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Overview of Inborn Errors of Immunity
Human inborn errors of immunity (IEI), previously 

termed primary immunodeficiency disorders, have a 
historical lineage dating back seven decades. The narrative 
of these diseases started with the seminal identification of 
agammaglobulinemia as the causative disorder in a boy with 
recurrent bacterial infections in 1952 (1). This description 
was followed in 1958 by a report of several Swiss infants 
with alymphocytosis and agammaglobulinemia, receiving 
the designation of Swiss-type agammaglobulinemia (2). 
Studies of patients with IEI diseases have taught us much 
about the complexities of the way that our immune system 
develops and functions. Following Miller’s (3) discovery in 
1961 of the immunological roles of the thymus, Cooper (4) 
discovered the dual roles of the thymus and bursa-dependent 
cell lineages, achieving the concept of T and B lymphocytes 
and adaptive immunity in 1965 (4). This concept enabled 
us to classify Bruton and Swiss agammaglobulinemia as B- 

and T-cell deficiencies, revealing the essential role of these 
cells in protection against infections. Specific therapies 
for IEI came swiftly in the intervening years after their 
discovery. Starting with the use of gammaglobulins for 
antibody deficiency by Ogden Bruton, Charles Janeway, 
and David Gitlin (5,6), this was continued with the 
first pioneer-matched allogeneic hematopoietic stem cell 
transplantation (HSCT) by Robert Good and his colleagues 
in 1968 (7). At around that time, Humphrey Kay and his 
colleagues developed thymic transplantation for DiGeorge 
syndrome (8). These steps symbolized heroic interventions 
for diseases previously deemed incurable and most often 
fatal.

Despite the strides in the clinical management of IEI, 
elucidating disease-associated genes has been a protracted 
endeavor spanning several decades. For instance, Ataxia-
telangiectasia was first reported in 1926 by two Czech 
neurologists (9), while the discovery of the responsible 
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ATM gene was in 1995. In that regard, studies on Ataxia-
telangiectasia by Ahmet İzzet Berkel were foundational 
in initiating the field of IEI in Turkey (10). A similar time 
trajectory is also noted for X-linked agammaglobulinemia, 
which took over 40 years to unravel its genetic underpinnings 
(11), as well as Swiss-type agammaglobulinemia whose 
genetic causation was established in 1993, 35 years 
following the initial description of the disease (12). The 
prototype disorder of primary immune dysregulation is 
immune dysregulation, polyendocrinopathy, enteropathy, 
X-linked (IPEX), leading to impaired CD4+CD25+ 
regulatory T-cells (Tregs) production was first defined in 
1982, while mutations in the causative gene Forkhead Box 
P3 (FOXP3) were discovered in 2000 by different groups 
(13,14). All these and many other discoveries elicit the 
critical role of clinical observations that drive bedside to 
bench investigation to reveal the responsible gene defects 
for the respective disorders. It was no coincidence that 
advances in the field of IEI took place within the context of 
the impressive progress in molecular genetics in the second 
half of the 20th century and were especially propelled by 
gene sequencing methods epitomized by those established 
by Sanger in 1977, leading to the discovery of numerous 
genetic mutations (15).

More recently, the past 15 years have witnessed rapid 
advances in high-throughput next-generation sequencing 
technologies that proved highly productive in the field of 

IEI. These enabled a vast body of translational research, 
spurred by the identification of many new genetic causes 
of IEI (16). The most recent classification of IEI by the 
International Union of Immunological Sciences provides 
numerous single gene defects responsible for unique IEI, 
including 485 genes (17). This classification extends the 
concept of IEI to include not only defects affecting the 
adaptive immune system but also more diverse and complex 
ones, including those impacting innate immunity, diseases 
associated with somatic mutations and autoantibodies, 
and genetic defects extrinsic to the hematopoietic system. 
Furthermore, studies on monogenic disorders led to the 
identification of distinct clinical phenotypes caused by 
different mutations affecting the same gene, resulting 
in amorphic or hypomorphic loss-of-function or, on the 
opposite side, gain-of-function properties in the target 
proteins (18,19). Further complexity emerged in defining 
the mode of genetic dominance in IEI, with new insights 
into dominant-negative, haploinsufficient, and neomorphic 
inheritance (20,21). Consequently, IEI is now appreciated 
to give rise to diverse clinical diseases and phenotypes 
ranging from classically infectious ones such as recurrent 
infections caused by a broad range of microorganisms to 
very narrow susceptibility to particular infections and also 
non-infectious phenotypes presenting with autoimmunity, 
autoinflammation, and malignancy (22-24).

Figure 1. The major development steps in IEI over time. 
ADA: Adenosine deaminase, AT: Ataxia telangiectasia, CGD: Chronic granulomatous disease, ERT: Enzyme replacement therapy, HSCT: Hematopoietic 
stem cell transplantation, IVIG: Intravenous immunoglobulin, SCID: Severe combined immunodeficiency, SCN: Severe congenital neutropenia, SCIG: 
Subcutaneous immunoglobulin, rhIFN: Recombinant human interferon, rhG-CSF: Recombinant human granulocyte-colony stimulant factor, XL: X-linked, 
WAS: Wiskott-Aldrich syndrome. Created by BioRender.
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The advancements in our understanding of IEI stimulated 
in turn striking innovations in therapies. While the focus 
of first-generation therapies, such as immunoglobulin 
replacement therapy and antimicrobial prophylaxis, was 
on protection from disease complications, subsequent 
therapies evolved to offer precision therapies and curative 
interventions. An example of the former includes Janus 
kinase inhibitors for JAK and STAT protein gain of 
function disorders and CTLA4-Ig therapy for a variety 

of immune dysregulatory diseases (25-28). An example 
of the latter is HSCT, whose widespread application was 
propelled by advances in haploidentical transplantation and 
preclinical attempts for the single agent conditioning with 
CD45-antibody drug conjugate or humanized anti-CD117 
antibody. Other examples include thymus transplantation 
and new-generation gene therapies. Promising future 
developments include organoid-based treatment (Using 
patient-derived induced pluripotent stem cells (iPSCs) and 

Table 1. Current available targeted therapies for IEI
Targeted protein Molecule Diseases

mTOR inhibitor Sirolimus, everolimus IPEX, CD25 and CD122 deficiencies, ALPS, LRBA deficiency, CTLA4 
insufficiency, NLRC4-GOF

B7-1 (CD80) binding
B7-2 (CD86) binding Abatacept LRBA deficiency, CTLA4 insufficiency (NCT03733067, DRKS00017736), DEF6 

deficiency

B7-1 (CD80) binding
B7-2 (CD86) binding Belatacept CTLA4 insufficiency

JAK1 and JAK2 inhibitor
Ruxolitinib STAT1/3-GOF, HLH, STAT6-GOF, AGS, SAVI, STAT2 R148-LOF, HCK-GOF, 

STAT5B-GOF, COPA deficiency, SOCS1 haploinsufficiency

Baricitinib STAT1-GOF, CANDLE, AGS, SAVI, COPA deficiency, SOCS1 haploinsufficiency

JAK1 and JAK3 inhibitor Tofacitinib STAT3-GOF, STAT6-GOF, CANDLE, AGS, SAVI, PSMB9-GOF, SOCS1 
haploinsufficiency

P110delta inhibitor Leniolisib APDS (NCT02435173, NCT05438407, NCT02859727)

IL4R-ɑ inhibitor Duplimuab STAT6-GOF

TNF-ɑ inhibitor

Etanercept
DADA2, CANDLE, NEMO deficiency, IKBKG (NEMO exon 5 deletion), TBK1 
deficiencyInfliximab

Adalimumab

CD20 inhibitor Rituximab ALPS, APDS, ALPS-like, APECED, IPEX

IL-12/IL-23 inhibitor Ustekinumab CGD/LAD-1

IL-1R inhibitor Anakinra CAPS (MWS, NOMID, FACS), FMF, TRAPS, HIDS, DIRA, CGD, CDC42 
deficiency, C2orf69 deficiency

IL-1β inhibitor
Canakinumab

CAPS (MWS, NOMID, FACS), DIRA, CDC42 deficiency
Rilonacept

CD52 inhibitor Alemtuzumab HLH

IFN-γ inhibitor Emapalumab HLH

IL-6R inhibitor Tocilizumab STAT3-GOF, RIPK1 deficiency

C5 inhibitor Eculizumab, Pozelimab CD55 deficiency (NCT04209634)

IL-18 binding protein Tadekinig-α NLRC4-GOF, XIAP (NCT03512314)

CXCR4 antagonist Plerixafor WHIM (NCT01058993)

α4β7 integrin antagonist Vedolizumab XLA

AGS: Aicardi-Goutieres syndrome, ALPS: Autoimmune lymphoproliferative syndrome, APDS: Activated phosphoinositide 3-kinase delta syndrome, APECED: 
Autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy, CANDLE:  Chronic atypical neutrophilic dermatosis with lipodystrophy and elevated 
temperature, CAPS: Cryopyrin-associated periodic syndrome, CDC42: Cell division cycle 42, CGD: Chronic granulomatous disease, CID: Combined 
immunodeficiency, COPA: Coatomer protein subunit α, C2orf69: Chromosome 2 open reading frame 69, CTLA-4: Cytotoxic T lymphocyte antigen-4, DADA2: 
Deficiency of adenosine deaminase, DEF6: DEF6 guanine nucleotide exchange factor, DIRA: Deficiency of IL-1 Receptor Antagonist (IL-1RA), FACS: familial 
cold autoinflammatory syndrome, HCK-GOF: Hematopoietic cell kinase-gain-of-function, FMF: familial Mediterranean fever, HIDS: Hyper IgD syndrome, 
HLH: Hemophagocytic lymphohistiocytosis, IL-1R: Interleukin-1 receptor, IL-1β: Interleukin-1 beta, IL-6R: Interleukin-6 receptor, IKBKG (NEMO exon 
5 deletion): Inhibitor of kappa polypeptide gene enhancer in B-cells, Kinase Gamma/Nuclear Factor κB, Essential Modulator, IPEX: Immune dysregulation, 
polyendocrinopathy, enteropathy, X-linked, JAK: Janus Kinase, LAD-1: Leukocyte adhesion defect type 1, LOF: Loss-of-function, LRBA: Lipopolysaccharide-
responsive and beige-like anchor protein, mTOR: Mammalian target of rapamycin, NEMO: Nuclear factor-kappa B essential modulator, NLRC4-GOF: NLR family 
CARD domain containing 4 gain-of-function, NOMID: Neonatal-onset multisystem inflammatory disease, PSMB9-GOF: Proteasome subunit beta type-9-gain-
of-function, RIPK1: Receptor interacting serine/threonine protein kinase 1, SAVI: STING-associated vasculopathy with onset in infancy, SOCS1: Suppressors of 
cytokine signaling, STAT3-GOF: Signal transducer and activator of transcription 3 gain-of-function, STAT1-GOF: Signal transducer and activator of transcription 
1 gain-of-function, STAT6-GOF: Signal transducer and activator of transcription 6 gain-of-function, TBK1: TANK binding kinase 1, TNF-α: Tumor necrosis factor 
alpha, TRAPS: Tumor necrosis factor receptor-associated periodic syndrome, XLA: X-lined agammaglobulinemia, XIAP:  X-linked inhibitor of apoptosis protein, 
WHIM: Warts, hypogammaglobulinemia, infections, and myelokathexis.
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an in vitro artificial thymic organoid system) and genome-
editing approaches (gene and base editing) (16,29-33). 
Furthermore, global patient registries and collaborative 
research efforts have facilitated data sharing and expertise, 
accelerating the understanding and management of IEI. 
These seminal achievements in the IEI era are presented in 
Figure 1. Moreover, increasing awareness of immunological 
pathways linked to the respective disorders promotes the 
use of precision therapies aimed at specific molecular 
targets, which usually offer better disease control than 
known classical treatments (Table 1). 

With the above background in mind, in this issue, we 
will highlight the different aspects of IEI by focusing on 
special relevant areas. These include a historical overview 
of the field of IEI as seen from the perspective of its 
development in Turkey, a country with a long tradition of 
studying these disorders. Specific disease manifestations 
are surveyed in reviews on pulmonary complications 
in monogenic CVID disorders and the outcome of 
SARS-CoV-2 infection in IEI patients. Other reviews 
will address novel molecular mechanisms operative in 
immune dysregulatory diseases, including STAT1, STAT3, 
and STAT6 GOF diseases, LRBA deficiency, monogenic 
inflammatory bowel diseases, and primary atopic disorders. 
We also survey advances in immunoglobulin replacement 
therapy based on new therapeutic formulations and their 
application in IEI. Overall, we hope that these reviews 
would prove helpful in showcasing the guiding concepts 
in the area of IEI and also highlighting the exciting recent 
advances in this field.
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