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Susceptibility to a broad 
range of pathogens

Susceptibility to a narrow 
range of pathogens

Autoimmune and hyper-
inflammatory manifestations

Hematopoietic-intrinsic defects Extra-hematopoietic defects
(“intrinsic” immunity)

Diagnosis based on clinical 
and laboratory abnormalities One gene, 

one disease

One gene,
many phenotypes

Many gene,
one same phenotype

Supportive therapy

Cellular therapy
(HSCT)

Molecular therapy
(gene therapy)

Precision medicine
(targeting precise 
biochemical defects)

Inborn errors of immunity:
A continuously evolving story

(Notarangelo et al., Science Immunology 2020)



Inborn errors of immunity: The genetic revolution
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Number of Genetic Defects Reported

485 Inborn Errors of Immunity

Multiple mutational mechanisms

(LOF, GOF, DN, haploinsufficiency, neomorphic)

Different patterns of inheritance for IEI associated with a same gene

Somatic mutations and phenocopies

(Tangye et al., J Clin Immunol, in press)



New gene defect discoveries in all categories of IEI
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(Tangye et al., J Clin Immunol, in press)



Different diagnosis
Different diagnosis AND treatment
Different treatment
No change in diagnosis and treatment

Use of whole exome sequencing and copy number variation 
in the diagnostic approach to inborn errors of immunity:

which effects on final diagnosis and treatment?

(Stray-Pedersen et al., JACI 2017)

N=110 families



Challenges in the interpretation of genetic data 

How to define pathogenicity?

✓ Nature of the variant

✓ Previous associations in patients with disease

✓ Interrogation of population-based public databases

✓ Predictive tools

✓ Functional studies, animal or cellular models

Even for well-defined disease-associated genes, there is a need for a resource that 

would provide comprehensive assessment of individual variant pathogenicity

The problem is even more significant when potentially disease-causing 

variants are identified for the first time in single cases       



Challenges in the interpretation of genetic data 

• NIH-funded resource dedicated to building a central resource that defines the 

clinical relevance of genes and variants for use in precision medicine and research

• Has developed a framework to standardize the approach to determine the clinical 

validity for a gene-disease-pair. This framework:

• Defines the criteria needed to assess clinical validity

• Describes the evidence supporting a gene-disease association in a semi-

quantitative manner

• Allows curators to use this information to methodically classify the validity of a 

given gene-disease pair

Ivan Chinn Bodo Grimbacher Roshini Abraham Stuart Tangye Troy Torgerson





et al.



- DNA-based screening assays (WES, WGS)

- Metabolite-based screening assays (mass spectrometry)

- Protein based assays

Evolution in newborn screening for IEI



Toward a Systems Immunology approach 

to the study of inborn errors of immunity



Single-Cell Biology

Application of technologies that enable multi-omics investigation at the 

level of the building block of life, a single cells. By accelerating the 

development and application of single-cell tools and technologies, we can 

better understand how disease manifests in the body’s cells and tissues.

The HCA seeks to understand how the cells in our 

bodies work together to form our organs and carry out 

specific physiological functions essential to life. A view 

obtained from a diverse set of people will help us better 

understand human biology, as well as the contributions 

of our environments and genetics to the ways in which 

our cells work to keep us well. 



(Ginoux et al., Immunity 2022)

Building an immune “Rosetta Stone” integrating multi-omics and clinical metadata



Inborn errors of immunity: From clinical description to 
molecular definition and precise medicine 

The virtuous circle of research

1. Investigators highly motivated to identify and 

fully characterize the molecular defect 

underlying the disease

2. Team effort

3. Objective: understand the pathophysiology of 

the disease and develop novel targeted forms 

of intervention
Bioinformatic

analysis

Validation of

gene defect

Genetic

counseling

New forms

of treatment

Clinical

description

Cellular and

molecular

phenotype

WES/WGS



CTL4-Ig for CTLA4 and LRBA 

deficiency

Clinical trials 

with PI3Kd

inhibitors

in APDS

Complement 

inhibitors in CD55 

deficiency

Enzyme replacement therapy 

approved for ADA-SCID

IL-1 antagonists in 

autoinflammatory diseases

JAK inhibitors in the 

treatment of IFNopathies

Precision medicine in inborn errors of immunity



(Nature Reviews Genetics, 2022)



Gene Therapy for SCID

(NIH, September 14, 1990)



(Kohn L. and Kohn D., Frontiers in Immunology 2021)

The expanding application of virus-mediated gene transfer

(gene addition) to correct inborn errors of immunity 



CRISPR-Cas9

X

Homology-driven repair

mutation X
Donor template

Endogenous mutant allele

A look into the near future: Gene editing for IEI

- avoids risks of insertional mutagenesis

- maintains endogenous regulation
of gene expression

- less efficient than LV-mediated

gene transfer

- risk of off-site targeting

Advantages Disadvantages



EBV-transformed

B-cell

CD8+ T-cell NK cell

MAGT1-deficient

patient

EP with GMP-grade

MAGT1 mRNA

TCR

NKG2D NKG2D

mRNA-Transfection of Autologous CD8+ and NK Cells in MAGT1 Deficiency

killing of

EBV-transformed

B-cell

Exploiting the potential of gene therapy:

Transient correction of disease phenotype through mRNA delivery

(De Ravin et al, Blood Advances 2020) (Brault et al, Cytotherapy 2021)



“Now is the time to take actions to ensure reasonable pricing of gene therapy products… 

Change could be enacted by leveraging companies’ corporate social responsibility. We 

propose that payers incentivize companies involved in gene therapy to create ad hoc 

subsidiaries for these activities and organize them according to the Benefit Corporate concept”

Gene therapy and access to care: also a matter of money

“Cost is at the center of the gene therapy accessibility problem….. With the handful of gene 

therapies already on the market costing on average 30 times the median household income in 

the United States per dose, there are growing concerns that not all patients will be able to 

afford these treatments, and this will exacerbate existing inequalities. Moving forward, drug 

companies, payers, policymakers and patient-advocacy groups need to work together to 

develop innovative solutions to ensure that access to gene therapies is truly equitable.”



• Collaboration

- At all stages, from gene discovery and validation to clinical development and launch of new drugs

- Orphan drug sales are expected to account for ~20% of US drug sales by 2024

- Rare Disease Company Coalition (launched in 2021, 225 rare disease development programs)

- Involvement of patient advocacy groups, patients and caregivers in this process is essential

• Empowering patients

- Empowered patients can inform better and more effective trial design

• Early diagnosis and new technologies

- Shortening the diagnostic journey is both needed and possible!

- International Rare Diseases Research Consortium (iRDiRC) – partnership of the EU Commission and NIH

- Goal to stimulate the development and approval of 1,000 new therapies for rare diseases by 2027

- New technologies: Rare Disease Cures Accelerator-Data and Analytics Platform (RDCA-DAP®)

- Advances in genome sequencing: increase in diagnostic yield and in immediate clinical actionability

- Artificial Intelligence: new algorithms supporting diagnosis, GestaltMatcher

(Amanda Henkel, Nucleus Global)

Rare diseases – looking into the future with hope




