein-DNA interactions by stabilizing the binding interface (61). Furthermore, disulfide 
bond formation contributed to STAT3 stabilization may influence its conformation and 
DNA-binding properties (62). These modifications might also result in prolonged nuclear 
localization and enhanced transcriptional activity.

Given the identification of STAT3 in mitochondrial function, our study also focused on 
investigating mitochondrial activity in PBMCs from these patients. The results from patient 
PBMCs demonstrated that these samples exhibit significantly higher mitochondrial activity 
compared to controls, as evidenced by elevated basal respiration, ATP-linked respiration, 
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maximal respiration, and reserve respiratory capacity. Additionally, there was a marginal 
increase in ECAR, possibly indicating a shift towards enhanced glycolytic activity. These 
findings suggest that the STAT3 Y360C GOF variant led to a hyperactive mitochondrial state, 
which could contribute to altered immune cell function and potentially impact the overall 
immune response. When stimulated by an infection, increased mitochondrial activity could 
provide more energy needed for immune cells to rapidly proliferate, differentiate, and 
perform their effector functions like phagocytosis, cytokine production, and reactive oxygen 
species production. However, excessive ROS production due to high mitochondrial activity 
could lead to oxidative stress and tissue damage as well (63,64). Supporting the result of our 
investigation, a study demonstrated that CD4+ T cells from older adults exhibit heightened 
basal and maximal OCRs, indicating a reliance on mitochondrial oxidative phosphorylation 
(29). This metabolic state was associated with increased production of proinflammatory Th17 
cytokines. In contrast, activated T cells from younger, lean adults showed higher glycolytic 
activity. Interestingly, investigations utilizing immunoprecipitation and mass spectrometry 
revealed that STAT3 can form a complex with leucine-rich pentatricopeptide repeat containing 
protein and SLIRP in the mitochondrial matrix. This protein complex was related to lung 
tumorigenesis, with the DNA-binding domain of STAT3 being crucial for this interaction (65).

In conclusion, we identified a novel activating variant of STAT3. Patients with this variant 
exhibit a range of immune-related clinical phenotypes. Extensive biological studies revealed 
GOF phenotypes, including enhanced nuclear migration, increased DNA-binding capacity, 
and elevated STAT3 transcriptional activity. The differential phosphorylation of other STAT 
family members may also have contributed to the clinical manifestations in these patients. 
The immunometabolic profiles associated with these variants provide deeper insights into 
the biological functions of STAT3 and may help identify new therapeutic targets. Further 
studies are necessary to expand our understanding of STAT3, which will enhance the ability 
to diagnose and effectively treat patients with STAT3 GOF syndrome.
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1
Immunofluorescence images of HEK293 cells expressing STAT3 WT and STAT3 Y360C. 
Representative images from immunofluorescence microscopy (20× magnification) of total 
STAT3 and pSTAT3 are depicted after 30 min of IFN-α stimulation or without stimulation.
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