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Abstract

Interruptions or alterations in the B cell development pathway can lead to primary B cell immunodeficiency with resultant
absence or diminished immunoglobulin production. While the most common cause of congenital agammaglobulinemia is
X-linked agammaglobulinemia (XLA), accounting for approximately 85% of cases, other genetic forms of agammaglobu-
linemia have been identified. Early recognition and diagnosis of these conditions are pivotal for improved outcomes and
prevention of sequelae and complications. The diagnosis of XL A is often delayed, and can be missed if patient has a mild
phenotype. The lack of correlation between phenotype and genotype in this condition makes management and predicting
outcomes quite difficult. In contrast, while less common, autosomal recessive forms of agammaglobulinemia present at
younger ages and with typically more severe clinical features resulting in an earlier diagnosis. Some diagnostic innovations,
such as KREC level measurements and serum BCMA measurements, may aid in facilitating an earlier identification of
agammaglobulinemia leading to prompt treatment. Earlier diagnosis may improve the overall health of patients with XLA.
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Introduction

B cell development, from hematopoietic stem cell to plasma
cell, occurs in the bone marrow as a result of signals derived
from the bone marrow, the surrounding environment, and
through interaction with antigen and T cells [1]. Different
interruptions or alterations in this complex pathway can lead
to maturational arrest in the early stages of B cell develop-
ment resulting in humoral immunodeficiency with decreased
or absent antibody production [1]. Hypogammaglobulinemia
or agammaglobulinemia are seen in a heterogenous set of
diseases broadly termed primary B cell immunodeficiencies
[2]. The immunophenotype and clinical presentation of these
conditions vary largely among patients even when the same
genetic alteration is detected, which highlights the multi-
factorial nature of these diseases [2]. Patients present with
recurrent bacterial infections, typically S. pneumoniae and/
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or H. influenza, as well as other pathogens, which are spe-
cific to certain conditions, such as enterovirus and Giardia
with X-linked agammaglobulinemia (XLA) [2].

The most common genetic cause of agammaglobulinemia
is XL A, which comprises about 85% of cases of agamma-
globulinemia [3]. Additionally, several genetic mutations
causing autosomal recessive agammaglobulinemia have
been described, as well as three gene mutations resulting in
an autosomal dominant form of agammaglobulinemia [3, 4].
Formation of the pre-B cell receptor complex (pre-BCR) on
the pre-B cell surface is necessary for survival and matura-
tion of these cells. A genetic defect affecting development of
the pre- BCR complex can halt B cell development and lead
to primary B cell immunodeficiency [5]. According to the
European Society for Immunodeficiencies (ESID), agam-
maglobulinemia is defined by recurrent infections starting
before the age of 5 years, < 500 mg/dL of IgG and <2 stand-
ard deviations for normal levels of IgA and IgM, and <2%
circulating B cells [6].

The aim of this article is to review the genetic defects and
pathways that result in absent production of immunoglobu-
lin, which includes XLA, autosomal recessive, and auto-
somal dominant agammaglobulinemia. We will cover the
common manifestations of disease and sequelae of disease,
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as well as diagnosis and treatments currently available. Rel-
evant to present day, we will also briefly cover what has been
reported to date regarding agammaglobulinemia/hypogam-
maglobulinemia and Sars-CoV-2.

X-Linked Agammaglobulinemia

BTK

The most common genetic disorder resulting in maturational
arrest of B cell development is X-linked agammaglobuline-
mia (XLA). The incidence of XLLA ranges from 1:100,000 to
1:200,000. This disorder results from a mutation in Bruton’s
tyrosine kinase (BTK) [1]. BTK is a cytoplasmic tyrosine
kinase expressed mainly in hematopoietic cells. As a mem-
ber of the Tec kinase family, BTK is activated by a src kinase,
and then further activated through autophosphorylation. With
activation, it is then able to bind to BLNK, a scaffolding pro-
tein resulting in PLCy2 phosphorylation and calcium influx
[2]. There have been an excess of 600 mutations in BTK
identified, with the majority of mutations involving 1-4 base
pairs [2]. Of note, there have been larger deletions reported in
3-5% of individuals involving BTK and extending through the
adjacent or linked genes TIMMSA and TAF7L, which results
in both XLA and deafness-dystonia-optic neuropathy syn-
drome [7]. An early study by Plebani et. al, of 73 patients
with XLA reported that missense mutations accounted for
55.6% of BTK mutations in this cohort, followed by small
deletions (15.9%), premature stop codon (14.3%), splice site
mutations (7.9%), and small insertions (6.3%) [8]. A more
recent study, which included 168 XLLA patients, reported missense
mutations accounting for the most common mutation type in
BTK (49%) followed insertion or deletions (18%), nonsense
mutations (17%), splice site mutations (12%), and large dele-
tions (4%) [9].

The BTK protein is composed of 5 structural domains
(pleckstrin homology domain (PH), Tec homology domain

(TH), src homology domain 3 (SH3), and Src homology
domain 2 (SH2), and the SH1 domain which is the domain
responsible for the kinase activity [6]. A study of 122 XLLA
patients, from countries in Eastern and Central Europe,
found the most common type of mutation reported to be
missense. It was also noted that the majority of mutations
in BTK identified in this cohort occurred in the SH1 domain
(45.3%). The other domains were also found with mutations,
although less frequently, with the SH2 domain accounting
for 22.3%, SH3 domain at 7.3%, and the TH domain 6.3%.
Analysis of this cohort found 98 different mutations, of
which 46 were novel [10].

Clinical Manifestations

The clinical manifestations of XL A include recurrent, pyo-
genic, bacterial infections in young boys, and near complete
absence of all isotypes of immunoglobulins [1]. The com-
mon pathogens in XLA include Streptococcus pneumoniae,
Staphylococcus spp., Pseudomonas spp., and Haemophilus
Influenzae. (Tables 1 and 2 include some of the pathogens
that have been isolated in patients with XLA.)

The disease, however, appears to have clinical hetero-
geneity, in that some patients present with later onset of
disease and higher than expected levels of immunoglobu-
lins [1]. This heterogeneity may be due to which domain
of BTK is affected. A study of 201 XLA patients in a US
registry found infection (85%) accounted for the most fre-
quently reported presentation with positive family history
(41%) and neutropenia (11%) accounting for other initial
clinical presentations. Patients with a family history of XLA
had an earlier age of diagnosis on average (2.59 years mean
age) when compared to patients without a family history of
XLA (5.37 years mean age) [11]. Of concern is that, despite
family history, the age of diagnosis was above 2 years.

Another study of 174 Chinese patients with XLA found
127 distinct mutations in BTK among this cohort, of which
45 were novel mutations. The majority of mutations were

Table 1 Organisms that have
been identified in patients with

XLA

Bacteria Virus Fungus Parasite
Branhamella catharralis Adenovirus Pneumocystis jirovecii Giardia lamblia
Campylobacter spp Enterovirus Candida spp Blastocystis hominis
Escherichia coli Hepatitis C

Haemophilus spp Measles

Helicobacter spp Rotavirus

Klebsiella pneumoniae
Mpycobacterium spp
Mycoplasma
Pseudomonas spp
Salmonella

Shigella spp
Staphylococcus spp
Streptococcus pneumoniae
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Table2 Pathogens identified in some XLA by infection type.
Tables 1 and 2 adapted from: Long-term follow-up of 168 patients
with X-linked agammaglobulinemia reveals increased morbidity and
mortality, X-linked agammaglobulinemia report on a U Registry of
201 patients

Infection type Pathogens identified

Pneumonia Haemophilus influenzae, type b
Haemophilus parainfluenzae
Haemophilus parahemolytica
Klebsiella pneumoniae
Measles

Pneumocystis jirovecii
Pseudomonas spp
Mpycobacterium avium
Staphylococcus spp
Streptococcus pneumoniae

Diarrhea Campylobacter fetus
Clostridium difficile
Enterovirus

Giardia lamblia
Helicobacter pylori
Rotavirus
Salmonella spp

Shigella spp

Adenovirus

Enterovirus

Haemophilus influenzae
Streptococcus pneumoniae

Meningitis/encephalitis

Sepsis Campylobacter fetus
Helicobacter cinaidi
Haemophilus influenza, type b
Pseudomonas spp

Salmonella spp

Streptococcus pneumoniae
Hepatitis Hepatitis C
Cellulitis

Arthritis

Staphylococcus Aureus

Mycoplasma

found to be missense mutations (38.1%) as reported in other
studies with the majority of mutations occurring in the SH1
(50.79%) domain [12].

Infections

In a recent study of the USIDNET registry, of 226 patients
with XLA and known BTK mutation, infections of the ear,
nose, and throat occurred the most frequently (77.8%) fol-
lowed by respiratory infections (72.5%). Common offending
organisms were Influenza B (11.5%), Hemophilus influen-
zae (11%), Staphylococcus aureus (10.6%), Streptococcus
pneumoniae (8.4%), Pseudomonas aeruginosa (6.1%),
and Giardia (4.4%) [13]. A study of the Italian Primary
Immunodeficiency Network Registry (IPINet) reported
the most frequently reported infections occurred in the
respiratory tract, gastrointestinal tract, and integumentary
system. Although a pathogen could not always be identi-
fied, this study found Hemophilus Influenzae (53.6%) and
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Streptococcus pneumoniae (17.9%) to be the most com-
monly isolated microorganisms from sputum cultures [9].
Other pathogens isolated, in order from most to least com-
mon, included Pseudomonas, Staphylococcus, Klebsiella,
Branhamella catharralis, and Pneumocystis jirovecii [9].
Gastrointestinal infections were most commonly caused by
Giardia lamblia (48.7%), and infections of the skin were
most commonly due to Staphylococcus aureus (75.8%) [9].

Phenotypic Heterogeneity

The genotype—phenotype correlation in XLLA has been dif-
ficult to study due to the number of different mutations in
BTK. There are also no set criteria to measure symptom
severity objectively. In one study, mild mutations in BTK
(defined as amino acid substitutions or splice defects in
conserved, non-invariant, or consensus sequences) were
associated with older age of diagnosis and higher number
of peripheral B cells when compared to severe mutations in
BTK (premature stop codons, frameshift mutations, com-
plex mutations, large deletions, and splice defects at invari-
ant sites). A higher level of serum IgM was associated with
mild mutations. These findings suggested that amino acid
substitution may result in proteins that have some function,
although they are unstable [2]. Another study found mild
mutations in BTK were associated with older age of diag-
nosis, increased IgG and IgA levels, and decreased hospi-
talizations prior to immunoglobulin replacement therapy
initiation. However, there were some exceptions to this
observation, as there were cases of severe symptoms with
“mild” mutations, and mild phenotypes seen with mutations
resulting in absent BTK expression [14]. In another study
by Conley et al., of 82 patients with XLLA the average age of
diagnosis was 35 months of age for patients with sporadic
mutations [15].

Delay in diagnosis and atypical clinical features have
been reported in several patients with BTK mutations in
the non-kinase domains [6]. In a study of 5 XLA patients
with delayed and atypical presentation of XLLA, mutations
in BTK were found in the PH or SH2 domains [6]. Another
report aiming to compare BTK mutations in XLA patients
with peripheral B cells present did not find a correlation with
the type or location of the BTK mutation and the presence
of peripheral B cells [16].

There have been case reports further demonstrating this
phenotypic heterogeneity. For example, in one case report,
a man with a diagnosis of CVID and Crohn’s disease was
evaluated for BTK mutation after his grandson was diag-
nosed with XLA. The grandfather presented the same muta-
tion in BTK, but had vastly different clinical manifestations
and was diagnosed, much later in his adult life, incorrectly,
with CVID [17].
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One study of 174 XLA patients in China found patients
with severe genotype mutations (defined in this study as a
frameshift or nonsense mutation resulting in a truncated pro-
tein) had a statistically significant earlier age of diagnosis
when compared to the group defined as having a mild geno-
type mutation [12].

Diagnosis

The majority of children with BTK mutation will have some
serum immunoglobulin that can be measured, and some B
cells detected in the periphery, although this measurement
tends to decrease with increasing age. For this reason, XLA
has been described as a “leaky” B cell immunodeficiency in
some patients [2]. B cell differentiation is blocked at the pro-
to pre-B cell stage and partially blocked at the pre-mature
to immature B cell stage [1]. The majority of CD19 +cells
in the bone marrow of XLA patients will show pro-B cells
(CD19 +, CD34 + TdT expression, no cytoplasmic mu
heavy chain), and the minority will be pre-B cells ((< 10%)
CD19+, CD34-, TdT, cytoplasmic mu heavy chain expres-
sion) with an even smaller population of cells, which rep-
resent a stage between the pro- and the pre- B cell. These
cells express CD19+, CD34 +, TdT, and cytoplasmic mu
heavy chain [2].

Criteria for a diagnosis of XLA reported by Winkelstein
et. al can be fulfilled with (a) a mutation in the BTK gene
and/or defective BTK protein expression or (b) family his-
tory of XLA in a maternally related male relative or (c) <2%
peripheral B cells and hypogammaglobulinemia [11].

The diagnostic criteria for XLA are illustrated in Figs. 1
and 2.

Genetic testing for BTK pathogenic variants may be
obtained via several methods. There are tests available spe-
cifically testing for the single BTK gene and protein analysis.
Chromosomal microarray can identify large deletions of the
BTK protein. Gene panels are available which include BTK
and other possible genes involved with agammaglobuline-
mia and/or autosomal recessive causes of agammaglobuline-
mia. If these tests are negative, but there is a high index of
suspicion for XLA or agammaglobulinemia due to patient
characteristics, more in-depth testing may be carried out in
the form of exome sequencing or genome sequencing [7].

Survival

A large multicenter study from different countries
reported survival rates at 20 years of age as low as 22%,
while other countries reported survival above 70%. This
study, which surveyed 40 centers around the world, aimed
to describe the different clinical manifestations, diagnostic
approaches, and management of XL A patients globally.
The most common cause of death reported was chronic or
acute lung disease in 41% of patients. Thirty-four percent
of patients had more than 24 months delay in diagnosis, and
39% of centers reported lack of genetic studies as a diagnos-
tic challenge. A common concern reported among centers
was lack of access to immunoglobulin replacement prod-
ucts presenting a challenge to managing patients with XLA.
Additionally, many different complications were reported
which highlights the heterogeneity of inflammatory, infec-
tious, and autoimmune complications, which can be seen in
patients with XL A. Overall, the majority of centers reported
a good survival rate [3].

Fig.1 Ceriteria for probable diagnosis
of agammaglobulinemia in patients
with no genetic diagnosis ( adapted
from https://esid.org/Working-
Parties/Registry-Working-
Party/Diagnosis-criteria)

<2% CD19+ and CD20+

cells

peripheral B cells with normal
peripheral CD3, CD4, CD8 T

+

Serum IgG

< 200 mg/dL if <12 months old or
<500 mg/dL if >12 months old

Normal 1gG with <2SD IgA and
IgM

+

Recurrent infections starting
prior to the age of 5. or

Family history of
agammaglobulinemia on
maternal side
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BTK gene mutation or
defective expression of
BTK protein

or

<2% periph“éfal B cells
and
hypogammaglobulinemia

Family history of male
relative on maternal side
with XLA

Fig.2 Diagnostic criteria for X-linked agammaglobulinemia.
Adapted from Winkelstein, Jerry A. MD; Marino, Mary C. MLS;
Lederman, Howard M. MD, PhD; Jones, Stacie M. MD; Sullivan,
Kathleen MD, PhD; Burks, A. Wesley MD; Conley, Mary Ellen
MD; Cunningham-Rundles, Charlotte MD, PhD; Ochs, Hans D.
MD X-linked agammaglobulinemia, report on a United States Reg-
istry of 201 Patients Medicine: July 2006—Volume 85—Issue 4—p
193-202 https://doi.org/10.1097/01.md.0000229482.27398.ad

A study of 201 patients in a US registry found the most
common cause of death in this cohort to be disseminated
enteroviral infection (35%), followed by chronic lung dis-
ease (25%), then hepatitis (15%). Additionally, there were
2 deaths secondary to treatments including one from hepa-
titis C, which was acquired from IVIG contaminated with
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hepatitis C virus, and another death attributed to stem cell
transplant [11].

A recent study of 168 XLA patients in the Italian Primary
Immunodeficiency Network Registry (IPINet) found a sur-
vival rate of 92.7% at 43 years of age, significantly reduced
compared to the survival rate of healthy controls. Chronic
lung disease (CLD) was diagnosed in 51.8% of patients,
and 13.1% of these patients had evidence of CLD at the
time of diagnosis. The rate of malignancy diagnosed at fol-
low up was 3.7%. The survival rate was further reduced in
patients with a diagnosis of chronic lung disease (90.5%
survival rate) [9]. A study of 36 XL A patients in India, over
the course of two decades, found the mean survival to be
11.4 years of age with a 20% mortality rate [18].

Autosomal Recessive Agammaglobulinemia

Autosomal recessive agammaglobulinemia comprise rare
causes of agammaglobulinemia, compared to XLA. Thus far,
mutations have been described in mu heavy chain, Lambda
5, Ig alpha, Ig beta, BLNK, PI3K genes, and TCF3. These
conditions tend to be more severe and present earlier than
cases of XLA. Some patients with early B cell develop-
mental defects have yet to have a genetic cause identified,
although with advances in diagnostic and genetic testing,
this is improving [19].

Mu Heavy Chain Deficiency

Several cases of mu heavy chain deficiency have been
reported, resulting in a clinical phenotype similar to patients
with BTK mutation. The patients with mu heavy chain dele-
tion, however, tend to present at younger ages (mean age:
11 months versus 35 months in BTK mutation) and with
more severe infections. Specifically, these patients present
more frequently with enteroviral infections and sepsis sec-
ondary to Pseudomonas [20]. Mu heavy chain deletion is
responsible as the cause for approximately 5% of agamma-
globulinemia [21]. Thirty percent of the mutations of the
mu heavy chain gene have been found to affect the mu heavy
constant region. Thirty percent of patients with mu heavy
chain mutation are also found to have neutropenia [20]. The
majority of mutations result from large gene deletions, while
a minority are caused by point mutations. While mutations
in BTK may cause a partial interruption in B cell devel-
opment that can lead to a “leaky” phenotype, mutations in
the mu heavy chain gene results in a complete block, which
inhibits B-cell maturation from the pro- to pre- B cell stage
[21]. There has been one case of a patient with both gene
deletion and missense mutation resulting in a compound
heterozygous alteration of the mu heavy chain gene. The
patient presented with severe infection at 7 months of age
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(peritonitis, pseudomonas bacteremia, E. coli urinary tract
infection, neutropenia, and hypogammaglobulinemia) [21].

Lambda 5 Deficiency

The IGLL1 gene encodes the lamba-5 and the VpreB chains,
which are both components of the pre-B cell receptor com-
plex. Lambda 5 and the VpreB chain are together known as
the surrogate light chain. Few cases of IGLL1 gene muta-
tions have been reported. One published case consisted of
a 2-month-old female who presented with bilateral upper
lobe pneumonia. Immunodeficiency evaluation showed
absent B cells with undetectable IgA and IgM and an IgG
level of 329 mg/dL. Chromosomal microarray identified a
homozygous missense mutation in exon 3 of the IGLL1 gene
[5]. Another patient presented with recurrent otitis media
at 2 months old and immunodeficiency evaluation revealed
undetectable CD19 + B cells as well as hypogammaglob-
ulinemia. This male patient was found to have mutations
in exon 1 and exon 5 of lambda5/14.1 gene. Analysis of
peripheral lymphocytes in this patient demonstrated 0.06%
expressed CD19 with low intensity expression of surface
IgM and CD38 dim, which is seen in normal B cells. Bone
marrow analysis was consistent with an arrest in pro-B to
pre-B cell differentiation with 85% of the few CD19 +cells
expressing CD34 [22].

Ig Alpha Deficiency

Ig alpha, along with Ig beta, is a transmembrane protein
heterodimer responsible for signal transduction in the B cell
receptor complex [23]. Ig alpha and Ig beta form a disulfide
bond complex and function to assist the mu heavy chain
to the surface of the cell [24]. A 2-year-old female patient
from Turkey with agammaglobulinemia has been reported
with a homozygous splice defect in exon 3 of the Ig alpha
gene. Analysis of peripheral lymphocytes showed <0.01%
CD19+ B cells and bone marrow showed more than 75%
of CD19 + expressed CD34, which indicated a block in dif-
ferentiation from pro-B to pre-B cell [23]. There have been
5 patients with mutations in Ig alpha reported, and all muta-
tions have been reported to involve a region upstream of the
transmembrane domain [25]. In another case, a 6-month-old
female, who presented with human herpes virus 8§ (HHVS)
and John Cunningham (JC) viral encephalitis, with immune
evaluation pertinent for hypogammaglobulinemia and absent
peripheral B cells, was found to have a novel homozygous
mutation in CD79a resulting in a premature stop codon
[25]. A recent publication describes a 16-year-old male
with agammaglobulinemia secondary to mutation in CD79a,
diagnosed at 2 years of age, who developed Campylobacter
Jjejuni spondylodiscitis, although he was on immunoglobu-
lin replacement therapy and prophylactic antibiotics. This

patient received immunoglobulin therapy with IgM supple-
mentation, which was found to aid in complement activation
and increase bacterial killing [26].

Ig Beta Deficiency

The first patient reported with Ig beta deficiency was a
15-year-old female with a long-standing history of recur-
rent bronchitis, which began at 5 months of age, and two
episodes of pneumonia. She was diagnosed with hypogam-
maglobulinemia at 15 months of age [24]. Although periph-
eral CD19+ B cells were very low, they were not completely
absent (0.08%). This patient was identified as having a
homozygous mutation of codon 137 in the Ig beta gene,
neighboring the amino acid residue required for disulfide
bonding between the Ig alpha and Ig beta proteins [24]. The
mutation in this patient resulted in a “leaky” phenotype, as
mutant Ig beta in vitro was found to form some disulfide
bonds with Ig alpha and deliver the mu heavy chain to the
cell surface. This was demonstrated by the finding of a small
amount of peripheral B cells in the circulation being IgM
dim [24].

A 20-year-old Italian male with history of pneumonia,
Salmonella enteritis, and chronic sinusitis was found to have
a mutation in exon 3 of the Ig beta gene resulting in com-
plete lack of Ig beta expression. Immunologic phenotype
consisted of severe hypogammaglobulinemia, for which
he had been on replacement since the age of 8 months and
absent peripheral B cells [27].

In another report, a new, homozygous, null mutation in
codon 13 of the Ig beta gene was found in a 15-month-old
female patient with a history of recurrent upper respira-
tory infections, fever, ecthyma, and severe neutropenia (10
cells/mm?®). Immune evaluation was positive for absence
of peripheral CD19 + cells and hypogammaglobulinemia
(IgG <35 mg/dL). Parents were consanguineous and both
harbored the same heterozygous mutation [28].

BLNK Deficiency

BLNK, a scaffolding protein that is phosphorylated after B
cell receptor cross-linking, plays a role in B cell develop-
ment. In one published report, a patient with recurrent otitis
beginning at 8 months of age, two episodes of pneumonia,
undetectable serum immunoglobulins and < 1% peripheral
B cells, were found to have BLNK deficiency. The patient
demonstrated absence of pre-B cells indicating an impor-
tant role for BLNK in the pro- to pre-B cell transition [29].
It is also suspected that the older brother of this patient,
who passed away from neutropenia and pseudomonal sep-
sis, likely had BLNK deficiency [2]. There have been 5
patients with BLNK deficiency described as of this paper’s
writing, although some have been cited as non-published
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observations [2, 29-31]. In one published report, a patient
with agammaglobulinemia, no circulating B cells, and
homozygous BLNK mutation was found to have a block in
the pre-BI to pre-BII stage of B cell maturation [30].

PIK3R1 and PIK3CD Mutation

The PI3K family of kinases is involved in signal transduc-
tion, ultimately resulting in production of PIP3 and subse-
quent membrane recruitment and activation of AKT [32].
The PI3K kinases play several other roles in the cell includ-
ing signaling for growth, metabolism, survival, and more.
There have been several cases of malignancies and immune
dysregulation and few cases of immunodeficiency reported
with overactivation or underactivation of the PI3K pathway
[33]. Specifically, underactivation of this pathway leads to a
primarily humoral defect with near absent B cells, hypogam-
maglobulinemia, recurrent sinopulmonary infections, colitis,
and/or autoimmunity, while T cell numbers are normal.

Class 1A PI3Ks play an important role in immunology.
The PIK3R1 gene encodes p85a, pS5a, and p50a, which are
classified as regulatory subunits. One regulatory subunit will
form a heterodimer with a catalytic subunit p110a, p110b, or
PI3K delta. The PI3K delta enzyme complex is composed
of p85 alpha and p110 delta, and p110 delta is encoded by
the PIK3CD gene [33].

There have been 3 cases of agammaglobulinemia reported
with PIK3R1 gene mutation all reported with absent B cells,
elevated T cells, and agammaglobulinemia [32, 34]. The first
patient described, diagnosed at 19 years of age, presented
at 3.5 months old with neutropenia, interstitial pneumonia,
and gastroenteritis. Later in life, she developed erythema
nodosum, inflammatory colitis, and recurrent bacteremia
secondary to campylobacter. Initial immune evaluation
revealed hypogammaglobulinemia and absent B cells (< 1%
CD19+ B cells) in the periphery and bone marrow. Analy-
sis of bone marrow showed <0.1% of pro-B cells, despite
normal numbers of early B cell precursors, indicating near
absence of cells arising from B cell lineage. The patient
was found to have absent p85alpha due to a premature stop
codon in the PIK3R1 gene [34]. In murine studies, lack of
p85 alpha has a phenotype consisting of decreased B cells,
increased IL12 production from dendritic cells, and hyper-
responsiveness to insulin [34].

In another published report of premature stop codon in
the PIK3R gene, a 10-month-old female displayed mucosal
bleeding secondary to thrombocytopenia, neutropenia, pan-
hypogammaglobulinemia, and absence of B cells. Her clini-
cal phenotype consisted of recurrent upper respiratory infec-
tions, oral thrush, and prolonged diarrhea on two occasions.
After a male sibling was born, he was clinically diagnosed as
having autosomal recessive agammaglobulinemia and found
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to have absent B cells on flow cytometry and neutropenia.
Genetic testing was only obtained in the female patient [32].
There are an additional 6 cases of homozygous PIK3CD
gene mutation resulting in LOF of PIK3 delta enzyme com-
plex. These patients also displayed hypogammaglobulinemia
or agammaglobulinemia as well as decreased B cells [34].

SLC39A7 Mutation

In a study by Anzilotti et. al, 6 individuals were identified as
having hypomorphic mutations inSLC39A7, a gene encod-
ing the protein ZIP7, which is responsible for transportation
of zinc from the endoplasmic reticulum to the cytoplasm.
These patients had absent B cells, agammaglobulinemia, and
early infections. A subset of patients had blistering derma-
toses, failure to thrive, and thrombocytopenia. These two
patients with severe phenotype were cured after hematopoi-
etic stem cell transplant. Analysis of B cell development
found an arrest from the late pre-B stage to the immature B
stage. These abnormal immature cells had intact expression
of the genes for Rag and IL7R, but not BAFFR and CD20,
which are usually expressed at the immature B cell stage
[35].

Autosomal Dominant Agammaglobulinemia

LRRC8 Deficiency

In one report, a 17-year-old female with agammaglobuline-
mia, absent peripheral B cells, abnormal facial features,
and normal BTK expression was found to have a balanced
translocation t(9;20)(q33.2;q12) on karyotype analysis.
This translocation resulted in the truncation of the LRRC8
gene, which when transferred into mouse stem cells, results
in inhibition of B cell maturation with arrest at the pro-B
cell stage of development. The mice showed decrease in B
cells and T cell proportions; however, the patient had nor-
mal number of T cells. It is hypothesized that the truncated
LRRC8 gene leads to a dominant-negative effect, as normal
gene is expressed from the other allele and results in tran-
scription of a normal LRRCS protein [36].

TOP2B Mutation (Hoffman Syndrome)

Autosomal dominant mutations in TOP2B, a gene coding for
a type II topoisomerase, has been reported in patients with
recurrent infections with encapsulated organisms, absent B
cells, and agammaglobulinemia, in addition to facial dys-
morphism and limb abnormalities [37].
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Autosomal Dominant and Autosomal
Recessive Form

TCF3 Mutation

A study of 4 patients with agammaglobulinemia, decreased
B cells in the periphery, were found to have mutations in the
gene TCF3 (E2A) which encodes two transcription factors,
E12 and E47. The small number of B cells that were present
showed absent B cell receptor, and increased CD19 expres-
sion. In all 4 patients, the de novo mutation was expressed
in E47 and resulted in an abnormal protein (ES55K). This
abnormal protein caused a dominant-negative effect when it
was associated with wild-type E47 binding to DNA. Addi-
tionally, this mutation resulted in maturational arrest of B
cells prior to differentiation into the pro-B cell [38]. For
reference, XL A patients have a defect in the pro-B cell to
pre-B cell stage, which is the subsequent stage [6]. A recent
case report describes a novel mutation in TCF3 resulting in
an autosomal recessive form of agammaglobulinemia with
recurrent pneumonia, chronic diarrhea, and failure to thrive
in a 9-year-old female [39].

Unique Features
Neutropenia

Neutropenia has been seen in certain primary immunodefi-
ciencies. Neutropenia has been suspected to be secondary
to the concurrent severe infection at the time of presenta-
tion in some cases, such as with XLA. Ten to 25% of XLA
patients are found to have neutropenia [40]. Neutropenia
has been noted as a common feature in XLA. It has also
been seen in some cases with ARA due to mu heavy chain
mutation, BLNK deficiency, Ig alpha deficiency, and in one
patient with Ig beta deficiency. The 3 patients reported with
homozygous mutations in PIK3R1 gene all had neutropenia
as a clinical feature. The neutropenia was present early on
in the disease course in these patients, improved with pass-
ing time [34].

Enterovirus Infection

Enterovirus infection in non-immunocompromised patients
can present as asymptomatic or mild disease. In immuno-
compromised patients, this infection can lead to more dev-
astating complications, such as meningoencephalitis. The
rate of enteroviral infections is higher in XLA patients com-
pared to other primary immunodeficiencies. Chronic menin-
goencephalitis due to enterovirus commonly presents as

progressive neurological symptoms, including gradual loss
of cognitive and motor milestones, with death commonly
resulting after 2 years. The diagnosis requires a high index
of suspicion as CSF studies can be normal in many cases.
Currently, there are no FDA approved antiviral medications
for enterovirus infection. Treatment consists of high-dose
IVIG and intrathecal immunoglobulin, but success is not
common [40].

Colitis

In an article based on a survey of patients with XL A and
USIDNET registry data by Hernandez-Trujillo et al., 4% of
patients reported a formal diagnosis of Crohn’s disease had
been given to them, although many more patients reported
chronic diarrhea (21%) and abdominal pain (17%) as on-
going symptoms. When compared to data from the USID-
NET registry of XL A patients, 3% of patients had a diagno-
sis of colitis or enteritis, while 7% had abdominal pain and
9% had chronic diarrhea [41].

In another more recent study of the USIDNET registry,
35% of patients with XLLA were reported to have some form
of gastrointestinal symptoms, with diarrhea being the most
commonly reported. Ten percent of patients had a diagno-
sis of inflammatory bowel disease or enteritis. The study
reported a case of a 23-month-old male with XLLA who had
a maternal grandfather with a diagnosis of Crohn’s disease
(diagnosed at 35 years old) and CVID (diagnosed at 48 years
old). He was evaluated for BTK mutation after his grandson
was diagnosed with XLA, and was found to have the same
missense mutation, and subsequently making his diagnosis
XLA and not CVID. This study also raised the point that
IVIG has been emerging as a possible therapy for Crohn’s
disease, which poses the question: could IVIG therapy in
XLA patients be preventing development of inflammatory
bowel disease in some patients? [23].

Autoimmunity

XLA has been associated with inflammatory and autoim-
mune conditions, although it is thought to occur much less in
XLA when compared to other primary immunodeficiencies.
In a survey of 128 XL A patients, 69% reported at least one
symptom of an inflammatory process [41]. Twenty percent
reported joint pain, and 11% reported swelling of a joint;
however, only 7% reported a formal diagnosis of arthritis.
Cytopenias were also reported, but the cause of the cytope-
nia (autoimmune versus infectious) was not specified. In the
USIDNET registry of XL A patients, 16% of patients with
XLA had a diagnosis of arthritis, 5% with hypothyroidism
or goiter, and 1% had vasculitis [41].
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Diagnosis

Agammaglobulinemia should be considered when there is
a history of recurrent sinopulmonary infections prior to the
age of 5 years, a severe bacterial infection such as menin-
gitis or sepsis, and/or a lack of lymphoid tissue on physical
exam. However, clinical diagnosis alone of XLA is difficult
due to phenotypic heterogeneity and de novo presentations
[7]. Laboratory measurements that suggest a diagnosis of
XLA include significantly reduced immunoglobulin levels
with IgG usually <200 mg/dL and decreased peripheral B
cells (< 1%). Antibody titers showing lack of response to
childhood vaccines may also be helpful. A minority of indi-
viduals are also found to be severely neutropenic; however,
this is usually in conjunction with a severe infection at the
time of diagnosis.

Family history is also important to obtain when suspect-
ing a diagnosis of XLA; however, de novo presentation
occur in 33% of patients, and autosomal recessive cases of
agammaglobulinemia will show a different inheritance pat-
tern (Table 3) [7]. Examination of peripheral monocytes via
flow cytometry or western blot for BTK protein expression
can be done prior to more expensive genetic testing. The
added benefit of flow cytometry is the ability to identify
carriers [1].

In a patient with a positive family history of XLA, genetic
testing for pathogenic hemizygous BTK variant can be
obtained by single gene testing, via a genetic panel including
multiple suspect genes. In cases where the patient displays
the clinical phenotype of XLA, but no mutation in BTK is
identified, genome sequencing or exome sequencing should
be contemplated [7].

Kappa-deleting recombination excision circle (KREC)
levels can be used to make the diagnosis of XL A shortly
after birth. KRECs are formed during the process of V(D)J
recombination of B lymphocytes. One report found KREC
measurement using PCR on Guthrie card samples identi-
fied patients with XL A [42]. Another report commented on

Table3 Summary of mutations identified as causing agammaglobu-
linemia

Mutation Inheritance pattern
BTK (85%) X-linked
Mu-heavy chain AR

Lambda 5 AR

Ig alpha AR

Ig beta AR

PIK3 AR

BLNK AR

TCF3 AR and AD
LRRCS8 AD
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13 patients, 12 with XLLA, and one patient with ARA, and
found KREC levels were low or undetectable at birth, and
remained low or undetectable overtime [43]. Utilization of
KREC level on newborn screening could facilitate earlier
diagnosis, not only of XLA, but of autosomal recessive
agammaglobulinemia as well. Earlier diagnosis can decrease
morbidity and mortality by preventing severe infections or
complications, by prompt treatment with immunoglobu-
lin replacement therapy and prophylactic antibiotics [43].
A study of 306 patients, 30 with XLA, 5 with non-XLA
hypogammaglobulinemia (no BTK mutation with <2%
peripheral B cells), 133 healthy neonates, 138 healthy con-
trols aged 1 month to 35 years old, aimed to measure levels
of both coding joint KRECs and signal joint KRECs. All
healthy patients were positive for both coding joint KRECs
and signal joint KRECs, while all XLA and non-XLA
patients were negative for signal joint KRECs and all, but
one, were negative for coding joint KRECs, again indicat-
ing this could be a valid neonatal screening tool for B cell
defects [44].

A TNF receptor on the surface of plasma cells, which is
elevated in multiple myeloma, known as B-cell maturation
antigen (BCMA), promotes cell survival when ligand inter-
action occurs. In a study of patients with primary antibody
deficiency (PAD), levels of serum BCMA (sBCMA) were
measured in an attempt to characterize severity among pri-
mary antibody deficiency patients. This paper defined severe
PAD as patients with a diagnosis of CVID, XLA, or serum
IgG < 600 mg/dL, and found sSBCMA levels to be signifi-
cantly reduced in these patients, when compared to normal
patients and patients with mild forms of PAD (selective
IgA deficiency, IgG deficiency). There was a 97% positive
predictive value for the diagnosis of XLLA when the serum
BCMA level was < 15 ng/mL. These findings suggest that
although more studies are needed, sSBCMA measurements
may aid in the diagnosis of severe PAD and determine which
patients need to be started on immunoglobulin replacement
therapy [45].

Management

The treatment for agammaglobulinemia is immunoglobulin
replacement therapy, in order to prevent infection in these
patients. In the USA, immunoglobulin products are com-
posed of donated plasma from 10 to 20,000 donors, which
is then tested for pathogens and processed to eliminate any
potential viruses and prions [46]. Immunoglobulin replace-
ment is available in several preparations and can be admin-
istered intravenously or subcutaneously. With intravenous
immunoglobulin replacement, the patient is infused every
3—4 weeks. Subcutaneous infusions can be offered daily to
weekly or biweekly to monthly depending on the product
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[7]. When administered intravenously, there is a higher
IgG level peak on day one compared to the peaks obtained
with subcutaneous (and facilitated subcutaneous) infusions.
Studies have shown a rate of 3—4 infections per patient-year,
while on immunoglobulin replacement therapy [46]. There is
no set dose required or ideal trough for prevention of infec-
tion. It has been shown that different patients do clinically
well with different trough levels, and therefore, this should
be individualized based on patient’s clinical response [46].

Prophylactic antibiotics can also be used to prevent infec-
tion, although there are no current published guidelines.
Prophylactic antibiotics may be considered, particularly, if
patients continue to have infections despite immunoglobulin
replacement therapy at adequate doses. If a patient develops
an infection, they require prompt treatment with antibiotics
for a longer course, in some patients double the time, than
a non-affected patient [7]. Monitoring for disease sequelae
includes consideration of regular chest X-rays and sinus
imaging [7]. Ideally, patient should receive a baseline pul-
monary function test early on in diagnosis with periodic tests
to follow lung function over time [7].

Agammaglobulinemia and Stem Cell
Transplant

Stem cell transplant has been proposed in the past as a pos-
sible cure for XLA; however, there are many possible risks
and complications associated with allogeneic stem cell trans-
plant, which has limited this as an option, due to current
accepted treatments available. There have been few cases
reported of XLLA patients receiving stem cell transplant with
different conditioning regimens with varying results. The
first 6 cases of XLA patients treated with allogeneic stem
cell transplant, without utilization of a pre-conditioning regi-
men, did not result in engraftment in any of the 6 patients
[47].

One case has been reported of a 13-year-old male with
XLA and newly diagnosed acute myeloid leukemia (AML)
who underwent allogeneic stem cell transplant with myeloa-
blative conditioning and total body irradiation as treatment
for his AML. One year after transplant, the patient had BTK
gene analysis, which no longer showed his prior BTK muta-
tion, and subsequent normal BTK expression in monocytes
and B cells [48].

Another XL A patient, at 25 years of age, developed pre-B
acute lymphocytic leukemia (ALL) with dominant nega-
tive TP53 mutation. As part of his treatment for ALL, he
received myeloablative conditioning therapy, followed by
allogeneic stem cell transplant. At 14 months post-transplant,
the patient had normal circulating B cells; normal levels of

immunoglobulins A, G, and M; and appropriate antibody
response to vaccination with Prevnar-13 [49].

In another report, a 28 year-old-male with XLA and
history of severe potentially fatal infections, despite IVIG
replacement therapy, received allogeneic stem cell transplant
with reduced intensity conditioning with successful immune
reconstitution of CD19+ B cells, IgA and IgM, and increas-
ing IgG levels after IVIG discontinuation [50].

Agammaglobulinemia and Lung Transplant

Bronchiectasis and chronic lung disease is a known com-
plication of XLLA which may progress to require lung trans-
plantation. One series of 6 patients with XLA and end-stage
bronchiectasis received lung transplantation in a single
center. The results showed 4 out of the 6 patients developed
repeated pulmonary sepsis and chronic lung allograft dys-
function in the long term [51]. This demonstrates the great
risks associated with lung transplant in these patients.

Agammaglobulinemia and COVID-19

With the emergence of the Sars-CoV-2 pandemic in 2019,
it stands to reason that immunodeficient patients would be
of particular concern. There have been few cases reported
of patients with agammaglobulinemia and CVID with
COVID-19 infection. In a recent letter to the editor, Quinti
et al. described 7 patients, one with XLLA, one with auto-
somal recessive agammaglobulinemia, and five patients
with CVID with COVID. The authors reported mild clinical
courses in the two patients with agammaglobulinemia, and
severe disease in the patients with CVID and one fatality
[52]. In another case report, two patients with XL A in Italy
developed interstitial pneumonia and lymphopenia second-
ary to SARS-CoV-2 infection, and both patients were able
to recover without mechanical ventilation or intensive care
treatment. The authors hypothesize that T cell response
plays a more important role in fighting infection with SARS-
CoV-2 than B cell response [53]. Another recent report of a
26-year-old male with XLLA, currently off of IVIG for the past
2 years, developed COVID-19 infection and was treated with
convalescent plasma, which resulted in recovery [54]. This
patient presented with fever and chills for 1 week, and had
labs remarkable for transaminitis, elevated lactate dehydro-
genase, sedimentation rate (ESR), c-reactive protein (CRP),
ferritin, and low d-dimer [54]. A 39-year-old male with XLA
receiving monthly IVIG developed COVID-19 infection and
had a complicated course of prolonged hospitalization, per-
sistent fever, and bilateral pneumonia. Despite aggressive
treatment with IVIG, hydroxychloroquine, azithromycin, and
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ceftriaxone, symptoms persisted. On the 23rd day of hospi-
talization, he received convalescent plasma and was afebrile
after 24 h and negative for SARS-Cov-2 PCR at 48 h [55].

The evolution of SARS-Cov-2 infection to acute respira-
tory distress syndrome (ARDS) in many patients is thought
to be secondary to a cytokine storm induced by the virus.
Patients with COVID-19 have been shown to have eleva-
tion of inflammatory cytokines and chemokines, even more
elevated in those patients requiring intensive care treatment.
Another study of COVID-19 and patients with inborn errors
of immunity was conducted via a survey of multiple immu-
nodeficiency societies worldwide. Ninety-six patients with
immunodeficiency were included in the study with 56% hav-
ing primary antibody deficiency. Eight patients in the study
had agammaglobulinemia (6 with XLA and two with AR
agammaglobulinemia) and 29 patients with CVID. Findings
showed many of the patients with COVID-19, and humoral
immunodeficiency had mild or asymptomatic presentations.
Eleven of the patients with CVID had mild disease presenta-
tion and four patients expired [56].

The hypothesis that has been proposed surrounding mild
cases of COVID-19 with XL A patients is possible decrease
in IL-6 production, therefore decreased chance of cytokine
storm, in patients with BTK deficiency [56].

Another study of patients with primary immunodefi-
ciency at Mount Sinai Hospital described their cohort of
patients with immunodeficiency and clinical course with
COVID-19 infection. Of the cohort, three patients had a
diagnosis of XLA, 9 had CVID, one had hypogammaglobu-
linemia, and three had other primary immunodeficiencies.
All the patients with XL A received convalescent plasma and
recovered from the illness, and none necessitated mechani-
cal ventilation. Two CVID patients and the one patient with
hypogammaglobulinemia died. The patients with XL A had
lower levels of inflammatory markers, including IL-6, com-
pared to patients with CVID [57]. Early studies have shown
BTK activation in monocytes is increased in severe cases of
COVID-19 and utilization of BTK inhibitors reduces inflam-
matory markers [58]. In one study, use of the BTK inhibitor
acalabrutinib in 19 patients with severe COVID infection
showed decrease in inflammatory markers (II-6, CRP) and
decrease in oxygen requirement with extubation of 50% of
patients on mechanical ventilation [58].

Conclusion/Summary

Congenital agammaglobulinemia results from a mutation
in BTK about 85% of the time. Autosomal recessive forms
of agammaglobulinemia have been reported, and mutations
have been identified in genes encoding components of the
pre-BCR. Mutations have been identified in genes encoding
the mu heavy chain, Ig alpha and beta, BLNK, lambda 5,
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PIK3R1, PIK3CD, and LRRCS, as well as an autosomal
dominant form of agammaglobulinemia from mutation in
TCF3. Early identification and diagnosis of agammaglobu-
linemia is important in decreasing morbidity and mortality,
as swift initiation of immunoglobulin replacement may help
to prevent sequelae, such as life-threatening infection. The
lack of phenotype and genotype correlation in BTK muta-
tions make prediction of clinical course and identification
of patients only mildly affected difficult. Diagnosis contin-
ues to be delayed in patients, even in those with family his-
tory of XLA. New research suggests newborn screening for
B cell disorders may help in accelerating the diagnosis of
this disorder involving measurements of KRECs, as is seen
with TREC measurements, currently performed to rule out
severe combined immunodeficiency on newborn screen-
ing in the USA. Furthermore, research in measurements
of serum BCMA may aid in the management of primary
antibody deficiencies by identifying severe cases that need
immunoglobulin replacement immediately, including XL A.
Management of agammaglobulinemia consists of life-long
immunoglobulin replacement therapy. While widely used,
there are no current guidelines regarding the use of prophy-
lactic antibiotics. Further studies are needed to identify if
prophylactic antibiotics in XLA have a role in improving
infection prevention, when used concurrently with immu-
noglobulin replacement. A curative option continues to be
needed for these patients. This would help to streamline
the current practices among physicians managing these
immunodeficiencies. Lastly, the current global pandemic
with Sars-CoV-2 raised initial concerns about patients with
primary immunodeficiencies. While more formal studies
are needed, observations and case reports have shown sev-
eral patients with XL A presenting with a milder form of
COVID-19 when compared to patients with other primary
immunodeficiencies.
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