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10.1 Introduction

Among the syndromes associated to immune dysregulation and antibody defi-
ciency, we find a rare autosomal recessive disease known as lipopolysaccharide-
responsive beige-like anchor (LRBA) deficiency. This syndrome was first
described in 2012 in five children harboring four different homozygous mutations
in LRBA, all of which abolished the LRBA protein expression [1]. LRBA defi-
ciency presents early in life and is characterized by a wide spectrum of clinical
manifestations ranging from autoimmunity, enteropathy, and organomegaly, to
hypogammaglobulinemia, recurrent respiratory infections, polyendocrinopathy,
growth retardation, and neurologic diseases [2-5]. Initially, LRBA deficiency was
described as a monogenetic cause of common variable immunodeficiency (CVID)
with autoimmune complications, as the first LRBA-deficient patients suffered
mostly from recurrent infections and abnormalities in the B-cell compartment
accompanied by autoimmune cytopenias [1]. However, further description from
additional patients places LRBA deficiency into the expanding group of immuno-
dysregulation syndromes due to the high frequency of different autoimmune man-
ifestations that are observed in more than 90 affected patients described up to date
worldwide.
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10.2 Etiology

LRBA deficiency is caused by loss-of-protein biallelic mutations in LRBA. To date,
around 50 different homozygous or compound heterozygous mutations in LRBA have
been reported in the literature without showing any evident genotype-phenotype cor-
relation [2, 3, 5]. These mutations include missense mutations, nonsense mutations,
splice site mutations, deletions, and duplications, which are distributed throughout all
LRBA protein domains affecting equally the protein stability [2, 3, 5]. However,
residual LRBA expression has been detected in some patients harboring homozygous
missense mutations at the c-terminus of the LRBA protein. One of them remains
healthy at the age of 7 years, whereas the other patients present with a less severe
clinical and immune phenotype [2, 6, 7]. In addition, LRBA deficiency affects simi-
larly females and males, and there is no ethnical susceptibility reported so far.

10.3 Clinical Manifestations

Patients with LRBA deficiency manifest with a heterogeneous group of clinical
symptoms and immunological findings, including:

e Immune dysregulation is the main clinical feature of LRBA deficiency, since
more than 90% of LRBA-deficient patients suffer from at least one autoimmune
disorder. Inflammatory bowel disease-like (IBD-like) (Fig. 10.1), autoimmune
hemolytic anemia (AIHA), and autoimmune thrombocytopenia (ITP) are the
most frequent autoimmune entities affecting 62—-76%, 57-70%, and 30-50% of
the patients, respectively [2-5]. Chronic diarrhea and unresponsiveness to treat-
ment have been related to growth failure observed in about 25% of LRBA-
deficient patients. Juvenile idiopathic arthritis (JIA), neutropenia, chronic
autoimmune hepatitis, eczema, type 1 diabetes (T1D), autoimmune thyroiditis,
arthritis, uveitis, psoriasis, vitiligo, and alopecia can also occur but are less fre-
quent [2-5]. Chronic erosive and nonerosive arthritis and polyendocrinopathy
disorder have also been reported in three patients [8, 9]. Moreover, a history of
atopic disorders has been documented in LRBA deficiency, such as food allergy,
insect sting allergies, allergic dermatitis, urticaria, and asthma [5].

e Organomegaly or lymphoproliferative disorders are observed in 76-86% of
LRBA-deficient patients, including splenomegaly, lymphadenopathy, and hepa-
tomegaly [2-5] (Fig. 10.1).

* Recurrent infections are mostly affecting the upper and lower respiratory tract
(70-76% of patients), including pneumonia, sinusitis, and otitis media [2-5].
These infections frequently caused parenchymal lung abnormalities such as lym-
phocytic infiltrates and bronchiectasis in the context of LRBA deficiency
(Fig. 10.1). Bronchiolitis obliterans organizing pneumonia (BOOP) has been
reported in one patient [10]. Up to date, LRBA-deficient patients do not show
susceptibility to any particular pathogen, but all of them have presented at least
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Fig. 10.1 Intestinal, pulmonary, and splenic alterations in LRBA-deficient patients. (a)
Colonoscopy revealing severe circular inflammation in the rectum, numerous ulcerations, and
mucosal edema and erythema. (b) Magnetic resonance image of marked splenomegaly. (¢) High-
resolution chest-computed tomographic scan showing atypical, partly conflating patchy alveolar
consolidations in both lungs. (d) Marked regression of alveolar consolidation 2 years after therapy
and slight bilateral ground-glass infiltrates (Obtained from Gdmez-Diaz et al. JACI, 2017)

one documented infection mostly associated to opportunistic microorganisms
including, Campylobacter jejuni, Morganella morganii, Proteus mirabilis,
Yersinia enterocolitica, Cryptosporidium parvum, Giardia lamblia, Legionella
pneumophila, aspergillosis, and chronic mucocutaneous candidiasis (CMC)
[2-5]. Infections caused by Staphylococcus aureus have also been reported [4].

* Hypogammaglobulinemia is observed in 50-80% of LRBA-deficient patients,
presenting with reduction of one, two, or three immunoglobulin isotypes.
Reductions of IgG alone, or in combination with low IgM and/or IgA, are the
most frequently observed entities in LRBA deficiency [2]. Specific antibody
response after vaccination is however variable.

e Neurologic complications are reported in about 20% of patients with diagnosis
of LRBA deficiency [3, 5]. They include unilateral optic nerve atrophy,
granuloma-like lesions coupled with a demyelinating process, and cerebral
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granuloma associated with strabismus, hemiplegia, and seizures. Optic neuritis,
brain abscess, cerebral and cerebellar atrophy, as well as parietal lobe lesion
have also been reported [3, 5].

LRBA deficiency resembles the overall picture of patients with cytotoxic
T-lymphocyte antigen 4 (CTLA-4) insufficiency, which is caused by autosomal hetero-
zygous mutations in CTLA-4 [11]. Both syndromes are characterized by the presence
of autoantibody-mediated cytopenias, organomegaly, hypogammaglobulinemia,
organ-specific autoimmunity, and lymphocytic infiltration of nonlymphoid organs
[12]. However, the clinical onset of LRBA deficiency is characteristically in childhood
(mean age of 5 year), whereas most CTLA-4-insufficient patients developed their first
symptoms in adolescence or early adulthood [12, 13]. Although CTLA-4-insufficient
patients are more prone to develop malignancies, several types of tumors have also
been observed in patients with LRBA deficiency, including Burkitt lymphoma [7],
Epstein-Barr virus lymphoma, lymphomatous central nervous system pseudotumor
[1], dysplastic tubular adenoma and polyps [14], multifocal gastric cancer, and malig-
nant melanoma [15]. Lower mortality and morbidity are reported in CTLA-4-
insufficient patients suggesting additional roles of LRBA that are CTLA-4 independent.
Disease penetrance is approximately 60% in CTLA-4 mutation carriers, while LRBA
deficiency presents nearly complete penetrance [11-13]. Furthermore, the heterogene-
ity of the clinical phenotype in LRBA-deficient patients is also observed in affected
members from the same family carrying an identical mutation in LRBA, as demon-
strated in one child harboring a homozygous mutation in LRBA who is currently
healthy despite having two affected siblings with the same mutation, suggesting the
existence and influence of modifier genes and microbial/environmental triggers that are
still unknown [2]. In addition, LRBA deficiency should also be considered as a clinical
differential diagnosis of autoimmune lymphoproliferative syndrome (ALPS), immune
dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX), and sig-
nal transducer and activator of transcription 3 (STAT3) gain-of-function (GOF) [16].
These syndromes share several clinical similarities including autoimmune cytopenias,
multi-organ autoimmunity, organomegaly, and lymphoproliferation. However, ALPS is
caused by mutations in FAS, FASL, CASPI0 that lead to a defective lymphocyte apopto-
sis mediated through the Fas/Fas ligand (FASL) pathway [17], IPEX is caused by defec-
tive suppression capacity of regulatory T cells due to mutations in the transcription
factor FOXP3 [18], and somatic GOF mutations in STAT3 confer increased STAT?3 tran-
scriptional activity, impair cytokine signaling, and diminish Treg compartment [16]. A
comparison of the main characteristics of these PIDs is summarized (Table 10.1).

Absence of LRBA protein expression causes LRBA deficiency, but overexpres-
sion of LRBA is associated with cancer cell growth, particularly in the kidney, pan-
creas, colon, rectum, and lung [19]. However, the expression levels of LRBA varied
greatly depending on the tumor type and developmental stage. These results indicate
that LRBA might play a role in the suppression of apoptosis, thereby facilitating cell
proliferation and cell survival [19]. Additionally, increased expression of LRBA has
been observed in erythroid progenitor cells suggesting the possible involvement of
LRBA in hematopoietic disorders [20]. Further analysis should focus on determining
the potential role of LRBA in cancer development as anticancer therapeutic target.
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10.4 Pathophysiology of LRBA Deficiency

Although the exact biological role of LRBA is not fully understood, a recent study has
shown that LRBA is required for the post-translational expression and trafficking of
CTLA-4 [7]. CTLA-4 is a protein receptor expressed in activated conventional T cells
and in regulatory T cells (Tregs). Upon stimulation of the T-cell receptor (TCR),
CTLA-4 is mobilized in vesicles to the cell surface where it captures the co-stimula-
tory molecules CD80 and CD86 from antigen-presenting cells (APC) by a mechanism
called trans-endocytosis, thereby downregulating the proinflammatory response [21].
Several negative response elements or proteins that modulate the transcriptional or the
post-translational expression of CTLA-4 have been identified. Among those, the AP-1
protein complex binds to a four-amino acid (Y VKM) motif of the cytoplasmic tail of
CTLA-4, allowing the trafficking of CTLA-4 to AP-1 containing vesicles to lyso-
somes for degradation [21]. In contrast, LRBA allows the recycling of CTLA-4 to
AP-Icontaining vesicles to the cell membrane of Tregs by binding the Y VKM motif
of CTLA-4, thereby blocking the AP-1-binding site and controlling the T cell activa-
tion proinflammatory response [7]. In the absence of LRBA (as seen in LRBA defi-
ciency), diminished CTLA-4 protein levels are observed due to increased CTLA-4
lysosomal degradation due to enhanced AP-1 binding. Low CTLA-4 levels might
contribute to a defective regulation of the immune response and to the development of
autoimmune manifestations and lymphoproliferation that are frequently observed in
LRBA-deficient patients [7, 12] (Fig. 10.2).
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Fig. 10.2 LRBA regulates CTLA-4 trafficking in Tregs. Upon activation of T cells, LRBA com-
petes with higher affinity against AP-1 for binding the Y VKM motif of the CTLA-4 tail. LRBA-
CTLA-4 interaction is required to guide CTLA-4-containing vesicles to the cell surface in order to
capture and engulf the co-stimulatory molecules CD80 and CD86 from the antigen-presenting
cells (APC), thereby effectively controlling T-cell activation. In the absence of LRBA, the adaptor
protein AP-1 binds to CTLA-4 leading to its lysosomal degradation (Modified from Sansom
D. Science. 2015)
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The mechanisms underlying the B-cell abnormalities and the antibody defi-
ciency observed in patients with LRBA deficiency, have been attributed to the high
apoptosis rate observed in LRBA-deficient B cells as a consequence of defective
autophagy after serum deprivation [1]. Autophagy is a catabolic process that
degrades long-lived proteins and organelles to guarantee protein homeostasis and
protein quality control at steady state or especially during starvation or stress con-
ditions, thereby supporting cell survival [22]. Interestingly, short- and long-lived
plasma cells need to reshape and expand their endoplasmic reticulum (ER) in order
to produce a high number of immunoglobulins after encountering an antigen [22].
This process causes severe oxidative, proteasome, and ER stress that can be coun-
terbalanced by enhancing autophagy, thereby limiting the ER capacity and the
immunoglobulin production, as well as promoting energy production and cell sur-
vival. However, when autophagy is defective, like in atg5-deficient cells, reduced
B-cell survival and reduced ATP levels are observed [22], evidencing an essential
role of autophagy during plasma cell differentiation. Therefore, defective autoph-
agy in the absence of LRBA might explain the low numbers of switched memory
B cells and plasmablasts.

10.5 Laboratory Findings

Immunologic abnormalities on the humoral response include decreased serum titers
of IgG in 57-84% of the affected patients, solely or in combination with reduced
IgM and IgA [2, 3]. Defective specific antibody response has been reported in
50-70% of LRBA-deficient patients. In addition, 40-60% of patients show a reduc-
tion of total B cells, affecting especially switched memory B cells and plasmablasts,
which are detected in low counts in 80% and 90% of affected patients, respectively.
In accordance, in vitro stimulated LRBA-deficient B cells failed to proliferate, dif-
ferentiate into antibody-secreting cells (ASC), and induce expression of plasma-
blast markers, indicating defects in B-cell differentiation. Interestingly, nearly 80%
of LRBA-deficient patients presented expansion of exhausted CD21'% B cells,
which are associated with autoimmune cytopenias in CVID [23]. T-cell counts and
CD4:CD8 ratio are typically unaffected in the absence of LRBA. However, abnor-
mal T-cell activation and in vitro hyperproliferation (upon CD3 stimulation) have
been observed [7]. Aberrant regulatory T-cell functionality and reduction of the
Tregs’ canonical markers, including CTLA-4, Helios, and CD25, are typical char-
acteristics of LRBA deficiency [24]. Reduced numbers of Tregs have also been
observed in about 70% of the cases [2, 24]. However, a recent study suggests that
the frequency of Tregs in LRBA deficiency might be underestimated due to low
CD25 expression levels, IL-2 consumption, CD4 lymphopenia, or immunosuppres-
sive treatments that reduce FOXP3 expression [25]. Additionally, Tregs exist in
human blood as FOXP3"s" or FOXP3"¥ cells; therefore, low FOXP3 expression
might not be indicative of low Treg numbers in LRBA deficiency [25]. In addition,
elevated circulating T-follicular helper (TFH) cells biased toward a Th1-like pheno-
type have been observed in affected patients, reflecting the impaired control of TFH
due to aberrant CTLA-4 expression in Tregs [24]. Finally, increased frequencies of
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of Thl-like, Th17 and Th22 cells along with increased expression of T-box tran-
scription factor (TBET), runt-related transcription factor 1 (RUNXI1) and T-cell
memory phenotype (CD45RO) have also been reported [7, 26, 27].

10.6 Diagnosis

Due to the wide spectrum of clinical manifestations, LRBA deficiency should be sus-
pected in patients presenting with hypogammaglobulinemia only (and be classified as
an antibody-disorder disease), and/or autoimmune cytopenias (and be classified as an
immune dysregulation syndrome), and/or inflammatory bowel disease (and be classified
as enteropathy), or with a combination of all three. In addition, patients with clinical
phenotypes of ALPS-Ph, IPEX-like, CTLA-4 insufficiency, and STAT3 GOF with FAS,
FASL, CASP10, FOXP3, CTLA-4, and STAT3 wild-type sequences should be tested for
LRBA deficiency. Currently, the diagnosis of LRBA deficiency relies on the identifica-
tion of biallelic mutations in LRBA that are usually found by whole exome sequencing
or targeted sequencing [2-5]. However, increased levels of LRBA protein in immune
cells after stimulation can be detected by Western blotting or by flow cytometry and can
be used to screen for LRBA deficiency when comparing with a healthy donor, since
LRBA-biallelic mutation carriers, present complete absence or severely reduced LRBA
protein. In fact, a flow cytometry-based test for LRBA deficiency has been recently
pusblished. This test allows to discriminate with 94% sensitivity and 80% specificity
LRBA-mutation carriers from LRBA-wild type patients [28]. Thus, LRBA protein
detection might be useful as initial screening tool of suspected LRBA-deficient patients,
narrowing down the amount of patients that need LRBA sequencing, thereby facilitating
early diagnosis and accelerating treatment implementation [2]. Moreover, impaired
CTLA-4 expression in Tregs can help to strengthen the diagnosis when suspecting
LRBA deficiency. Interestingly, two functional assays allow discrimination of CTLA-4
from LRBA mutation carriers [25]. The first assay is based on the expression of CTLA-4
by memory Tregs (mTregs), in which mTregs of healthy donors express ten-fold more
CTLA-4 than naive conventional Tregs (nTcon). In contrast, mTregs from CTLA-4-
insufficient and LRBA-deficient patients present only a five-fold and three-fold higher
expression, respectively [25]. However, upon stimulation with CD3/CD28 beads,
LRBA-deficient Tregs increase their CTLA-4 expression 20 to 30 times compared to
baseline levels and even more when Tregs are treated with a lysosomal inhibitor such as
bafilomycin [25]. Tregs from CTLA-4-insufficient patients on the other hand, keep a
low CTLA-4 expression after stimulation, indicating that in LRBA deficiency the
CTLA-4 translation is not affected. The second discriminating assay is based on the
CTLA-4 trafficking in Tregs. Specifically, patients with CTLA-4 mutations present with
severely reduced trans-endocytosis of CD80-CD86 molecules in Tregs, whereas this
process is unaffected in LRBA-deficient patients [25]. Therefore, after clinical suspicion
of LRBA deficiency, detection of LRBA protein, evaluation of CTLA-4 levels in
mTregs, or measurement of CD80-CD86 trans-endocytosis depending on CTLA-4,
might contribute to the diagnosis of LRBA deficiency and/or to monitor the efficacy of
therapies such as in patients that underwent HSCT. The final diagnosis of LRBA defi-
ciency relies however, on the identification of biallelic mutations in LRBA.
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10.7 Management and Treatment

The clinical management of patients with LRBA deficiency is mainly focused on
controlling the hypogammaglobulinemia, infections, lymphoproliferation, and
autoimmunity. Hypogammaglobulinemia is treated with subcutaneous or intrave-
nous immunoglobulin replacement, in addition to antimicrobial treatment used to
control the infectious trigger [2, 3]. Immunosuppressive therapy is used to control
lymphoproliferation and autoimmunity and includes steroids, rituximab, hydroxy-
chloroquine, mycophenolate mofetil, and azathioprine among other immunosup-
pressant agents that are not preventing the long-term deterioration of LRBA-deficient
patients [2-5, 29, 30]. Therapy with sirolimus, however, was reported to improve
completely the frequency and severity of diarrhea, allowing LRBA-deficient patients
to recover weight [2, 3]. In addition, based on the recent knowledge of the contribu-
tion of CTLA-4 in the pathogenesis of LRBA deficiency, therapy with abatacept (a
fusion protein composed of the Fc region of human IgG1 and the extracellular part
of CTLA-4 that inhibits T-cell responses by competing for costimulatory ligands)
has been included as a therapeutic option. In fact, a 5-8-year follow-up of two
LRBA-deficient patients treated with abatacept showed improvement of the patient’s
general clinical status such as their pulmonary function. In addition, reduction of
soluble CD25, which is a marker for T-cell-mediated inflammation, increase of
memory T cells, reduction of T follicular helper cells, and improvement of specific
antibody response to polysaccharides were observed in LRBA-deficient patients
under abatacept treatment [7]. At present, 12 LRBA-deficient patients with severe
clinical courses of disease that were mostly unresponsive to immunosuppression
treatment underwent hematopoietic stem cell transplantation (HSCT). Four out of
the 12 patients died within 3 months after HSCT due to preexisting infections, graft
failure, multi-organ failure, and thrombotic microangiopathy [31]. In contrast, the
remaining eight patients presented with complete, good, or partial remission.
Particularly, five of those patients showed full chimerism after HSCT, presenting a
significant reduction of numbers and intensity of LRBA-related symptoms without
relapse and without the necessity for immunosuppressants and immunoglobulin
replacement, being therefore in complete or good remission [31]. The three remain-
ing patients are in partial remission, presenting a chimerism of less than 90% and
undergoing current immunosuppressive treatment [31]. Although HSCT treatment
for LRBA-deficient patients needs to be evaluated in a bigger cohort to prove its
efficacy, HSCT is currently recommended, if a suitable donor is present, before the
patient presents long-term organ damage that may negatively affect the results of
the HSCT.

10.8 Biological Characteristics of LRBA

LRBA is a member of the BEACH domain-containing protein (BDCP) family along
with eight other human proteins (Fig. 10.3). Among them are the lysosomal traffick-
ing regulator (LYST), neurobeachin (NBEA), neurobeachin-like 1 (NBEALI),
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neurobeachin-like 2 (NBEAL2), WD and FYVE zinc finger domain-containing
protein 3 (WDFY3), WD and FYVE zinc finger domain-containing protein 4
(WDFY4), neutral sphingomyelinase activation-associated factor (NSMAF) also
known as FAN, and WD repeat domain 81 (WDR&1). In BDCPs, BEACH domains
are located at the C-terminal end of the protein, usually preceded by a pleckstrin
homology (PH) domain and followed by 4-16 repeats of WD dipeptide [32]. WD
domain-containing proteins have been implicated in a wide range of cellular func-
tions including cell cycle control, transcriptional regulation, signal transduction,
autophagy, apoptosis, and vesicle trafficking [33, 34], whereas BEACH domain-
containing proteins are mostly associated to act as scaffolding proteins. The
N-terminal part of the BDCPs is weakly conserved, and only few domains have
been identified so far. BDCPs are widely expressed in tissues, but little is known
about their specific function and the molecular mechanisms through which they act.
It has been suggested that they occupy individual and distinct physiological roles
mainly involved in vesicle trafficking, cytokinesis, as well as receptor signaling, and
that they might work as facilitators of protein-protein interactions [33, 34]. Mutations
in genes encoding for BDCP members have been associated with different clinical
entities, including a primary immunodeficiency known as Chediak-Higashi syn-
drome (CHS) and a megakaryocyte lineage disorder known as the gray platelet
syndrome (GPS) [35, 36]. CHS is caused by biallelic mutations in LYST and it is
characterized by hypopigmentation of the skin, eyes, and hair, prolonged bleeding
times, recurrent infections, and abnormal natural killer and neutrophil function,
since LYST has been suggested to be essential for sorting of cytotoxic granules
[35]. On the other hand, patients with homozygous mutations in NBEAL-2 suffer
from GPS, which is characterized by thrombocytopenia and enlarged platelets due
to specific absence of alpha-granules [37].

In humans, LRBA is located in the region 31.3 of chromosome 4, and it shares
90% homology with its murine counterpart. According to the Ensembl (www.
ensembl.org) and NCBI (National Center for Biotechnology Information: www.
ncbi.nlm.nih.gov) databases, human LRBA encodes two protein transcripts, LRBA-
001 (ENST00000510413; NP_001186211) and LRBA-002 (ENST00000357115;
NP_006717), that are translated into proteins of 2851 aa and 2863 aa, respectively.
The two isoforms differ in exon 39, which is absent in isoform 1. The biological
relevance of the human isoforms and their expression in the different human tissues
have not yet been evaluated. However, LRBA mRNA has been detected in several
human tissues including the spleen, lymph node, thymus, tonsil, bone marrow, fetal
liver, heart, placenta, lung, liver, skeletal muscle, kidney, and pancreas [1]. Finally,
a homology analysis revealed that LRBA is highly conserved among species.

Computational predictions suggest that human LRBA is located in the cytosol, at
the plasma membrane, in the endoplasmic reticulum, and in the Golgi apparatus. In
accordance, in vitro analysis of plasmids containing BEACH-WD domains of
LRBA fused to green fluorescent protein (GFP), localized predominately in the
cytosol of murine macrophages at steady state [38]. However, upon LPS stimula-
tion, LRBA associated with the endoplasmic reticulum (ER), Golgi complex,
plasma membrane, and within lysosomes [38]. Furthermore, studies using
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Fig. 10.3 BEACH domain-containing protein family. Representative diagram of all protein
domains of human members of the BEACH domain-containing family (Obtained from Cullinane
A, Traffic, 2013)

ImageStream showed localization of LRBA within recycling endosomes and the
trans-Golgi network in normal human T cells, suggesting a role of LRBA in vesicle
trafficking [7]. In fact, trafficking of transferring receptor (CD71) and CTLA-4 was
found reduced in the absence of LRBA despite normal trafficking of CD28, ICOS,
PD-1, and CD154-containing vesicles, indicating a role of LRBA in specific traf-
ficking routes [7].

10.9 LRBA Deficiency Mouse Model

Human and murine LRBA share 90% of protein homology indicating an essential
role of LRBA during evolution. Similar to humans, LRBA is broadly expressed in
murine tissues and it is upregulated two to four folds in immune cells after LPS
stimulation [1, 38]. The immune phenotype of LRBA knockout (KO) mice has
been recently described [39, 40]. Remarkably, mice lacking LRBA remain healthy
after 2-year follow-up under specific pathogenic conditions (SPF) without devel-
oping overt disease or increased disease severity after antigenic challenging [39,
40]. Human and murine LRBA deficiencies are similar in terms of a trend towards
growth retardation and abnormalities in the regulatory T-cell compartment, includ-
ing severely diminished CTLA-4 expression and, in less extent, reduction of CD25
and Helios. Frequencies and functionality of Tregs are, however, different. Reduced
numbers of Tregs and poor Treg suppression capacity have been observed in
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LRBA-deficient patients, whereas LRBA KO mice showed comparable numbers to
their wild-type littermates [2, 24, 40]. In addition, LRBA KO mice presented nor-
mal development and repartition of T-cell subsets in the thymus and spleen, cor-
relating with normal frequencies of CD4* and CD8* cells in the blood of
LRBA-deficient patients. However, a skewing of peripheral T cells towards a mem-
ory phenotype (CD45R0O") is observed in the absence of human or murine LRBA
[2, 7]. Memory T cells play a critical role in host defense, but increased numbers
are frequently associated with dysregulated Treg functionality, as found in patients
with colorectal and gastric cancers [41, 42]. Moreover, an increased frequency of
T follicular helper cells that is associated with an ineffective regulation of antibody
response has been recently observed in the peripheral blood of LRBA-deficient
patients [24], as well as in the Peyer’s patches of LRBA KO mice after acute infec-
tion with Salmonella typhimurium despite normal findings on intestinal histologi-
cal analysis [40].

The findings on NK cells in humans and mice lacking LRBA are controversial.
In humans, normal counts of CD16* CD56* cells are observed as normal in most
LRBA-deficient patients as well as in LRBA KO mice [2, 3, 39, 40]. Using a
CD107a translocation assay, the NK cell cytotoxic activity was found regular in
LRBA-deficient patients despite LRBA being associated with endosomal traffick-
ing [1]. In contrast, murine LRBA-deficient NK cells impaired granzyme B secre-
tion and activation of NKG2D and NKp46 signaling, suggesting a pivotal role of
LRBA in antiviral and antitumoral responses [43]. However, LRBA KO mice
mounted normal response against lymphocytic choriomeningitis virus (LCMV) in
an acute and chronic infection setting [39, 40], and none of the LRBA patients’
cohorts reported so far showed any predisposition to viral infections and/or to
malignancies [2, 3, 5]. In addition, the defective NK cell functionality in LRBA KO
mice was associated with resistance to lethal graft-versus-host disease (GvHD),
encouraging physicians to treat LRBA-deficient patients with HSCT [43]. However,
up to date, 12 patients with LRBA deficiency have been treated with HSCT result-
ing in 5 complete/good remissions, 3 partial remissions, and 4 deaths [31], confirm-
ing the complexity of LRBA deficiency and the need to further analyze the role of
LRBA not only in human NK cells but also in other relevant immune actors involved
in the GvHD response. This information will help clinicians to decide on the bene-
fits of treating LRBA-deficient patients with HSCT.

The main differences between human and mice lacking LRBA were observed in
the B-cell compartment, since total serum IgG and IgM and specific T-dependent
and T-independent antibodies and antibody-secreting cells (ASCs) were found to
be normal in LRBA KO mice, whereas 60—80% of LRBA-deficient patients suffer
from hypogammaglobulinemia and present with poor specific antibody response
[2, 40].

Moreover, serum and secretory IgA levels were surprisingly increased in
LRBA KO mice regardless of age or treatment of the mice [40]. In addition, and
contrary to what has been observed in LRBA-deficient patients, B-cell subsets
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from LRBA KO mice were found to be normal in terms of frequency and distribu-
tion in the bone marrow (pro-, pre-, and immature and mature B cells) and in the
spleen (transitional, follicular and marginal zone B cells). Only B-1a cells were
severely reduced in the peritoneum of LRBA KO mice in comparison with their
WT littermates [40]. B-1 cells secrete spontaneously natural antibodies against
either self-antigens or against pathogen-expressed molecules [44]. In addition,
peritoneal B-1 cells are considered as the major source of IL-10 production in the
B-cell lineage that is implicated in the regulation of tissue homeostasis [45].
Interestingly, IgA-secreting B-1 cells existing in the intestinal lamina propria are
derived from peritoneal B-1 cells in an IL-5 and microbiota-dependent manner
[46, 47]. This indicates that early exposure to commensal microbiota might be
crucial for the development of local IgA-producing B-1 cells and therefore the
maintenance of intestinal homeostasis. These observations reveal a possible role
of LRBA in the development and/or maintenance of B-1a cells and in the produc-
tion or regulation of IgA.

10.10 Summary and Outlook

Biallelic loss-of-protein mutations in LRBA cause an early-onset syndrome present-
ing with immunodeficiency and immune dysregulation, known as LRBA deficiency.
Affected patients suffer mostly from autoimmune cytopenias, enteropathy, and lym-
phoproliferation, resembling the clinical picture of patients with CTLA-4 insuffi-
ciency, ALPS, IPEX, and STAT-3 GOF. Although the genetic diagnosis is required
for any of the above syndromes, screening diagnostic tests based on the detection of
LRBA protein in immune cells after stimulation might be useful to reduce the diag-
nostic delay, allowing timely clinical interventions. Moreover, a follow-up of bigger
LRBA deficiency patients’ cohorts would provide definitive evidence on the efficacy
of HSCT and CTLA-4-Ig fusion protein for the treatment of LRBA deficiency.
Although the biological role of LRBA in immunity is not completely under-
stood, autoimmune manifestations are explained by reduced CTLA-4 expression
on Tregs and activated Tcon cells as consequence of high CTLA-4 lysosomal deg-
radation in the absence of LRBA. In addition, patients with LRBA deficiency pres-
ent recurrent infections and hypogammaglobulinemia due to the low numbers of
switched memory B cells and plasmablasts due to defective autophagy and
increased apoptosis of B cells after encountering an antigen. These findings on T-
and B-cell compartments demonstrate an essential role of LRBA in immune toler-
ance and in the maintenance of humoral immunity. However, the underlying
molecular mechanisms involved in the regulation of CTLA-4 as well as in autoph-
agy/apoptosis processes need further evaluation. Contrary to human LRBA defi-
ciency, LRBA KO mice do not present evident signs of disease despite low levels
of CTLA-4, reduced frequency of IL-10-producing B cells, and increased numbers
of T follicular helper cells. Interestingly, increased levels of IgA were found in
mice lacking LRBA. Future studies to elucidate the role of LRBA in the regulation
of IgA, and its involvement on mucosal immunity, and on B-1 cell migration are
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needed. Finally, investigations on clarifying the discrepancies between human and
murine LRBA deficiency should be addressed.
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