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Experiments of Nature: Inborn errors of Immunity

• Are human knock-outs

• Caused by monogenic mutations in key genes 

o  result in loss or gain of function

• Compromised immune system

o  severe/recurrent infections

o  allergy/atopic disease

o  autoimmunity

o  Inflammation

o  cancer



Why study Inborn Errors of Immunity?

• Often not clear how gene defect results in clinical 
disease

• Aim: reveal how gene defects result in clinical disease.
- Provide an explanation for disease pathogenesis

- Facilitate diagnosis/therapy

- Determine function of specific genes

- Lead to development of novel therapies

• Studying rare disorders can provide insights into more 
common diseases that affect the general population

- ie allergies, fungal infections (thrush), and viral infections. 
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Primary Atopic Disorders (PADs)

• 508 genes causing 559 inborn errors of 

immunity

• Primary Atopic Disorders refer to ~50 

genes associated with atopic 

manifestations – 

- Early onset, treatment resistant eczema, 

eosinophilia, food anaphylaxis

• Recent reviews

- Ma and Hsu Immunol Rev 2025

- Vaseghi-Shanjani et al. Curr Opin Immunol 

2025

- James et al. J Allergy Clin Immunol 2024



Primary Atopic Disorders

• Skin barrier

- Structural proteins – filaggrin (FLG)

- Intracellular adhesion molecules - corneodesmosin (CDSN), 
desmoplakin (DSP), desmoglein 1 (DSG1)

- Protease inhibitors - SPINK5

• Granulocyte dysregulation (increased mast cell 
degranulation)

- phospholipase C gamma 2 (PLCG2), adhesion G protein-coupled 
receptor E2 (ADGRE2), TPSAB1

• Actinopathies

⁻ DOCK8, WASP, WIP,  ARPC1B, NCKAP1L, STK4



Primary Atopic Disorders

• T-cell receptor signaling

- CARD11 (CARMA1), BCL10, MALT1 – CBM-opathies

- Hypomorphic ZAP70, LAT

• Altered T cell receptor development

- RAG1/2, IL7RA, Artemis, DNA ligase IV, adenosine deaminase 

• Tregopathies

- FOXP3, CD25 (IL-2RA)/STAT5B, CTLA4/LRBA, BACH2

• Metabolic defect

- PGM3



Primary Atopic Disorders

• Cytokine signaling

- IL12R/IFNGR/TBX21

- TGFBR, ERBIN

- JAKs/STATs (Gain-of-function JAK1, STAT6; Loss-of-function 

STAT3)

• Overlap…



Hyper IgE syndrome (HIES)

• Rare primary immunodeficiency: ~ 1 in 100,000

• Characterised by clinical triad:

• Recurrent Staphylococcal and Candida skin abscesses (opportunistic 

infections)

• Recurrent cyst-forming pneumonia (S. aureus, S. pneumoniae, H. 
influenzae)

• Elevated serum IgE (> 10x): other Igs are normal but often lack Ag-
specific Abs

• Atopic disease – eczema and/or food allergies

• Autosomal dominant (AD) and autosomal recessive (AR) forms 



Autosomal dominant hyper IgE syndrome 
(AD-HIES)

• AD-HIES is associated with skeletal symptoms 

- typical HIES face, high palate, retained primary teeth, hyperextensibility of 

joints, scoliosis, osteoporosis, recurrent fractures

- Defects not restricted to the immune system: connective tissue 

phenotypes

Grimbacher et al. 1999. NEJM



2007: AD-HIES is due to mutations in STAT3



Mackie et al. 2023. Clin Exp Immunol



STAT3 activating cytokines

• IL-2/c family of cytokines
 - IL-2, IL-4, IL-7, IL-9, IL-15, IL-21

• IL-6/gp130 family
 - IL-6, IL-11, IL-27, IL-31, LIF, oncostatin M, CNTF

• IL-10 family
 - IL-10, IL-19, IL-20, IL-22, IL-24, IL-26

• IFN family
 - IFN-, IFN-/, IL-28, IL-29

• CSF’s
 - G-CSF, M-CSF, Flt3L

• other
 - IL-12, IL-23, EGF, leptin, growth hormone



STAT3 expression



AD-HIES due to mutations in STAT3

How do defects in STAT3 explain the phenotype of AD-
HIES patients?

1. Opportunistic infections

2. Humoral (antibody) defects

3. Atopic disease
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AD-HIES due to mutations in STAT3

How do defects in STAT3 explain the phenotype of AD-HIES 
patients?

1. Opportunistic infections

• CD4+ T cell defect in generating Th17 cells (require STAT3-
cytokines IL-6, IL-21, IL-23)

(Milner et al Nature 2008; Ma et al JEM 2008; de Beaucoudrey et al JEM 

2008; Renner et al JACI 2008)

2. Humoral (antibody) defects

3. Atopic disease



1. Opportunistic infections:

2. Humoral defects:

• STAT3 loss-of-function (LOF) patients have normal Ig levels 

but often lack Ag-specific Abs

3. Atopic disease



STAT3 LOF B cells can secrete polyclonal, but not 
Ag-specific Ig in vitro

• polyclonally stimulate B cells in vitro for 7 days 

• determine Ig secretion and Ag (tetanus) specific B cells

Avery et al. 2010 JEM
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STAT3 mutations impairs the generation of memory 
B cells
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IL-21 is a potent inducer of human B cell 
differentiation

• Diehl et al., J Immunol 2008

• Avery et al., 2008. Blood

• Dullaers et al., 2009. Immunity

• Pene et al., 2004. J Immunol

• Ettinger et al., 2005. J Immunol

• Good et al., 2006. J Immunol

• Bryant et al., 2007. J Immunol

• Kuchen et al., 2007. J Immunol

• Avery et al., 2008. J Immunol



Q: Is IL-21 induced human B cell differentiation 
dependent on STAT3?



STAT3 is required for IL-21-mediated differentiation of 
naive B cells into CD38+CD27+ plasmablasts



STAT3, but NOT STAT1, is required for IL-21-mediated 
differentiation of naive B cells into Ig-secreting cells



Roles of STAT3 in regulating B-cell responses



What about T follicular helper (Tfh) cells?



Decrease in CXCR5+CD4+ Tfh cells in STAT3 LOF 
patients 



Defective secretion of IL-21 by STAT3 LOF 
memory CD4+ T cells ex vivo



AD-HIES due to mutations in STAT3

How do defects in STAT3 explain the phenotype of AD-
HIES patients?

1. Opportunistic infections

2. Humoral (antibody) defects

• B cell intrinsic: defect in generating memory/effector B cells

o Requirement for IL-21 (Avery et al JExpMed 2010)

• B cell extrinsic: defect in generating T follicular helper cells 

o Requirement for IL-6, IL-12, IL-21, IL-23, IL-27 (Ma et al Blood 

2012; Batten et al JExpMed 2010)

3. Atopic disease



AD-HIES due to mutations in STAT3

How do defects in STAT3 explain the phenotype of AD-
HIES patients?

1. Opportunistic infections

2. Humoral (antibody) defects

3. Atopic disease



Why do STAT3 LOF patients get Hyper IgE?

• STAT3 LOF patients have clear humoral defects

• STAT3 LOF patients have increased serum IgE and associated atopic 

disease

Chandesris et al. 2012 Medicine

Memory B cells Serum IgE



CD4+ T cells (IL-4/5/13) cause allergy

32

CD4+ T cell
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STAT3 LOF CD4+ T cells have increased Th2 
cytokine production
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Dupilumab: mAb against IL-4R (IL-4/IL-13)

mAb binds to the IL-4R𝜶 subunit of the IL-4 and IL-13 receptors

IL-4R𝜶 IL-4R𝜶 IL-13R𝜶1

IL-4 receptor IL-13 receptor

𝜸c



Dupilumab: STAT3 LOF patient resulted in 
decrease serum IgE

• STAT3 LOF patient treated with Dupilumab because of increase 

Th2 cytokines
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Summary 1

• CD4+ T cells from STAT3 LOF patients are skewed 

towards IL-4/5/13 producing cells

• Th2 cytokine producing cells likely contribute to 

allergies in these patients

o STAT3 restrains Th2 cells

• How does STAT3 restrain Th2 cytokine production?
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2018: Unique case of HIES
(Jean-Laurent Casanova, Anne Puel, Vivien Beziat)

• hyper IgE

• atopic dermatitis, eosinophilia, allergy

• recurrent Staph infections

• lung disease (bronchiecstasis, pneumatoceles, pneumonia, 

infections)

• chronic mucocutaneous candidiasis

• connective tissue defects (mild)

Beziat et al. 2018 Sci Immunol



NOT STAT3-deficient patient as “autosomal recessive” 
form of HIES!

• Performed whole genome sequencing

Beziat et al. 2018 Sci Immunol



Summary 2

• ZNF341 regulates expression of STAT3 

• ZNF341 and STAT3-deficient CD4+ T cells are skewed towards Th2 

cytokine producing cells. 

o likely to contribute to allergies/atopic disease in these patients

Beziat et al; Frey-Jacobs et al Sci Immunol 2018



Dupilumab: mAb against IL-4R (IL-4/IL-13)

• ZNF341-deficient patient treated with Dupilumab because of 

increase Th2 cytokines



Dupilumab: mAb against IL-4R (IL-4/IL-13)

• ZNF341-deficient patient treated with Dupilumab because of 

increase Th2 cytokines

Levy et al. JoCI 2020
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Dupilumab: mAb against IL-4R (IL-4/IL-13)

• ZNF341-deficient patient treated with Dupilumab because of 

increase Th2 cytokines

Pre-Dupilumab

12-months post-

Dupilumab

Levy et al. JoCI 2020
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What STAT3 activating cytokine(s) inhibit Th2 
cells?

• IL-21?
o IL-21 or IL-21R deficiency results in combined immunodeficiency 

(recurrent respiratory infections, impaired humoral immunity, severe 

cryptosporidiosis)

o 50% of IL-21R-deficient patients have mild elevation serum IgE, 20% 

susceptible to asthma

• IL-10?
o IL-10 or IL-10R deficiency results in inflammatory bowel disease (IBD)

o No reports of atopic disease or increased serum IgE

• IL-23?
o IL-23R deficiency – Mendelian susceptibility to mycobacterial disease

o No reports of atopic disease or increased serum IgE



WGS hyper IgE syndrome patients
(Vivien Beziat, Anne Puel, Jean-Laurent Casanova) 

• IL-6ST/GP130 
o Receptor for IL-6 family of cytokines (IL-6, IL-11, IL-27, leukemia inhibitory 

factor, oncostatin M)

o gp130-deficient mice die in utero of myocardial, haematological and skeletal 

defects

o Skeletal symptoms due to defects in IL-11 signalling

o Atopic disease, hyper IgE due to defects in IL-6 



IL-6ST deficiency functionally phenocopies 
STAT3 and ZNF341 mutations 
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Summary

• IL-6 working via ZNF341 and STAT3 restrains Th2 cells

o  Absence of IL-6, ZNF341 or STAT3 results in atopic disease



1. Opportunistic infections:

2. Humoral defects:

3. Atopic disease

• B cell extrinsic – increased Th2 cytokine

• B cell intrinsic role?



Increased IgE in STAT3 LOF: B cell intrinsic role

• Mouse 



Increased IgE in STAT3 LOF: B cell intrinsic role

• Mouse 



Increased IgE in STAT3 LOF: B cell intrinsic role

• Human – increased serum IgE 



1. Opportunistic infections:

2. Humoral defects:

3. Atopic disease

• B cell extrinsic – increased Th2 cytokine

• B cell intrinsic role



STAT3: an immune dichotomy

52
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What is the nature of human IgE?

• Difficult question to answer as:

o  IgE is tightly regulated (~0.002% serum Ab)

o  circulating IgE cells are hard to detect



What is the nature of human IgE?

• Difficult question to answer as:

o  IgE is tightly regulated (~0.002% serum Ab)

o  circulating IgE cells are hard to detect

Jimenez-Saiz et al 2019 JACI



What is the nature of human IgE?

• Difficult question to answer as:

o  IgE is tightly regulated (~0.002% serum Ab)

o  circulating IgE cells are hard to detect

Healthy control STAT3 HIES

IgE switched 
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G

Karrnan Pathmanandavel



sc-RNA-seq: IgE switched B cells are present in 
STAT3 LOF patients

Karrnan Pathmanandavel



Single cell RNA/VDJ-seq in STAT3-deficient 
patient

Karrnan Pathmanandavel
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scRNA seq: IgE+ B cells in STAT3 LOF patients 

IL13RA
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scRNA seq: IgE+ B cells resemble MBC2



1. Opportunistic infections:

2. Humoral defects:

3. Atopic disease

• What about food allergies?



Tfh13 cells drive IgE

• Produce IL-4, IL-5 IL-13, IL-21

• Express GATA3 and BCL6

• Level of IL-21 lower than other Tfh cells



Tfh13 distinct from Th2

Mouse

Gowthaman et al. 2019 Science



Human with peanut allergy have Tfh13 cells

Gowthaman et al. 2019 Science



• Looking in different IEI to see what restraisn and promotes Tfh13 
cells

• Compare Tfh13 population between food allergy vs atopic 
dermatitis vs allergic rhinitis etc

• Assess Tfh13 population after Dupilumab treatment

- useful in treating food anaphylaxis

65

Current projects



Tfh13 cells are elevated in DOCK8 def but not 
STAT3 LOF

Siniscalco et al. 2025 J Exp Med (accepted)
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