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555

Genetically-Distinct IEI,

63 Novel since 2023 

Poli et al., IUIS Classification, 2024

Next-

Generation 

Sequencing 

(NGS)

What are Inborn Errors of Immunity (IEI)? 
Rare Monogenic (Single-Gene) Disorders of the Immune System 

How Rare?

Estimated: 1:1,000-5,000

True Prevalence: ~1:500

?



Inborn Errors of Immunity (IEI): Clinical Heterogeneity 

Diverse Spectrum of Clinical Phenotypes

Adapted from Ng et al., 2023
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Notarangelo et al., 2020

IEI: Genetic and Molecular Heterogeneity
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Akalu & Bogunovic, 2024
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Severe Combined 

ImmunoDeficiency (SCID)

due to

RAG Mutations

Protein 

Expression &

Functional Impact

Clinical Phenotype

Inborn Errors of Immunity (IEI): Different Functional 
Outcomes  One Gene, Many Phenotypes

RAG  Mutations, i.e. Genotype

Notarangelo et al., 2016

Abbas, Litchman & Pillai; Cellular & Molecular Immunology 10th edition

CIDSCID



Notarangelo et al., 2020

IEI: Genetic and Molecular Heterogeneity
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What is the Problem that we want to Solve in IEI?

From Scientists Perspective: Dissect Mechanism

Kim et al., 2024

From Patients Perspective: 

Shorten the Long Diagnostic Odyssey …



Why Do We Need & Care To Solve This Problem in IEI?

Efficiency of Diagnosis = Improved Survival

Schuetz et al., 2023

Organ Damage prior to 

Hematopoietic Stem Cell Transplant (HSCT)

Uncontrolled Infections prior to 

Hematopoietic Stem Cell Transplant (HSCT)



Precision Medicine = Personalized Pathway-Specific Therapy

The goal of precision medicine is to treat the right patient with 

the right treatment to at the right time

Efficiency of Diagnosis + Precise Therapy = 
Improved Survival & Quality of Life

We don’t just want our Patients to Survive …

We Want them to Thrive

Why Do We Need & Care To Solve This Problem in IEI?



Notarangelo et al., 2020

IEI: Genetic and Molecular Heterogeneity
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How do We Solve this 
Problem …

Faster while keeping 
our Patients Well?



How do we Find “The Right Patient:” 
The Traditional “Wholly Trinity” of IEI Diagnosis

Adapted from Abraham & Butte, 2021

Clinical Presentation 

& Family History

Genetic Analysis

Identification of Variants

Clinical Immune 

Diagnostic Evaluation

Accurate 

Efficient

IEI 

Diagnosis



IEI Categories Based on Clinical Phenotypes

Infections
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IEI Categories Based on Clinical Phenotypes



‘Boy in the Bubble’ Moved a World He Couldn’t Touch



Severe Combined Immunodeficiency (SCID)

• Incidence of approximately 1 in 50,000 births

• Defects of cellular and humoral immunity, with the hallmark of 

a severe deficiency of T cells

• Collection of individual primary immunodeficiency diseases

• Although typically appearing normal at birth, infants are at risk 

for life-threatening infections

• Correctable by hematopoietic stem cell transplantation 

(HSCT), enzyme replacement therapy, and/or gene therapy



T Cell Generation & 
Function



T Cell Development
VDJ Recombination (T & B Cells)

T Cells

T Cell Receptor (TCR)

Gene Rearrangement

B Cells

B Cell Receptor (BCR)

Gene Rearrangement



Severe Combined Immunodeficiency
T-cell Receptor Excision Circle (TREC)

Puck JM, J Allergy Clin Immunol, 2012
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SCID Genetic Etiologies: What is the Lymphocyte Phenotype?
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Collins et al., J Clin Immunol (JOCI), 2021



Collins et al., J Clin Immunol (JOCI), 2021



Collins et al., J Clin Immunol (JOCI), 2021



Bosticardo et al., Blood Advances, 2020

Artificial Thymic Organoids (ATO) as 

a Reliable Diagnostic Tool for Patients with 

Undifferentiated (Severe) Combined Immune 

Deficiency (SCID and CID)



Artificial Thymic Organoids (ATO) as 

a Reliable Diagnostic Tool for Patients with 

Undifferentiated (Severe) Combined Immune 

Deficiency (SCID and CID)

Bosticardo et al., 

Blood Advances, 2020



Bosticardo et al., Blood Advances, 2020



Primary & Secondary Defects of the Thymus

Dinges et al., Immunol Rev, 2024



Genetic Etiologies of Congenital Athymia and 
Impact of Embryogenesis

Kreins et al., Semin Immunopathol, 2021



Kreins et al., Front Immunol, 2021

Thymus Implant: 
Lymphostromal Crosstalk in Thymic Grafts



Congenital Athymia: 

Rethymic® FDA Approved October 2021





Congenital Athymia: Immune Reconstitution post Implantation

Markert et al., J Allergy & Clin Immunol (JACI), 2021



Congenital Athymia: Outcomes 

& Complications

Markert et al., J Allergy & Clin Immunol (JACI), 2021



Kreins et al., Front Immunol, 2021

Thymus Implant: Future Directions



Fitch et al., J Allergy Clin Immunol, 2022

Thymus Implant: Promoting Transplantation Tolerance
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Nelson & Baloh, 2024



• 5yo girl with previous diagnosis of Common Variable ImmunoDeficiency 

(CVD).  For the past 3-4 months she has had large cervical and inguinal 

lymphadenopathy and splenomegaly, bloody stools, on/off fevers

• History of recurrent pneumonias, hypogammaglobunemia, mild T cell 

lymphopenia, currently on IVIG

• Mother says she sleeps poorly and stops breathing sometimes, and has 

many URIs

• History of positive EBV and CMV PCR in blood

• Previous lymph node biopsy was negative for malignancy

• No increased number of double negative T cells



The Issue is in the Tissue

Respiratory 

Tract

Gastrointestinal 

Tract

Lymphoid 

Hyperplasia

Predominance of T follicular 

helper (Tfh) cells in GI Tissue

Lucas et al, 2014; Hatzi et al, 2015



PI3 Kinase Catalytic Subunit p110δ GOF result in 

T cell Senescence and Human Immunodeficiency

Activated PI3K Delta Syndrome (APDS)

• Sinopulmonary infections

• Lymphadenopathy

• Nodular lymphoid hyperplasia

• Viremia with EBV and/or CMV

• Deficiency of naïve T cells but over representation of senescence 

effector T cells

• In vitro: T cells from patients exhibited increased 

phosphorylation of kinase Akt and hyperactivation of mTOR 

→ Gain-Of-Function (GOF) mutation
Lucas et al, 2014

Whole Exome Sequencing of 3 kindreds



Back to our Patient

• Whole Exome Sequencing demonstrated a new PI3K 

p110δ mutation – new phenotype with Tfh predominance 

(2015)



Immune Cells Are Regulated By 

Phosphoinositide 3-Kinases (PI3Ks)

Catalytic Regulatory

p110α

p110β

p110γ

p110δ

p85α, p55α, p50α

p85β, p55γ

Phosphorylates 

membrane lipid 

PIP2 to PIP3 

Stabilizes and 

inhibits catalytic 

subunit

PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol 3,4,5-trisphosphate.

Fruman DA, et al. Cell. 2017;170(4):605-635.

PI3Ks

Growth Metabolism Differentiation Proliferation Motility Survival



Balanced Signaling In The PI3Kδ Pathway Is Essential 

For Growth, Cognition, And Healthy Immune Function

1. Fruman DA, et al. Cell. 2017;170(4):605-635. 2. Okkenhaug K, Vanhaesebroeck B. Nat Rev Immunol. 2003;3(4):317-330. 3. Chantry D, et al. J Biol Chem. 1997;272(31):19236-19241. 
4. Petrovski S, et al. J Clin Immunol. 2016;36(5):462-471. 5. Nieuwenhuis B, et al. EMBO Mol Med. 2020;12(8):e11674. 6. Coulter TI, et al. J Allergy Clin Immunol. 2017;139(2):597-606. 
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PI3Kδ activity 

results in normal 

development of B 
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normal growth 

and cognitive 

development1,2,4-6
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Ubiquitous 

expression 
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[1,2]
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[3]

FOXO, forkhead box O; mTOR, mammalian target of rapamycin; PDK1, phosphoinositide-dependent protein kinase 1; PI3Kδ, phosphoinositide 

3-kinase δ; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol 3,4,5-trisphosphate; PKB, protein kinase B.



APDS1 And APDS2 Result In PI3Kδ Pathway 

Hyperactivity And Altered Immune Function

Catalytic p110δ 

subunit

GOF mutation in 

the PIK3CD gene

APDS1

Regulatory p85α 

subunit

LOF mutation in the 

PIK3R1 gene

APDS2 

Hyperactive PI3Kδ pathway

[1,2]

[1,3-6]

[3]
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1. Fruman DA, et al. Cell. 2017;170(4):605-635. 2. Okkenhaug K, Vanhaesebroeck B. Nat Rev Immunol. 2003;3(4):317-330. 3. Lucas CL, et al. Nat Immunol. 2014;15(1):88-97. 5. Angulo I, et al. Science. 

2013;342(6160):866-871. 5. Lucas CL, et al. J Exp Med. 2014;211(13):2537-2547. 6. Deau MC, et al. J Clin Invest. 2014;124(9):3923-3928. 7. Coulter TI, et al. J Allergy Clin Immunol. 2017;139(2):597-606. 

8. Elkaim E, et al. J Allergy Clin Immunol. 2016;138(1):210-218. 9. Petrovski S, et al. J Clin Immunol. 2016;36(5):462-471. 10. Tangye SG, et al. J Clin Immunol. 2019;39(2):148-158.



Hyperactive PI3Kδ Alters Immune Cell Phenotypes

B cells1-4 T cells1-4

CD4+

CD8+

Effector memory CD8+

Inverted CD4+/CD8+ ratio

Follicular T helper

NK cells

B cells (CD19+)

Transitional B cells

Memory B cells

Total CD8+ skewed to TEM/TEMRA 

(senescent)

Defects in class-switch 

recombination 

Severe, Recurrent, 
Persistent Infections:

• Sinopulmonary

• Herpesvirus (especially 
EBV and CMV)

Lymphoproliferation: 

• Lymphadenopathy 

• Splenomegaly/hepatomegaly 

• Nodular lymphoid hyperplasia

Enteropathy

Autoimmunity: 

• Cytopenias

• Autoimmune disorders

• Autoinflammatory disorders

Bronchiectasis

Lymphoma

Common Symptoms of APDS2,3

1. Lucas CL, et al. Nat Immunol. 2014;15(1):88-97. 

2. Coulter TI, et al. J Allergy Clin Immunol. 2017;139(2):597-606. 
3. Elkaim E, et al. J Allergy Clin Immunol. 2016;138(1):210-218. 

4. Jamee M, et al. Clin Rev Allergy Immunol. 2020;59(3):323-333. 



Hyperactive PI3Kδ Alters Immune Cell Development

APDS was known as PASLI because 

GOF of p110δ-activation leads to 

• Senescence of T effector cells

• Lymphadenopathy, and

• Immunodeficiency

Elevated circulating transitional B cells1-4 Senescent T effector cells1-4

Outcomes of Hyperactive PI3Kδ2,3

Immune deficiency and dysregulation, lymphoproliferation, autoimmunity, cytopenias

Impaired generation of 

memory B cells

Increased infections

Autoimmunity 

Lead to lymphadenopathy2,3,5

1. Lucas CL, et al. Nat Immunol. 2014;15(1):88-97. 2. Coulter TI, et al. J Allergy Clin Immunol. 2017;139(2):597-606. 3. Elkaim E, et al. J Allergy Clin Immunol. 2016;138(1):210-218. 

4. Jamee M, et al. Clin Rev Allergy Immunol. 2020;59(3):323-333. 5. Maini R, Nagalli S. In: StatPearls Internet. Treasure Island, FL: StatPearls Publishing; 2021-.

APDS, activated phosphoinositide 3-kinase δ syndrome; GOF, gain-of-function; PASLI, p110δ-activating mutation causing senescent T cells, lymphadenopathy, and immunodeficiency; PI3Kδ, 
phosphoinositide 3-kinase δ. 



PI3Kδ Hyperactivity Alters Immune Phenotypes, 

Leading To APDS Symptoms

[1,2]

3-6

↑ CD8+ effector/memory T cells
↑ CD8+ T cell senescence
↻ Inverted CD4+/CD8+ T cell ratio
↑ Transitional B cells
         or ↑ IgM

↓ Naïve and CD4+ T cells
↓ Memory T cell function
↓ B cells (lymphopenia)
↓ Memory B cells
         or ↓ IgG/IgA

Excess of immature 

or senescent cells
Deficit of 

functional cells

Severe, Recurrent, 
Persistent Infections:

• Sinopulmonary

• Herpesvirus (especially 
EBV and CMV)

Lymphoproliferation: 

• Lymphadenopathy 

• Splenomegaly/hepatomegaly 

• Nodular lymphoid hyperplasia

Enteropathy

Autoimmunity: 

• Cytopenias

• Autoimmune disorders

• Autoinflammatory disorders

Bronchiectasis

Lymphoma

Hyperactive 

PI3Kδ activity

Common Symptoms of APDS4,5

1. Fruman DA, et al. Cell. 2017;170(4):605-635. 2. Okkenhaug K, Vanhaesebroeck B. Nat Rev Immunol. 2003;3(4):317-330. 3. Lucas CL, et al. Nat Immunol. 2014;15(1):88-97. 4. Coulter TI, 

et al. J Allergy Clin Immunol. 2017;139(2):597-606. 5. Elkaim E, et al. J Allergy Clin Immunol. 2016;138(1):210-218. 6. Jamee M, et al. Clin Rev Allergy Immunol. 2020;59(3):323-333. 

APDS, activated phosphoinositide 3-kinase δ syndrome; CMV, cytomegalovirus; EBV, Epstein-Barr virus; FOXO, forkhead box O; Ig, immunoglobulin; PDK1, phosphoinositide-dependent protein kinase 1; 

PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3, phosphatidylinositol 3,4,5-trisphosphate; PI3Kδ, phosphoinositide 3-kinase δ; PKB, protein kinase B.



APDS Evolves Over Time And May Be Underdiagnosed

Cytopenias, arthritis, or other immune dysregulation 

Infant 

infections

Benign

lymphoproliferatio

n

Malignancy

Median age at diagnosis: 12 years

(7-year median diagnostic delay)

A careful family history may be especially useful in diagnosis. A goal of early 

diagnosis and treatment is to interrupt the disease evolution1-4

Ages are median ages of onset, in years1-3

<1 year 3 years 5 years 11.2 years*

Autoimmunity

10.5 years 18 years

Bronchiectasis Enteropathy

Timeline of the Most Common Pathologies Seen in APDS 

1. Jamee M, et al. Clin Rev Allergy Immunol. 2020;59(3):323-333. 2. Maccari ME, et al. Front Immunol. 2018;9:543. 3. Elkaim E, et al. J Allergy Clin Immunol. 2016;138(1):210-218.e9. 

4. Condliffe AM, Chandra A. Front Immunol. 2018;9:338.

*In Elkaim APDS2 cohort, median age of bronchiectasis is 13, in Maccari ESID cohort median age is 11.2.

APDS, activated phosphoinositide 3-kinase δ syndrome; ESID, European Society for Immunodeficiencies.



Back to our Patient

• Whole Exome Sequencing demonstrated a new PI3K p110δ 
mutation – new phenotype with Tfh predominance (2015)

• Rapamycin (mTOR inhibitor) treatment resulted in 
improvement of symptoms (2015)

• Several PI3K inhibitors in trials: Idelalisib FDA approved in 
2014 for CLL (combination therapy with rituximab), Leniolisib 
(2015)



Precision Medicine in Real Time!

2017 







2023 







Lim et al., 2025



Mechanisms Impaired in IEI with Autoimmunity and 

relative Therapeutic Approaches

Giardino et al., 2023



Secondary Immunodeficiency in Hematological   

Malignancies in the Era of Modern Oncology

Shah et al., 2023



Elmoursi & Barmettler, JACI, 2025



Elmoursi & Barmettler, JACI, 2025



¡Muchas Gracias!



Hsieh Lab and Division of Allergy & Immunology is HIRING!!!
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