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Introduction
Both extracellular and intracellular pathogens are protected by 

the anamnestic immune response. In order to eliminate invading 
pathogens and generate sterilizing immunity, two distinct subsets of 
cells, the B cells (which target extracellular pathogens) and the T cells 
(which eliminate intracellular pathogens), play complementary roles. 
B cell receptors (BCRs) and immunoglobulins (Igs) play a significant 
role in B cell-associated immune responses. The understanding of how 
the Ig molecule interacts with its cognate antigen and triggers the B 
cell response has led to revolutions in two major domains of modern 
healthcare: laboratory diagnostics and immunotherapy. Without 
Kohler and Milstein discovering the process to generate monoclonal 
antibodies (MAb) in the early to mid-1970s, laboratory medicine would 
have been in a state of arrested development. A number of disease-
specific biologics have also been developed since this seminal discovery 
in the subsequent decades. A number of key molecular regulators of 
B cell development and responses have been identified from studying 
inborn errors of B cell immunity [1]. Humans were first diagnosed with 
X-linked Agammaglobulinemia (XLA) as an inborn error of immunity 
(IEI). Based on an analysis of clinical presentations and laboratory 
findings in patients with predominantly B cell IEI, this review highlights 
how our understanding of B cell development and humoral immunity 
has evolved over the past 70 years [2]. The report begins with a brief 
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history of XLA, one of the prototypical B cells IEIs, followed by an 
overview of what we currently know about a few representative B cell 
IEIs that are routinely considered as part of the differential diagnosis 
in patients with deficiencies in B cells and antibodies. Following our 
discussion of diagnosis and treatment options for B cell IEI, we finish 
by offering some thoughts on how the future may affect the way we 
diagnose and treat B cell IEI [3].

A Look Back at the Past
Novel therapeutics have been developed and applied as a result 

of advances in understanding immune mechanisms of rheumatologic 
diseases. A number of small molecule inhibitors, fusion proteins, and 
biologics are now being “borrowed” from other indications and used 
to treat autoimmunity, lymphoproliferation, and malignancy involving 
IEI. Therapeutic agents are used in precision medicine to modulate 
intracellular pathways whose function is altered by genetic defects [4]. 
Some IEIs are being treated using this approach. It is inherently difficult 
for rare diseases like IEI to be studied in well-controlled clinical trials 
and these new therapeutics must be applied in unique ways by clinical 
immunologists to improve patient outcomes [5].

Humans are the first species to be identified with the IEI XLA. The 
laboratory examination of a serum sample taken from an eight-year-
old boy with multiple episodes of bacterial sepsis in early childhood 
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Abstract
As primary immunodeficiencies (PI) have evolved rapidly over the past 20 years, and immune dysregulation has been recognized as a characteristic in some, 

the term “inborn errors of immunity” (IEI) has become a more comprehensive description of these conditions. Monogenic disorders of the immune system have 
historically been characterized as disorders affecting T cells, B cells, or a combination of T and B cells. Innate immune disorders can also be classified as a monogenic 
disorder. Recently, immunologists have also recognized that some genes are incompletely penetrant or express themselves differently across genotypes and result in 
IEI due to incomplete penetrance or variable expression. In the IUIS classification of immune deficiencies, small molecule inhibitors and biologics are used to treat a 
subset of disorders called immune dysregulation. Until recently, the only treatment options were prompt treatment of infections, gamma globulin replacement, and 
bone marrow transplant. Small molecule inhibitors, biologics, gene therapy, and adoptive transfer of virus-specific T cells are all available to fight viral infections in 
immunocompromised patients. Over the past two decades, several significant contributions have fuelled rapid advancements in clinical immunology. As a result 
of educational efforts to recruit young immunologists into the field, a world-wide community of clinicians and researchers interested in rare diseases has grown. In 
addition, IEI’s efforts to raise global awareness have contributed to international collaborations, as have advances in diagnostic genetic testing, newborn screening, 
molecular biology, gene correction, immune modulators, and the ex vivo expansion of engineered T cells. The purpose of this short communication is to provide a brief 
compendium of IEI that affect B cells at specific stages of their development, as well as some educated viewpoints on how these disorders may be managed in the future.
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San Jose, Calif., USA, provided clone 53/BTK, a monoclonal antibody 
specific for BTK (blue histograms) which was used to detect cytosolic 
BTK (blue histograms). Those numbers in parentheses indicate the 
reference ranges (5th - 95th percentiles) for that particular cell subset, 
derived from background-subtracted median fluorescence intensities 
(MFIs) of BTK expression. Within each histogram overlay plot, the 
numbers reflect background-subtracted BTK expression in the specific 
cell subset for each donor [13]. Detailed histogram overlay plots are 
shown for the carrier monocytes, showing the background-subtracted 
BTK MFI values as well as the frequency (%) of BTK(+) and BTK(−) 
monocytic populations. Additionally, a dose-matched, isotype control 
Ab (pink histograms) was used to test the specificity of the BTK signal. 
A second internal control of specificity is provided by T cells, since they 
lack BTK expression [14].

In the Present Day
Molecular diagnosis is becoming clearer for patients who 

previously had an unclear molecular diagnosis as primary B cell IEI 
rapidly expands. The predominantly B cell IEI umbrella includes nearly 
50 distinct clinical entities [15].

Detailed discussion of each clinical entity is beyond the scope of 
this report; nevertheless, some of the disorders have been highlighted, 
including a few recently discovered (PU.1, and Ikaros transcription 
factor disorders), which are important in the development and 
differentiation of B cells despite being uncommon [16].

IEI predominantly associated with B cells. According to both the 
2019 update from the international union of immunological societies 
(IUIS) and the 2022 update, this figure lists both genetic defects 
underlying the disease as well as its name (in red). In addition to the 
phenotype of the disease as well as the degree to which the different 
isotypes of Ig as well as the number of B cells are decreased, these defects 
can display both autosomal recessive as well as autosomal dominant 
patterns. Since heterozygous variants of this gene can also occur in 
healthy individuals, the variants can be considered disease-modifying 
rather than disease-causing. Transcription factor: TF [17].

B cell maturation and differentiation genes that target defined 
steps. A description of the immune defects caused by the genes (labelled 
in red) is presented in this report. Despite not being included in the 
latest IUIS classification for primarily Ab deficiencies, these genes are 
associated with defects in Ab isotype switching (CD40LG) and immune 
dysregulation. In addition to early onset hypogammaglobulinemia 
(CTLA4 and LRBA), which is part of a spectrum of widespread immune 
aberrations that also include autoimmunity, these genes contribute to 
immune dysregulation. Bone marrow is home to these cell populations 
[18].

PU.1

The most common congenital agammaglobulinemia is XLA, but 
several other congenital agammaglobulinemias can be inherited either 
autosomal dominantly or recessively (μ chain, Igα, Igβ, λ5, E47, BLNK, 
PIK3R1). Congenital agammaglobulinemia has recently been linked 
to PU.1 haploinsufficiency. A patient suffering from PU.1-related 
agammaglobulinemia presents to the hospital within the first year 
of life. They usually suffer from recurrent sinopulmonary infections 
and invasive bacterial infections. These patients do not appear to 
have mycobacterial infections despite a quantitative and qualitative 
conventional dendritic cell deficiency. As an example of an early-stage 
defect, PU.1-related B cell immunodeficiency results in the arrest of the 
pro-B cell stage.

revealed that no globulin fraction was present when the sample 
was electrophoresed. The exact molecular defect contributing to 
agammaglobulinemia was not identified for forty years after this seminal 
observation. Bruton’s tyrosine kinase (BTK) is a cytoplasmic tyrosine 
kinase encoded by a gene on the long arm of the X-chromosome. 
Approximately 1 in 200,000 children suffer from this disorder [6]. It is 
typically diagnosed as maternal antibodies start to decline, resulting in 
an absence of an endogenous humoral immune response, which makes 
children susceptible to childhood infectious diseases. As a result of 
hematopoietic progenitor stem cells, BTK is found in several cell types, 
but what separates B cells from the other BTK-containing cell lineages 
is the way that signals transduced by this molecule are crucial to the 
generation of naive, mature B cells in the bone marrow, which enter 
the circulation. It should be noted, however, that BTK expression is not 
required in terminally differentiated B cells, since plasma cells do not 
express it [2, 7]. Consequently, developing B cells in the bone marrow 
fail to differentiate past pre-B-I state if there is no BTK expression 
or if its function is subverted by a crippling mutation. Consequently, 
the patient is rendered agammaglobulinemic because the circulating 
lymphocyte pool lacks B cells. As a result, other hematopoietic cells 
such as monocytes continue to mature uninterrupted when BTK is not 
expressed or functioning. Despite the fact that the effector functions 
of these cells are usually compromised as a consequence of this defect, 
these cells can successfully egress out of the bone marrow and seed the 
circulatory compartment. By assessing the presence or absence of BTK 
expression in monocytes by flow cytometry, we exploit this dichotomy 
in the requirement of BTK relating to the maturation of B cells and 
monocytes in the diagnostic lab. In agammaglobulinemic patients, 
inadequate BTK expression can be quickly ruled out as a potential 
contributor to agammaglobulinemic symptoms. Monocytes that have 
had the X chromosome randomly inactivated (lyonized) can also be 
rapidly identified as XLA carriers using flow cytometry. However, since 
mutated BTK gene-expressing B cells are not able to egress from the 
bone marrow, the wild-type BTK gene always is expressed in circulating 
B cells of XLA carriers [2, 8].

It is necessary to assess the expression of BTK by flow cytometry 
in order to diagnose XLA clinically. In the histogram overlay plots, 
you can see whether the indicated cellular subsets express BTK 
protein in the cytosol. In order to identify circulating T cells, B cells, 
and monocytes, MAb targeting CD3, CD19, and CD64 were used. 
A monoclonal antibody specific for BTK (BD Biosciences, San Jose, 
CA, USA) was used to detect cytosolic BTK (blue histogram) after 
fixation, permeabilization, and staining. In parentheses, the number 
represents the clinically validated reference range (5th - 95th percentiles) 
for that particular cell subset derived from background-subtracted 
median fluorescence intensity of BTK expression. In each histogram 
overlay plot, the numbers indicate the background-subtracted MFI of 
BTK expression for each donor cell subset. A histogram overlay plot 
for carriers’ monocytes shows the background-subtracted BTK MFI 
values, the frequency of BTK+ and BTK+ monocytic populations, and 
the background subtracted BTK MFI values [9, 10]. To determine the 
specificity of the BTK signal, a dose-matched, isotype control Ab (pink 
histogram) was used. Due to their lack of BTK expression, T cells serve 
as another internal specificity control system.

An assessment of BTK expression using flow cytometry to 
assist in the diagnosis of XLA. Using histogram overlay plots, the 
indicated cellular subsets can be identified based on the presence or 
absence of BTK protein expression in their cytosols. Lineage-directed 
MAb targeting CD3, CD19, and CD64 expression on the surface 
of circulating T cells, B cells, and monocytes were used to identify 
circulating T cells, B cells, and monocytes [11, 12]. BD Biosciences of 
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Defects in CD40L and CD40 cause both humoral and cellular 
immunodeficiency, since CD40L and CD40 interact to co-stimulate T 
cells. There are many clinical similarities between CD40 and CD40L 
deficiencies, including susceptibility to pathogens.

AID

Recombination between classes and somatic hypermutation are 
mediated by AID (encoded by AICDA). When patients with AID 
deficiency develop symptoms, they usually do so in their first decade 
of life, but they can also present in their second or third decade of life. 
There have been reports of other pathogens as well as encapsulated 
bacteria infecting these patients. AID deficiency is associated with 
non-infectious complications such as lymphoid hyperplasia and 
autoimmunity.

UNG

As well as class-switch recombination, UNG plays a key role in 
somatic hypermutation. In addition to AID-induced deamination, it is 
also important for its enzymatic activity. Although UNG deficiency is 
rarer than AID, the clinical phenotype is the same [2].

CVID and CVID-like disorders

In the development and differentiation of B cells beyond the class-
switching phase, CVID is the most common defect. CVID was first 
described clinically in 1954 in an adult female with agammaglobulinemia, 
recurrent infections, including bacterial pneumonia, as well as chronic 
lung disease and diarrhoea. Traditionally, CVID has been perceived 
as a disorder associated with recurrent and prolonged infections and 
hypogammaglobulinemia in adults. According to U.S. and European 
registries, 18 - 42% of CVID cases are pediatric. Approximately two to 
four people per 100,000 are believed to suffer from CVID, and there is no 
clear preference for any particular ethnicity or gender. Upon diagnosis, 
immunoglobulin replacement therapy, administered intravenously or 
subcutaneously, along with infection prevention strategies and early 
intervention for bacterial infections, are the mainstays of treatment.

There is an inherent exclusionary nature to CVID. Many IEIs occur 
in childhood, children often contract viral illnesses that are treated 
as bacterial infections, and young children may not have received all 
childhood vaccines when they are evaluated. Therefore, ruling out other 
etiologies can be particularly challenging in pediatric patients. Under 
four-year-old children diagnosed with CVID often require periodic re-
evaluation of this diagnosis [19].

CVID evaluation requires defining “poor vaccine responses” as 
part of its evaluation. Both T-dependent and T-independent vaccine 
responses are assessed by consensus diagnostic criteria. For some 
T-dependent vaccines, such as tetanus (0.15 IU/mL) and Haemophilus 
Influenzae type B (1 g/mL), there are established values at which 
one is considered protected or responsive. Vaccines independent 
of T are most commonly found in pneumococcal vaccines, such as 
Pneumovax, a 23-valent vaccine. It is necessary to measure titters at 
baseline and four to eight weeks post-vaccination in order to assess 
an individual’s response to Pneumovax. The response to specific 
strains of Streptococcus pneumoniae included in the vaccine varies 
from population to population based on the level of 1.3 g/mL or the 
four-fold increase in titter. Protective responses to 70% of the S. 
pneumoniae. strains in those 6 years of age and older and 50% of the 
S. pneumoniae. strains in children 2 - 5 years of age, are used to define 
normal polysaccharide vaccine responses; however, clinicians should 
also consider the individual’s clinical history [20].

CVID and many IEI are characterized by recurrent or severe 

Disorders of the Ikaros family of transcription factors (IKZF1, 
IKZF2, Helios, and IKZF3)

IKZF1

There are several members of the Ikaros protein family, including 
IKZF1 (Ikaros Zinc Finger 1), IKZF2 (Ikaros Zinc Finger 2-Helios), 
and IKZF3 (Ikaros Zinc Finger 3-Aiolos). These protein families 
regulate lymphocyte development by binding to DNA through zinc 
fingers. It is caused by mutations in IKZF1 in the latter stages of B cell 
development that lead to an IEI that affects B cells. The development 
of high-risk B-cell acute lymphoblastic leukaemia (B-ALL) has been 
associated with somatic IKZF1 pathogenic variants, but we have now 
expanded our understanding of the IKZF1-linked spectrum of diseases 
to include several IEIs resulting from germline IKZF1 variants. Even 
though these genetic defects are incompletely penetrant, the clinical 
phenotype in symptomatic patients includes an increased susceptibility 
to bacterial infections and less frequently, viral infections, as well 
as autoimmunity, immune dysregulation, and possibly malignancy 
(B-ALL). Pneumocystis pneumonia and T-cell ALL are more common 
in dominant-negative variants. Contrary to this, haploinsufficiency-
associated variants located at the N-terminus result in a common 
variable immunodeficiency (CVID)-like phenotype, while variants 
affecting the C-terminus impair Ikaros dimerization and cause 
hematologic disorders, including cytopenia’s and tumors. It has 
been reported that eight individuals with inflammatory, allergic, and 
autoimmune manifestations with aberrant T-cell differentiation were 
characterized by reduced numbers of regulatory T cells, increased 
numbers of Th2 cells, peripheral eosinophilia, and abnormal plasma 
cells, all of which were caused by a gain-of-function variant in the 
DNA-binding domain [2].

IKZF2, Helios, and IKZF3

CD8 T cells are highly expressed with IKZF2 pathogenic variants; 
therefore, individuals with IKZF2 pathogenic variants may present 
with immune dysregulation or autoimmune phenotypes or some 
combination of these. In addition to hypogammaglobulinemia, chronic 
lymphadenopathy, immune thrombocytopenia, and thrush, the clinical 
presentation can include systemic lupus erythematosus. Two families 
with mutations in IKZF3 show impairments in B cell maturation, 
compared to IKZF2-related defects. One family with a heterozygous 
missense variant in IKZF3 developed increased susceptibility to 
Epstein-barr virus (EBV), sinopulmonary infections, and abnormal T 
cell development with increased memory and activated T cell subsets. 
An additional family with a combined B and T cell deficiency phenotype, 
Pneumocystis jiroveci pneumonia, and chronic lymphocytic leukaemia 
had a heterozygous variant as well [7].

Hyper IgM syndromes

The hyper IgM syndromes (HIGM) are a group of IEI that affect 
B cell development. Approximately 65 - 70% of all hyper IgM cases 
are caused by X-linked defects in CD40 ligand (CD40L). A hyper IgM 
phenotype is characterized by elevated IgM concentrations and low 
levels of serum IgG, IgA, or IgE. The CD40 ligand gene (CD40LG) 
mutations resulting in HIGM were identified in 1992. It is also known 
as immunoglobulin class-switch recombination (Ig-CSR). In these 
diseases, the inability of mature B cells to switch isotypes is the principal 
underlying defect. CD40, activation-induced cytidine deaminase (AID) 
and uracil-DNA glycosylase (UNG) deficiency disorders are briefly 
discussed in this report, although more genes have been identified in 
non-X-linked HIGM syndromes [12].

CD40L (and CD40) deficiency
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syndromes (Figure 1).

Future
Allogeneic hematopoietic stem cell transplantation (HSCT)

Primary B cell deficiencies can also be treated with allogenic 
HSCT as a curative therapy. Up to this point, immunoglobulin 
replacement therapy and/or antimicrobial prophylaxis have been the 
dominant paradigm for dealing with defects in the humoral immune 
compartment. Aichi virus and chronic norovirus may require more 
extensive treatment, such as HSCT, due to the difficulty in clearing 
these viruses in XLA. A high mortality rate associated with HSCT 
has tempered enthusiasm for this approach in patients with humoral 
insufficiency, despite the fact that it is currently the only useful option 
for patients suffering from intractable complications like refractory 
cytopenia despite long-term immunoglobulin replacement [22].

Therapeutic IgA

Study results showed that even with regular Ig replacement 
therapy, 47% of 168 XLA patients acquired chronic lung disease and 
bronchiectasis by age 50 despite regular Ig replacement therapy. The 
overall survival rates for both XLA patients with and without CLD were 
significantly lower in this study compared with the general population, 
but this reduction was more pronounced when CLD was present. 
Primary B cell IEI is also associated with gastrointestinal pathologies. 
It is not entirely surprising, since the GI tract is constantly exposed 
to foreign antigens, which has caused it to become the body’s largest 
lymphoid organ. Secretory IgA (sIgA) is the predominant Ig that 
mediates robust protection in both respiratory and gastrointestinal 
tracts. It is a glycosylated tetrameric complex comprised of an IgA dimer, 
a J chain, and a secretory component (SC). Due to this unique structural 
assembly, sIgA is able to survive in a harsh mucosal environment and 
continually perform its immune function. As evidenced in recent years, 
sIgA aids in regulating microbial flora in the gut, preventing dysbiosis 
and maintaining gut health. Since IgA accounts for only a small fraction 
of FDA-approved Ig replacement products, and Ig replacement products 
are made from human plasma/serum, where IgA resides as a monomer 
instead of sIgA, it is not surprising that many B cell IEI patients develop 
GI pathology and develop CLD despite lifelong Ig replacement therapy 
[23]. Despite attempts at IgA replacement therapy in humans, this 
approach has been variable in effectiveness because IgA is normally 
transported to the mucosa from its site of local production and not 
through the blood stream. It is nevertheless evident that there have been 
incremental, albeit critical, advances in IgA biology relating to glyco-
engineering and recombinant DNA expression technologies that raise 
the likelihood that sIgA replacement therapy will become a standard 
of care in the future for B cell IEI patients. Scientific bottlenecks in 
this regard, which are being actively addressed, include engineering 
the association of IgA with neonatal Fc receptors in order to extend 
IgA’s half-life. In order to assess the feasibility of commercial scale 
production, sIgA will be generated in a variety of eukaryotic expression 
systems, such as plants, for oral consumption. We are also investigating 
the feasibility of coupling polymerized human plasma-derived IgA with 
recombinant SC to produce sIgA molecules that are both protease-
resistant and fully functional in vivo. It will also be necessary to 
conduct additional research to determine the benefit of supplementing 
novel Ig replacement products with molecules such as recombinant 
hyaluronidase, which might facilitate tissue uptake, similar to what 
is currently available with supplemental IgG products. A therapeutic 
IgA approach could potentially benefit not only patients who exhibit 
overt and frank humoral insufficiency, but also individuals who display 
clinical signs of disease in the context of selective IgA deficiency if and 

infection, but there is a growing body of literature elucidating non-
infectious symptoms. As non-infectious complications can adversely 
affect quality of life as well as long-term outcomes, they are of 
significant consequence. From 1974 onwards did not have infectious 
manifestations, with 33.25 percent having autoimmune complications. 
A similar proportion of CVID patients on the European Society for 
Immunodeficiencies registry had autoimmune manifestations. As 
far as autoimmune manifestations go, Evan’s syndrome and immune 
thrombocytopenic purpura (ITP) are the most common. CVID also 
causes arthritis, autoimmune thyroid disease, pernicious anaemia, 
pancreatitis, myasthenia gravis, SLE, antiphospholipid antibody 
syndrome, vasculitis, type 1 diabetes, and lichen planus. A thorough 
clinical history and relevant laboratory testing may delay the diagnosis 
of CVID if autoimmunity manifests before infections and predates 
infections. Additionally previous authorsreported that a substantial 
percentage of patients had other non-infectious complications, 
including: (1) chronic lung disease, with bronchiectasis and interstitial 
lung disease being the most prominent, and affecting 30.3% of patients; 
(2) gastrointestinal and bowel disease, characterized by villous atrophy, 
intraepithelial lymphocytosis, and absence of plasma cells, among other 
histopathologic findings, and affecting roughly 17% of patients; (3) 
liver disease, characterized by granulomas and/or nodular regenerative 
hyperplasia, affecting 12.7% of patients; (4) lymphoproliferative disease 
such as lymphoid hyperplasia and/or splenomegaly, affecting 20.9%; and 
(5) lymphoma, affecting 6.7%. Immunoglobulin replacement therapy, 
while providing protection from infection, is not therapeutic for these 
non-infectious complications, nor does it prevent development of these 
non-infectious complications. According to Yamashita et al. CVID 
patients with any non-infectious complication have an 11-fold higher 
risk of death than those with CVID and only infectious complications. 
Mortality was strongly associated with the presence of chronic lung 
disease, lymphoma, hepatitis, and gastrointestinal disease, but not with 
autoimmunity or bronchiectasis [21].

While CVID was historically thought to be a single disorder, these 
non-infectious complications serve to underscore that CVID presents 
a range of clinical symptoms that vary from individual to individual. 
Additionally, the application of genetic sequencing in recent decades 
has allowed for reclassification of a subset of patients previously 
diagnosed with CVID based on consensus criteria, but who were later 
found to have an identifiable monogenic cause of disease or variants 
in genes associated with poor B cell maturation and survival (e.g., 
Transmembrane Activator and CAML Interactor (TACI). These findings 
have prompted a redefining of CVID, not as a single diagnosis but rather 
as a phenotype that encompasses several hypogammaglobulinemia 

Figure 1: Listing of predominantly B cell associated IEI [2].
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genetic testing and the advancement of targeted therapies have ushered 
in an era of clinical immunology in which accurate genetic diagnosis is a 
greater requirement in order to improve treatments, provide counselling, 
and understand patients’ prognoses. Additionally, new challenges have 
emerged in diagnostics, therapeutics, and bioethics [2]. Diagnosis is 
a challenge, as multigenic disorders, mosaics, somatic, and epigenetic 
disease-causing variants cannot be identified. Keeping genomic 
libraries updated, improving diagnostic accuracy, and distinguishing 
disease-causing variants from variants of uncertain significance require 
advances in bioinformatics. To define observed genetic changes as 
disease-causing variants, specialized in vitro testing beyond what is 
available commercially is also necessary but is usually only available at 
academic research institutions. Diagnoses and treatment of IEI require 
an understanding of disease pathogenesis and personalized approaches 
that are not supported by large studies or evidence-based medicine. 
Newborn screening for SCID, for example, raises ethical concerns, as 
it may detect other diseases without achieving any clear benefit [27].  

Conclusions
Through the evaluation of patients with primary B cell IEI, the 

readers would gain a wealth of fundamental knowledge about the biology 
of the B cell. It will be most informative to combine this information 
with advances in genomics, systems immunology, and computational 
biology in the future, as we identify more patients with novel primary 
B cell IEI and gain a better understanding of the spectrum of clinical 
phenotypes that can be associated with these disorders. It might then be 
possible to re-purpose our understanding of B cells in order to develop 
new treatments and cures for diseases, just as CAR-T cell therapy has 
revolutionized the way certain malignancies that were once considered 
untreatable are now managed.
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when it becomes part of the standard of care.

Gene therapy

A combination of immunoglobulin replacement and antimicrobial 
therapy may not be enough to treat hematopoietic disorders, and even 
though allogeneic HSCT offers a definitive cure for these conditions, 
almost two-thirds of transplant patients are unable to receive allogeneic 
HLA-matched donors. Allogeneic HSCT has a success rate almost 90% 
for patients who have a sibling or family member who matches their 
HLA. However, when the donor is unrelated or haploidentical, this 
statistic drops to less than 70%, and when the donor is unrelated, it 
plummets to less than 50%, due to complications such as graft-versus-
host disease (GvHD) and immunosuppression-mediated infections 
[24]. This is where gene therapy can be an appropriate and potentially 
reasonable alternative. Adenosine deaminase deficiency and X-linked 
severe combined immunodeficiency are two monogenic IEIs for 
which gene therapy has been successfully implemented in the past 
two decades. By using viral vectors that carry the correct transgene of 
interest, autologous HSC are ex vivo transduced, followed by adoption 
of the transduced HSC. Over the years, clinical trials have improved 
viral vector design, which has reduced the risk of leukemia from 
insertional mutagenesis, thereby improving the safety profile of this 
approach. The ability to cryopreserve and transport the transduced cells 
has also advanced gene therapy closer to greater clinical applications, 
and phase I/II clinical trials have also been initiated for other IEI 
such as chronic granulomatous disease (CGD) and Wiskott–Aldrich 
Syndrome (WAS). Safety and efficacy concerns persist, however, and 
must be systematically addressed before this therapeutic option can 
be widely adopted. Aside from that, gene therapy is quite expensive at 
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that address both cost-effectiveness at the production end (without 
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editing, which offers the tantalizing possibility of repairing genetic 
defects in situ, is one of the most exciting new developments in 
translational genomics. The benefit of this approach is that the risk of 
insertional mutagenesis would be reduced, as would the physiologically 
appropriate regulation of gene expression. There has been a rapid 
advancement in gene editing in the last two years, and within the 
scientific paradigm of discovery, optimization, and deployment (into 
clinical practice), gene editing has currently landed within the arena 
of optimization. The clinical study phase is now underway, and several 
preclinical studies are being conducted that examine safety, efficacy, 
timing, dosage, and intracellular delivery of editing agents. de la 
Morena et al. [26] recently described their experience editing the BTK 
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Current and Future Challenges
Clinical immunologists, geneticists, and laboratory immunologists 

must collaborate to advance clinical immunology. Increasing ease of 
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