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Abstract

Lipopolysaccharide (LPS)-responsive beige-like anchor (LRBA) is a novel
gene essential for the normal function of the immune system. It is the eighth
common variable immunodeficiency (CVID) gene, mutation of which causes
CVID and autoimmunity, and is associated with inflammation. LRBA is a unique
CVID gene when compared to other CVID genes: it is a large, PKA anchor and
vesicle trafficking regulator. Other seven CVID genes that are associated with
CVID are cell receptors. However, the molecular mechanism by which LRBA
regulates the immune system is unknown. LRBA protein contains Concanavalin
A (ConA)-like lectin binding domain, Vacuolar protein sorting-27, hepatocyte
growth factor-regulated tyrosine kinase substrate domain and signal transducing
adaptor molecule (VHS) domain, two RIl binding motifs, WD-like (WDL), and

Beige and Chediak-Higashi (BEACH) domains and five WD40 repeats (WBW
super domain). An LC3 interaction region (LIR), which is involved in autophagy,
is also predicted in LRBA. The WBW super domain defined the WBW gene
family, members of which appear to function as scaffolding proteins in vesicle
trafficking and are important in human diseases. The cargo proteins regulated
by LRBA through vesicle trafficking may include cytokines and antibodies for
secretion, plasma membrane proteins for disposition on the membrane, and
proteins trafficking between different membrane compartments, or proteins
for degradation through lysosome/autophagy or proteasome degradation.
Specifically, LRBA interacts with multiple important signal transduction
pathways, including epidermal growth factor receptor (EGFR), Notch, PKA,
Ras, E2F1, p53, and mitogen-activated protein kinases (MAPKs). These
molecular interactions may help to understand why and how LRBA is involved
in critical cellular processes such as cell proliferation, apoptosis and autophagy,
and plays a fundamental role in the normal immune system.

anchoring protein (AKAP) for it has two regulatory subunit (RII)
binding motifs to bind the RII subunit of cAMP-dependent protein
kinase [2]. It belongs to the WDL-BEACH-WD40 (WBW) gene
family [2] and is colocalized with the Golgi complex (GC), lysosomes,
endoplasmic reticulum (ER), plasma membrane, and perinuclear ER
as demonstrated by GFP fluorescence confocal and immunoelectronic
microscopy. This is the first direct evidence that a WBW family
protein can physically associate with various vesicular compartments
in cells [2]. LRBA is also associated with motor proteins involved
in vesicle trafficking [5,6]. LRBA-deficient B cells show abnormally
high numbers of GCs [4]. It too is over expressed in several different
cancers and its promoter activity is inhibited by p53 and increased
by E2F1 [7]. Repression of LRBA expression by RNA interference, or
a dominant-negative mutant, down-regulates the phosphorylation of
epidermal growth factor receptor (EGFR) and significantly inhibits
cancer cell growth [7]. Three papers published in 2012 demonstrate
that deleterious mutations of LRBA cause CVID and autoimmunity,
and are associated with inflammation. LRBA deficient patients have
an early onset of more severe and potentially life-threatening CVID
[4,8-10], demonstrating that LRBA plays a fundamental role in the
normal immune system.

The Discovery of the LRBA gene

To discover genes responsible for B cell development, a short
DNA sequence (143bp), 7a65, was obtained through a gene
trapping method that requires the fusion of Escherichia coli lactose
operon lacZgene and a cellular gene at both the transcriptional and
translational levels, in order for the cell to express p-galactosidase
[1]. To obtain the full length sequence of the transcript, primers were
designed from this sequence and PCR fragments were obtained from
amouse B lymphocyte cDNA library. The 5’ and 3’ rapid amplification
of ¢cDNA ends (RACE) techniques were further used to obtain the
full length murine Lrba gene sequence from murine cell lines as
well as from the liver and thymus of C57BL6/] mice [2]. A search of
the GenBank found that the murine Lrba gene has a high degree of
homology to a 7.3-kb human partial cDNA sequence called Beige-
Like Protein (BGL) [3], which belongs to the human LRBA gene.
The rest of the cDNA sequences of human LRBA were obtained
from human lung, brain, and kidney ¢cDNA libraries to complete
the human LRBA sequence [2]. Human LRBA and murine Lrba
proteins are 90% identical (2587/2859)with 94% positive(2690/2859)
amino acid homology. Three murine Lrba isoforms with differences
at the C-terminal were identified [2], while the human LRBA has
two major isoforms [2,4]. LRBA has structural similarity to the
lysosomal trafficking regulator (LYST) and is potentially an A-kinase

Clinical features of LRBA deficiency

CVID is the most common late onset primary immunodeficiency
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disease (PID) and is characterized by hypogammaglobulinemia and
recurrent bacterial infections [11]. It is caused by defective B cell
differentiation and impaired secretion of immunoglobulins [12,13].
CVID is a diagnosis of exclusion and is highly heterogeneous,
genetically, immunologically and clinically [14-16]. About two-
third of CVID subjects have an autoimmune problem [17], most
commonly autoimmune hemolytic anemia (AHA), autoimmune
thrombocytopenia, rheumatoid arthritis, and pernicious anemia
[18]. The etiology of about 80% of CVID remains unknown [18],
although over the past ten years, significant progress has been made
in elucidating genetic mechanisms that result in a CVID phenotype.
A small group of genes are found to be associated with or cause CVID
[15]. These include the members of the B cell coreceptor complex
(CD19 [19], CD21 [20] and CD81 [21]), CD20 [22], transmembrane
activator and calcium modulator and cyclophilin ligand interactor
(TACI) [23] and B cell-activating factor receptor (BAFFR) [24], and
inducible costimulator (ICOS) [25]. The discoveries of CVID-causing
mutations of these genes show that a monogenic defect may produce
the whole spectrum of CVID, and that it is possible to unravel the
genetic causes underlying most human diseases thought to be
polygenic [26].

All of the above named receptors are involved in the stimulation,
survival and development of B cells. CD20 is expressed on all stages
of B cell development, except for early pro-B and plasma cells. CD21
facilitates internalization of immune complexes by B cells to enhance
antigen presentation [27]. It forms a B cell membrane complex with
CD19 and CD81 to augment the B-cell receptor response to antigen
[27]. Both BAFFR and TACI play an important role in B-cell biology
and development [28]. BAFFR is a critical B cell survival gene,

Table 1: Comparison of eight CVID genes

disruption of which causes a dramatic drop in B cell numbers [29,30].
BAFF is a ligand for both BAFFR and TACI. Abnormally active BAFF
signaling may play a role in autoimmunity. Likewise, excessive BAFF
plays a role in promoting an autoimmune condition in mice which
closely resembles systemic lupus erythematosus (SLE) in humans.
TACI is a negative regulator of BAFF signaling in B-cell survival and
responses [31], is important for switched memory B cells [32] and
is associated with autoimmunity [23,33]. TACI deficient mice have
increased immune globulin production and autoimmunity [34].
However, some CVID receptor mutations identified in CVIDs are
present in healthy individuals; therefore, the same mutations may
have a great variability in disease presentation, indicating that other
underlying factors are also involved in this disease. The importance
of these receptors is illustrated by the fact that they are therapeutic
targets for human diseases. For example, anti-CD20 therapy is used
extensively to treat B cell lymphoma and multiple sclerosis [35]. A
therapeutic monoclonal antibody against BAFF is the first SLE
medication approved by the FDA in over 40 years to treat this disease
[36].

LRBA is significantly different from the other seven CVID genes
(Table 1): First, it encodesa 319 kD large protein composed of multiple
domains [1,2] and could serve as a scaffold to interact with multiple
proteins. Other CVID proteins are relatively small, from 19 kD to 145
kD. Second, the seven CVID genes are B cell membrane receptors,
except for ICOS which is on T cells, while LRBA is ubiquitously
expressed as a vesicle trafficking regulator, required for homeostasis
and activation of plasma membrane receptors [2,37]. Thus, LRBA
may regulate other CVID genes, for example, CD19, CD20 and
BAFFR, because their levels are low when LRBA is absent [4]. Third,

Molecular Subcellular

CVID genes weight (kD) localization Function Diseases
. . . Germinal center formation, isotype class
Icoss't;;dllj:t'g:e co 27 T Cell Surface switching, and the development of memory B CVID [26]
u cells
. Mutations impair the development of Significantly reduced IgA levels
;’zg\:éﬁ"asr?;eg%i?ﬁ IgA- and IgG-secreting plasma cells and [33]. Mutated in 5% -10% of CVID
hy i 32 B Cell Surface promote lymphoproliferation. Antibody class patients [23]. Common variable
modulator and cyclophilin
ligand inter_e)\/ctof switching autoimmunity. Negative regulator of | immunodeficiency and IgA
9 - B-cell[34,73] deficiency[23,33]
B cell co-receptor in conjunction
CD19 61 B Cell Surface with CD21 and CD81 CVID [19]
B-lymphocyte survival depends on BAFF-R An adult-onset antibody deficiency
BAFFR: B cell activating signaling because BAFF-R deficiency blocks syndrome [24]. High levels of BAFF in
factor belonging to the 19 B Cell Surface B-cell development at the stage of transitional B 'mice, lead to an autoimmune disease
TNF family receptor cells. The most important B cell survival signals |similar to SLE [75]
[74]
Regulation of cell development, activation,
CD81 26 B Cell Surface growth and motility CVID [21]
Receptor for Epstein-Barr virus (EBV) binding
on B and T lymphocytes Expansion of CD21lo
cD21 145 B Cell Surface |nlCVID_pat|e‘nts_has been clearly associated CVID [20]
with a higher incidence of splenomegaly [39]
and more recentlywith autoimmune cytopenia
[71
Impaired T cell-independent antibody responses . r .
[22] markedly augment antigen presentation Impaired T cell |ndependent antibody
N . responses [22]. Expansion of CD21lo
CD20 35 B Cell Surface | and the B-cell receptor response to antigen [27] has been found in patients with SLE
development and differentiation of B-cells into [76] and CVID [77]p
plasma cells
Switched memory B cells are
LRBA: Golgi apparatus, low[4,8,38]. Disrupting BAFFR signaling
lipopolysaccharide 320 nucleus, plasma | Vesicle trafficking regulator required for other causes a dramatic drop in B cell
(LPS)-responsive beige- membrane, and | CVID genes numbers [30]. More CD20 positive
like anchor cytoplasm B cells and respond to anti-CD20
therapy[4,8,9]
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Table 2: The potential LIR of LRBA has high homology with two known LIR
motifs

Gene LIR sequence Length
LIR-TP53INP1 EKEDDEWILVDFI 13
LIR-LRBA EEEDDDYVELKVE 13
LIR-TP53INP2 EDEVGDWL 1 1DLP 13
Consensus sequence FURooIInoI..

LRBA deficiency causes both immunodeficiency and autoimmunity
[4,8,38]. All 11 LRBA deficient CVID subjects identified thus far have
autoimmune diseases (Table 4). TACI mutations also are associated
with autoimmunity but to a lesser degree (36% vs. 23% of patients
with wild-type TACI) [39]. Finally, LRBA is the only CVID protein
that is a protein kinase A(PKA)anchor and thus can function as PKA
to regulate protein activity by phosphorylation. In addition to these
above unique features, LRBA also is unique in regulating autophagy,
apoptosis, membrane dynamics and receptor signaling, all of which
are important for inflammation [1,2].

Lopez-Herrera et al. reported on five subjects with LRBA
mutations from four unrelated consanguineous families with
childhood onset of CVID and autoimmunity [4]. Alangari A. et
al. reported on five subjects with chronic inflammatory bowel
diseases and CVID in a consanguineous family with deletions of
two nucleotides in the LRBA gene [9]. Burns S et al. reported one
female subject with autoimmunity and no hypogammaglobulinemia
who had a large homozygous deletion that resulted in the absence of
the LRBA gene [8]. Therefore, six LRBA germ line mutations cause
CVID and autoimmunity with early onset (average 3 years of age)
of symptoms [4,8,9], whereas the mean onset of CVID is 26.3 years
of age [40]. Thus, the manifestations of LRBA deficiency include
hypogammaglobulinemia due to defective B-cell differentiation,
recurrent infections, particularly of the respiratory type, and various
autoimmune disorders which include idiopathic thrombocytopenic
purpura, autoimmune hemolytic anemia, and inflammatory bowel
diseases [4,8,10,18]. A subject died of respiratory failure at the
age of 19 [4]. Other medical conditions such as severe retarded
growth and failure to thrive, growth hormone deficiency, asthma,
monoarthritis, seizures, granulomatous infiltration, finger clubbing,
hepatosplenomegaly, allergic dermatitis, and nephrotic syndrome are
also observed in LRBA deficient patients [4]. The clinical features of
LRBA deficiency are listed in Table 4.

Protein structure of LRBA

The molecular weight of LRBA predicted from the largest open
reading frame (ORF) of LRBA ¢DNA is 319 KD and similar size of
protein was detected by Western blot [4]. Interestingly, mutated
LRBA proteins cannot be detected in LRBA deficient patients by
Western blot [4,8,9]. LRBA is composed of multiple domains [Figure
1] : the Concanavalin A (ConA)-like lectin binding domain [41],

VHS [42] [VPS (vacuolar protein sorting)-27, Hrs (hepatocyte
growth factor-regulated tyrosine kinase substrate) domain and
STAM (signal transducing adaptor molecule)], RII binding motifs
and WBW super domain. The three-dimensional structure of the
WDL-BEACH of LRBA is described [43]. First, ConA is a lectin,
which binds carbohydrate, originally extracted from the jack-bean,
Canavaliaensiformis. ConA-like lectin domain was predicted in
LRBA and other four LRBA paralogues [41]. It was proposed to bind
oligosaccharides associated with protein traffick and sorting [41].
Second, the VHS domain is considered to have a general membrane
targeting/cargo recognition role in vesicular trafficking [44]. It may
be involved in vesicular trafficking by binding to sorting receptors
that move and transfer cargo between the trans-Golgi network
and the endosomal compartment [45]. The VHS domain in LRBA
was predicted through a remote and functional conserved domain
prediction algorithm [42]. Third, LRBA contains two potential RII
binding sites for anchoring PKA through the RII subunits [2,46].
Finally, the WBW super-domain at the C-terminal is composed of a
WDL and BEACH domain and five WD40 repeats. This same super-
domain C-terminal architecture is shared by various large proteins
which defined the WBW family. The WDL is structurally similar to
the pleckstrin homology (PH) domain and strongly interacts with
the BEACH domains. The interface between WDL and BEACH two
domains forms a prominent groove which may be used to recruit
binding partners [43,47]. LRBA GFP fusion protein is associated with
vesicles, suggesting that BEACH and/or WD40 domains are involved
in vesicle-binding or can form a dimer with LRBA or other proteins
including WBW proteins [2].

Deficiency of LRBA suppresses autophagy by about 50%, however,
the molecular mechanism by which it does so is unknown. Our
laboratory has identified a potential microtubule-associated protein
1 light chain 3 (LC3) interaction region(LIR) motif in both human
and murine LRBA. The LIR consensus sequence is [DE]-[DE]-[DE]-
[WFY]-X-X-[LIV] [48]. The DDDYVEL sequence from LRBA has
high homology with LIRs from TP53INP1 (similarity is 92%) and
TP53INP2 [49] (Table 1). Three dimensional structure remodeling
(YASARA v12.7.16) shows that the LIR forms a complex with LC3
which is more stable than with p62, a known LC3 binding protein
(Figure 2A). Tyrosine phosphorylation in the LIR destabilizes this
complex (Figure 2B). The interaction energy between LC3 and LIRs of
LRBA and three known LC3 binding proteins, the phosphorylated LIR
of LRBA and the alanine scan were calculated using Foldx [50] (Table
3). LRBA may serve as an adaptor for ubiquitinized proteins destined
for degradation through an association with LC3 and ubiquitin by
LIR and an ubiquitin binding domain (UBD), respectively, during
autophagy. Tyrosine phosphorylation may impede LRBA binding
with LC3, inhibit autophagy, but favor cell growth, giving credence to
the fact that LIR is phosphorylated in several forms of cancer cell lines
such as lung, breast, bladder, kidney, gastric cancers and leukemia

Table 3: Calculated interaction energy between LC3 and LIRs of other proteins using Foldx

LRBA-LIR p62-LIR LRBA-LIR -p TP53INP1-LIR TP53INP2-LIR Alanine Scan
Interaction energy with LC3 (kcal/mol) -15.19 -13.89 -13.22 -18.35 -15.13 -3.76
Interaction ++ + + +++ ++
predicted experimental predicted experimental experimental predicted
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LRBA Protein Structure
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Figure 1: LRBA protein structure. Human LRBA protein has 2863 amino acids composed of multiple domains. The predicted molecular weight is 319 kD.
ConA-like: Concanavalin A (ConA)-like lectin binding domain; VHS: VPS (vacuolar protein sorting)-27, Hrs (hepatocyte growth factor-regulated tyrosine kinase
substrate) domain and STAM (signal transducing adaptor molecule); RIl: PKA regulatory subunit (RIl) binding motifs; PH: Plekstrin Homology (PH)-like domain;

BEACH: beige and CHS domain; *= stop codon; fs*3=3 frame-shift codons then stop codon.

Figure 2: Three dimensional structure remodeling of LIR and LIC3 interaction A. The LIR (Red) from LRBA is predicted to form a complex with LC3 (Aqua)
more stable than that of p62, a known LC3 binding protein. Tyrosine is in a hydrophobic pocket. B. Phosphorylation of the tyrosine in the LIR destabilizes the
complex. Phospho-Tyrosine is hydrophibic. Its side chain is away from the hydrophobic pocket and the LC3.

LIR

(http://www.phosphosite.org). These results may provide a molecular
mechanism for clinical intervention of autophagy and cell growth
related to human diseases.

In summary, LRBA potentially may serve as a scaffold to interact
with multiple proteins involved in the endomembrane system/vesicle
trafficking. However, the function of these domains has yet to be
determined [37].

Paralogues of LRBA gene and disease formation

The exact molecular mechanism of LRBA remains unknown
[37]. More valuable information about this gene may be obtained
from the studies on its homologues, because structural similarities

suggest functional similarities and vice versa. Bioinformatics analyses
show LRBA is conserved in organisms ranging from unicellular to
multicellular and probably exists in the whole eukaryotic kingdom
and in all cell types. LRBA belongs to the WBW gene family containing
the WBW super domain. WBW proteins appear to function as
scaffolding proteins in vesicle trafficking [2,4,7,37] and are important
in human diseases [37]. There are eight human WBW proteins: LRBA,
lysosomal trafficking regulator (LYST), neutral sphingomyelinase
activation associated factor (NSMAF), WD and FYVE zinc finger
domain containing protein 3 (WDFY3), WD and FYVE zinc finger
domain containing protein 4 (WDFY4), neurobeachin-like 1
(NBEALL1), neurobeachin-like 2 (NBEAL2), neurobeachin (NBEA),
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Table 4: Clinical features of LRBA deficient patents

Clinical conditions

Manifestations

Patients 1-5 from four unrelated families and hence with four different homozygous germ mutations [4]

Patient 1

Autoimmune

Idiopathic thrombocytopenic purpura (ITP)

Treatment Intravenous immunoglobulin (IVIG) replacement
Immunologic low immunoglobulin levels
investigations 9
Non-immunological Severely retarded growth, significant clubbing, strabismus as a result of abducens nerve palsy along with hemiplegia, cerebral
disorders mass

Recurrent infections

Lymphoid interstitial pneumonia (LIP). Pleuropneumonia, chronic lung disease, bilateral bronchiectasis

Patient 2

Autoimmune

Self-limiting ITP; Asthma satisfactorily treated with inhaled steroids. Reactive monoarthritis responded well to local steroid injections

Immunologic
investigations

Low immunoglobulin levels

Non-immunological
disorders

Growth retarded (both weight and height were below the fifth percentile since the age of 2)

Recurrent infections

Serous otitis media, massive pneumonia along with loculated empyema, chronic lung disease with bilateral bronchiectasis

Patient 3

Chronic diarrhea

Severe diarrhea with no detectable bacterial or parasitic infection

Autoimmune

ITP, lymphadenopathy, autoimmune haemolytic anemia (AIHA), atrophic gastritis with autoantibodies against intrinsic factor, and a
submaxillar abscess, granulomatous infiltration with T cells, plasma cells, and macrophages but showed low B cell numbers

Immunologic
investigations

A moderate IgG hypogammaglobulinemia and complete IgA deficiency but a normal neutrophil count; intermittently elevated IgM;
swelling of hilar and mediastinal lymph nodes with a mixed lymphoid follicular hyperplasia with the absence of the follicular mantle
zone

Recurrent infections

Perinealmolluscumcontagiosum, recurrent warts, recurrent mild respiratory infections, severe recurrent pneumonias, including
several interstitial pneumonias, a lymphoid interstitial pneumonia and bronchiectasis

The interstitial lung disease was treated with methylprednisolone. Attempts to taper steroids were frequently associated with

Treatment relapses, and long-term treatment with infliximab was initiated and allowed the discontinuation of methylprednisolone. Infliximab
had little improvement of the chronic diarrhea. IVIG replacement
Patient 4
Chronic diarrhea and ITP, AIHA and autoimmune enteropathy (which can be classified as Crohn disease)
autoimmune ’ pathy
Non-|mmunologlcal Failure to thrive

disorders

_Immu_nolc_)gic Low immunoglobulin levels

investigations
Treatment IVIG replacement and antibiotic prophylaxis

Recurrent infections

Recurrent upper-respiratory-tract infections, several episodes of pneumonia recurrent respiratory and gastrointestinal
infections,severe lower respiratory- tract infections along with finger clubbing, hepatosplenomegaly an obstruction of the small
airways and bronchiectasis, recurrent conjunctivitis and urticaria and a corpulmonale with consecutive right-heart failure

Treatment

Antibacterials, antifungals, and IVIG

Patient 5

Chronic diarrhea and

Recurrent chronic diarrhea, autoimmune phenomena, hypothyroidism, and or AIHA allergic dermatitis, intestinal inflammation and
subtotal villous atrophy, autoimmune phenomena, hypothyroidism, and myasthenia gravis. no signs of ITP or AIHA, bronchiectasis;

autoimmune Died at the age of 19 after respiratory failure
Non-immunological
disorders Retarded growth
Immunologic . . .
investigations Selective IgA and IgG2 deficiency, IgG and IgMlevels declined gradually

Recurrent infections

Recurrent upper-respiratory-tract infections, including sinusitis and otitis media, pneumonia

Patients 6-10 from a multiplex consanguineous family with one homozygous germ mutation[9].

Patient 6

Chronic diarrhea and

Non-bloody diarrhea; partial villous blunting with intraepithelial lymphocytic infiltration; autoimmune pancytopenia; EBV-associated
lymphoproliferative disease with intense infiltration with B cells

autoimmune
Immunologic Normal serum IgG, IgA, IgM, and IgE levels and normal numbers of CD3* T lymphocytes, CD4* and CD8* T-cell subsets, B cells,
. nolog and natural killer (NK) cells. Normal T-cell proliferation to the mitogens PHA and ConA and a normal increase in antibody titers
investigations S ) I ) : o -

after vaccination with tetanus toxoid, diphtheria, toxoid and Haemophilusinfluenzae capsular antigens

Recurrent infections

No history of recurrent infections

Treatment Responded to intravenous immunoglobulin (IVIG) replacement therapy and a short course of prednisone
Patient 7
Chronic diarrhea and Nephrotic syndrome; mucous nonbloody stools; lymphocytic infiltration of the lamina propria; villous atrophy and marked
autoimmune inflammation
Treatment Prednisone and azathioprine with poor compliance; monthly intramuscular vitamin B12 injections; human growth hormone

replacement
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Immunologic
investigations

Normal serum IgG, IgA, IgM, and IgE levels and normal numbers of CD3* T lymphocytes, CD4* and CD8* T-cell subsets, B
lymphocytes, and NK cells, normal T-cell proliferation to the mitogens PHA and ConA and a normal increase in antibody titers after
vaccination with pneumococcal vaccine

Non-immunological
disorders

Clubbing; growth hormone deficiency

Recurrent infections

No history of recurrent infections

Anemia

Megaloblastic anemia

Patient 8

Chronic diarrhea and
autoimmune

Nonmucous and nonbloody chronic diarrhea; mucosal inflammation with lymphocytic infiltration but no granulomas or ulcerations;
recurrent arthritis in the large joints, mainly the knees with inflammation

Treatment

Chronic diarrhea improved on oral prednisone

Immunologic
investigations

Low serum IgG and IgA levels and decreased B-cell numbers but normal numbers of T cells, T-cell subsets, and NK cells; markedly
reduced T-cell proliferation in response to PHA and anti-CD3 mAb

Recurrent infections

Recurrent otitis media and pneumonia; bilateral bronchiectasis and finger clubbing

Patient 9

autoimmune

Chronic diarrhea and | Chronic nonbloody and nonmucous diarrhea; duodenal villous atrophy; autoimmune thrombocytopenia and autoimmune hemolytic
anemia both of which responded to treatment with steroids and rituximab

Immunologic
investigations

Low serum IgG and IgA levels and decreased B-cell numbers but normal numbers of T cells, T-cell subsets, and NK cells; markedly
reduced T-cell proliferation in response to PHA and anti-CD3 mAb

Recurrent infections

No history of recurrent infections

Patient 10

Chronic diarrhea

Chronic diarrhea with no blood or mucus

Immunologic
investigations

Low serum IgG and IgA levels and normal numbers of T cells, T-cell subsets, B cells, and NK cells; markedly reduced T-cell
proliferation in response to PHA and anti-CD3 mAb

Recurrent infections

No history of recurrent infectionsor autoimmune hematologic manifestations

Patient 11from a consanguineous family with one homozygous germ mutation[8]

Chronic diarrhea and

Chronic diarrhea associated with an autoimmune enteropathy, duodenal villous atrophy and large bowel lymphocytic infiltration;
erythema nodosum, transient arthritis of both feet, and recurrent hemolytic anemia; extensive lung infiltration of a mixture of CD3* T

investigations

autoimmune and CD20" B cells
Raised IgG levels, raised inflammatory markers, and a low number of natural killer cells; normal lymphocyte subsets, double-
Immunologic negative T cells, T-cell proliferation assays, IgA, IgM, tetanus vaccine responses, and a nitrobluetetrazolium test; lymphadenopathy,

splenomegaly, neutropenia, and thrombocytopenia, antineutrophil antibodies; normal CD19* B cells and IgG level, a new-onset
antibody deficiency with absent vaccine responses

Treatment

Several courses of steroids, rituximab (with prophylactic immunoglobulin replacement), and mycophenolatemofetil

Non-immunological
disorders

Growth failure

Recurrent infections

No significant history of infections except for a psoas abscess associated with chronic neutropenia; five years after initial
presentation, after multiple courses of rituximab, developed recurrent infections, after withdrawal of immunoglobulin therapy

WD repeat domain 81 (WDR81) [37]. They appear to be involved in
vesicle trafficking as scaffolding proteins and are involved inregulating
lysosome size (LYST and NSMAF), apoptosis (NSMAF, LRBA),
autophagy (LYST, WD and WDFY3, LRBA), granule size (LYST,
NBEAL2, and NBEA), or synapse formation (NBEA) [2,4,7,37].

These family members are important in human diseases [37]. For
example, mutations of four WBW genes (LYST, LRBA, NBEAL2 and
WDFY4) cause recessive Mendelian diseases and NBEA is a current
candidate for autism [37]. Similar to LRBA, LYST mutations cause
Chediak-Higashi syndrome (CHS), a lethal human disorder with
severe immunodeficiency and multiple organ lymphocyte infiltrations
[4,8-10,51-53]. The platelets in CHS patients lack dense granules [54],
while the platelets in the patients with gray platelet syndrome (GPS)
caused by NBEAL2 mutations, lack alpha granules containing several
growth factors [37]. WDFY4 is strongly associated with SLE in Asian
populations [37]. NSMAF is a TNF adaptor protein which is required
for the TNF-induced expression of cytokines, such as IL-6 and
CXCL-2 [55,56]. LYST is required for LPS induction of inflammatory
cytokines [57]. The Lyst deficient cells exhibit defective TLR signaling,
specifically in the TLR4 pathways [57]. TLR4/LPS complex rapidly
cycles between the cell membrane, the GC and endosomes [58,59],
and can activate signaling pathways at the endolysosome [57],

indicating vesicle-mediated localization and trafficking of TLR4 are
required for its activation. These data suggest that LRBA may regulate
cytokines and TLR4. Recurrent bacterial infections in LRBA-deficient
patients may indicate an impaired TLR4/LPS pathway.

NBEA, which has 75% of protein homology with LRBA, is an
isoform of LRBA and an autism candidate gene. It has very similar
sub cellular localizations to that of LRBA and is implicated in post-
Golgi membrane traffic and the regulatory secretion pathway of
large dense-core vesicles containing growth factors and hormones
[7,60-62]. NBEA binds to an important signaling complex, PKA.
Interestingly, NBEA is a negative regulator of vesicle secretion as is
the Beige Protein Homolog 1 (Bphl) in yeast. NBEA is related to the
body length of mice as well as the synaptic spine patterns of neurons
in the same animal; autism, platelet development and multiple
myeloma in humans; and obesity in both mice and humans [37].
NBEA homozygous knockout mice died perinatally due to the lack
of synaptic transmissions [63,64]. Deletion of NBEA reduces synaptic
numbers and changes the localization of actin filaments in cultured
neurons. This suggests that it may be important in trafficking cargo
proteins to pre- and post-synaptic compartments [65]. NBEA is also
a candidate tumor suppressor gene in multiple myeloma [66]. It also
is involved in the regulatory secretion pathway of large dense-core
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vesicles containing growth factors and hormones [7,60-62].

Orthologue of the LRBA gene

LRBA orthologue is present in yeast as Bphland in Drosophila
as rugose (rg). Deletion of Bphl causes increased secretion of
carboxypeptidase Y in Saccharomyces cerevisiae and missorting
of alkaline phosphatase. Bphl is not essential and is both cytosolic
and membrane peripherally bound. The vacuole morphology is not
affected by disruption or overexpression of Bphl. The growth of
the delta Bphl strain is impaired by low pH, potassium acetate or
calcofluor white, a fluorescent stain that binds strongly to the cell
wall which contains cellulose and chitin, probably due to a defect on
trafficking from the GC. Genetically, Bph1 interacts with VPS9, FLO1,
FLO9, BTS1, OKP1, VPS9, BTS1 and OKP1. These data suggest that
Bphlis involved in protein sorting and cell wall formation [67].

LRBA orthologue in Dictyostelium is essential for cytokinesis [68].
LRBA orthologue, sel-2, also called F10F2.1, in Caenorhabditiselegans,
is a negative regulator of lin-12/Notch activity in the vulval precursor
cells, which are polarized epithelial cells maintained through
regulated activity of the basolateral LET-23/EGF receptor and apical
LIN-12/Notch. Loss of sel-2 activity causes basolateral mislocalization
and increased accumulation of LIN-12/Notch and basolateral LET-
23/EGE, indicating that SEL-2 is involved in endosomal traffic and
may be involved in the efficient delivery of cell surface proteins to the
lysosomes [69]. Two RII binding motifs were predicted for sel-2, both
human and murine LRBA, by aligning with the known Bl and B2
PKA RII tethering sites in rg [2].

Mutations of rg in Drosophila are embryonic semi-lethal. These
flies have a shorter lifespan and severe rough eye phenotype, caused
by cell type-specific apoptosis with increased Jun N-terminal kinase
activity and decreased EGFR signaling activity [70]. Genetically, rg
interacts with 14 genes, including multiple components of EGFR,
Notch, RAS and MAPK pathways [71,72].

Conclusion

LRBA is a novel gene essential for the normal function of the
immune system and is significantly different from seven other CVID
genes. It may regulate the following CVID genes: CD19, CD20 and
BAFFR, because their levels are lower when LRBA is absent [4]. It
encodes a large multiple domain protein, which may serve as a scaffold
to interact with multiple proteins including other membrane regulators
and cargo proteins. Vesicle trafficking is essential for homeostasis
(plasma membrane deposition, recycling and degradation) and
activation (oligomerization, phosphorylation and internalization)
of cell membrane receptors, cytokine secretion and other proteins
essential for normal function of the immune system. Although LRBA
is extensively associated with the endomembrane system, including the
GC, lysosomes, ER, plasma membrane, and perinuclear ER or nucleus,
it may not be a constitutive structural component of these organelles,
but rather a regulator of these structures, especially vesicle trafficking
of cargo proteins between these membrane compartments. The cargo
proteins may include cytokines and immunoglobulins for secretion,
plasma membrane proteins for disposition on the membrane, and
proteins trafficking between different membrane compartments, or
proteins for degradation through lysosome/autophagy or proteasome
degradation. Specifically, it interacts with multiple important signal

transduction pathways, including EGFR, Notch, PKA, Ras, E2F1,
p53 and MAPK [7,69,71,72]. These molecular interactions may help
to understand why and how LRBA is involved in cell proliferation,
apoptosis and autophagy [4,7] and plays a fundamental role in the
normal immune system.
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