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Autoimmune lymphoproliferative syndrome (ALPS) is an inherited non-malignant and non-

infectious lymphoproliferative syndrome caused by mutations in genes affecting the

extrinsic apoptotic pathway (FAS, FASL, CASP10). The resulting FAS-mediated apoptosis

defect accounts for the expansion and accumulation of autoreactive (double-negative) T cells

leading to cytopenias, splenomegaly, lymphadenopathy, autoimmune disorders, and risk of

lymphoma. However, there are other monogenetic disorders known as ALPS-like syndromes

that can be clinically similar to ALPS but are genetically and biologically different, such as

observed in patients with immune checkpoint deficiencies, particularly cytotoxic T-

lymphocyte antigen 4 (CTLA-4) insufficiency and lipopolysaccharide-responsive beige-like

anchor protein LRBA deficiency. CTLA-4 insufficiency is caused by heterozygousmutations in

CTLA-4, an essential negative immune regulator that is constitutively expressed on regula-

tory T (Treg) cells. Mutations in CTLA-4 affect CTLA-4 binding to CD80-CD86 costimulatory

molecules, CTLA-4 homodimerization, or CTLA-4 intracellular vesicle trafficking upon cell

activation. Abnormal CTLA-4 trafficking is also observed in patients with LRBA deficiency, a

syndrome caused by biallelic mutations in LRBA that abolishes the LRBA protein expression.

Both immune checkpoint deficiencies are biologically characterized by low levels of CTLA-4

protein on the cell surface of Tregs, accounting for the autoimmunemanifestations observed

in CTLA4-insufficient and LRBA-deficient patients. In addition, both immune checkpoint

deficiencies present with an overlapping but heterogeneous clinical picture despite the dif-

ference in inheritance and penetrance. In this review, we describe the most prominent

clinical features of ALPS, CTLA-4 insufficiency and LRBA deficiency, emphasizing their
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corresponding biological mechanisms. We also provide some clinical and laboratory ap-

proaches to diagnose these three rare immune disorders, together with therapeutic strate-

gies that have worked best at improving prognosis and quality life of patients.
The generation of the enormous BCR (B cell receptor) and TCR

(T cell receptor) repertoire through a randomized gene rear-

rangement and somaticmutation process, allows the immune

system to recognize and remember specific molecular struc-

tures from pathogens, providing long-lasting protection

against recurrent infections. However, the inevitable conse-

quence of this receptor diversity process is the creation of

lymphocytes reactive to self-antigens. To control these auto-

reactive cell clones, two main mechanisms have been devel-

oped: The first is known as central tolerance, consisting of the

deletion of self-reactive T and B cells in the thymus and bone

marrow, respectively. The second system is known as pe-

ripheral tolerance involving the deletion of self-reactive im-

mune cells that evaded central tolerance. Peripheral tolerance

is also important once the immune response against a path-

ogen has been initiated, by guaranteeing immune homeosta-

sis, a balance between co-stimulatory and inhibitory signals

(also known as immune checkpoints) that controls the dura-

bility of the T cell immune response. Immune homeostasis is

essential for host survival, since an uncontrolled immune

response against invading pathogens or self-antigens can

cause tissue damage, autoinflammatory, and autoimmune

diseases. Breakdowns in either central or peripheral tolerance

due to genetic mutations have been described to cause a

plethora of immunodeficiency and immune dysregulation

syndromes. Particularly, mutations in the death receptor FAS

(or CD95) and its ligand FASL, a mechanism for apoptosis in

central and in peripheral tolerance, result in a lymphoproli-

ferative syndrome termed ALPS (Autoimmune LymphoProli-

ferative Syndrome) [1,2]. This primary immunodeficiency

(PID) is characterized by an increased amount of double

negative (DN) T cells in blood and by an uncontrolled lym-

phoproliferation observed as lymphocyte infiltration in tis-

sues and lymph nodes, due to an overall inability to efficiently

deplete lymphocytes through apoptosis [3]. This general

inability to send lymphocytes efficiently into apoptosis not

only applies to lymphocytes reactive to antigens from patho-

gens, but also affects the apoptosis of self-reactive cells.

Notably, homozygous mutations in other members of the

FAS/FASL pathway such as FADD (Fas Associated Via Death

Domain) or CAPS8 (Caspase 8), or heterozygous mutations in

CASP10 (Caspase 10) also cause ALPS. In addition, breakdowns

in immune checkpoint mechanisms, are observed in patients

with heterozygous mutations in CTLA4 (Cytotoxic T

Lymphocyte-associated Antigen 4) and in patients with bial-

lelicmutations in LRBA (Lipopolysaccharide Responsive Beige-

like Anchor protein) [4,5]. Mutations in either of those two

genes result in an overlapping clinical phenotype character-

ized by autoimmunity, respiratory infections and enteropathy

[6,7]. These diseases, known as CTLA-4 insufficiency or LRBA

deficiency respectively, have been mainly attributed to a

defective suppressive activity of regulatory T cells (Tregs), as
in both conditions a reduced overall expression of CTLA-4

leads to their functional impairment. In LRBA deficiency

however, other cellularmechanisms involving other cell types

might also be impaired, resulting in a more severe disease

with an earlier onset of symptoms and a full penetrance of the

mutations. Other abnormalities in genes that encode impor-

tant proteins for maintaining immune tolerance and/or im-

mune homeostasis, such as mutations in FOXP3 (Forkhead

box P3), CD25, BACH2 (BTB Domain And CNC Homolog 2),

STAT3 (Signal Transducer And Activator Of Transcription 3,

only GOF- Gain-Of-Function mutations), and recently in DEF6

(Guanine Nucleotide Exchange Factor), result in similar clin-

ical diseases [8]. In this review, however, we will focus spe-

cifically on ALPS, CTLA-4 insufficiency, and LRBA deficiency.

Herein, we summarize their pathomechanisms and their

clinical and laboratory characteristics. Moreover, we discuss

their differential diagnosis and treatment options.
Breakdowns of immune tolerance mechanisms:
autoimmune proliferation syndrome (ALPS)

Peter Medawar e Noble prize winner in 1960 e described

immunological tolerance “as a state of indifference or non-

reactivity towards a substance that would normally be ex-

pected to excite an immunological response”. Immunological

tolerance is required to prevent self-destructive immune re-

sponses (and thereby tissue damage) and is induced through

three different mechanisms: i) Clonal deletion, the main

mechanism of central tolerance, refers to the physical elimi-

nation of autoreactive cells, ii) clonal anergy is induced by the

lack of co-stimulatory molecules, thereby preventing full T

cell activation, and iii) suppression of cellular activation by

Tregs [9,10]. Clonal deletion or negative selection is the elim-

ination via apoptosis of B and T cells that express high affinity

receptors to a broad self-tissue-specific antigen set. In the

thymus, autoantigens are expressed by the thymic medullary

epithelial cells under the control of AIRE (autoimmune regu-

lator) [11]. Notably, autosomal recessive mutations in AIRE

result in the APECED syndrome (Autoimmune Poly-

Endocrinopathy-Candidiasis-Ectodermal Dystrophy) charac-

terized by widespread autoimmune manifestations in

humans and mice [12,13]. Similarly, self-reactive B cells are

removed in the bone marrow, but some of them have further

chances to express alternative BCR receptors to avoid

apoptosis, through a gene rearrangement process known as

receptor editing [14]. Although a substantial proportion of self-

reactive cells are eliminated in the corresponding primary

lymphoid organs, many escape from the central tolerance

mechanisms and are found in the blood circulation. Never-

theless, additional tolerance mechanisms operating in the

periphery are capable of deleting autoreactive lymphocytes.

https://doi.org/10.1016/j.bj.2021.04.005
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These peripheral tolerance mechanisms involve apoptosis,

anergy and immune deviation. The apoptosis of the autor-

eactive clones either in central or peripheral tolerance occurs

via the Fas-FasL pathway, which is also required for the

contraction of lymphocytes following an immune response

against a pathogen. Additionally, anergic B cells are as well

eliminated through the Fas-FasL pathway. Other cellular im-

mune functions such as cytotoxicity of NK and CD8 T cells,

regulation of myeloid suppressor cells' turnover [15], activa-

tion of macrophages, maintenance of immune privileged sites

and maternal tolerance are also regulated by the Fas-FasL

pathway [16].

Fas, also known as CD95, is a type I membrane receptor,

and a member of the tumor necrosis factor receptor super-

family (TNFR), and operates as a homotrimeric complexwhich

binds to its cognate ligand Fas (FasL) [17]. Following ligation,

the Fas-associated death domain (FADD) adaptor protein is

recruited to the intracellular death domain (DD) of Fas. In turn,

FADD recruits caspase 8 and 10, which subsequently activate

downstream effector caspases, leading eventually to proteol-

ysis, DNA degradation, and apoptosis of the respective cell

[18]. The role of FAS in maintaining lymphocyte homeostasis

and peripheral immune tolerance was initially elucidated by

studies of mice with deficient fas (MRL/lpr knockout mice) or

fasL (MRL/gld) [19]. These mice had a massive expression of

double negative T cells (DNT) that accumulated in secondary

lymphoid organs, hypergammaglobulinemia and glomerulo-

nephritis [19,20]. Later, the identification of mutations in

human genes encoding any of the proteins involved in the Fas

signalling pathway were identified as monogenetic cause for

ALPS. ALPS however, presents with variable penetrance and

severity. Specifically, mutations in FAS cover about 80% of

total ALPS patients, including autosomal dominant germline

mutations (70%, also known as ALPS-FAS) and somatic FAS

mutations in hematopoietic cells (10%, also known as ALPS-

sFAS). Mutations in FASL cover about 1% of ALPS patients

whereas mutations in either FADD or CASP10 occur in less

than 1% [2,3,21]. The mode of inheritance for the majority of

mutations is autosomal dominant but ALPS-FAS and ALPS-

FASL can also be inherited in an autosomal recessive

manner. These mutations are fully penetrant and especially

severe [22]. Interestingly, a cohort of 150 ALPS-FAS patients

revealed that 63 healthy FAS mutation carriers who had an

abnormal apoptosis also had elevated DNTs, sFASL and IL-10

in a similar degree to affected patients. This observation

suggests that FAS mutations causing defective apoptosis

alone, are not sufficient to cause clinical ALPS [21]. Therefore,

amodifier gene and/or environmental factors are suggested to

be involved in the pathogenesis of ALPS [23].

Clinically, ALPS patients present with a broad range of

symptoms of variable severity, including chronic lymphopro-

liferation associated with the accumulation of DNTs (around

40% of total lymphocytes), manifesting as lymphadenopathy

(>95% of patients) and/or splenomegaly (>90% of patients).

Although the reason for the DNTs accumulation in ALPS is not

well established, multiple studies have demonstrated an as-

sociation with hyperactivation of the mTOR pathway [24].

Antibody-mediated autoimmune cytopenias, including auto-

immune hemolytic anemia, autoimmune thrombocytopenia,

or neutropenia and increased susceptibility to lymphoid
malignancies, including both Hodgkin and non-Hodgkin lym-

phoma are also characteristically observed in ALPS-FAS pa-

tients [2,21]. However, these clinical features are commonly

found in other PIDs, such in patients with mutations in LRBA

[6], CTLA-4 [7], gain of function (GOF) mutations in STAT3 [25],

PIK3CD [26], and NF-kB1 [27] and NF-kB2 [28]. The identification

of mutations in those above genes supports the rationale of

using inhibitors of their corresponding pathways in ALPS pa-

tients. Details on the treatment options as well as differential

diagnostic approaches are described later in this review.
Breakdowns of immune homeostasis: immune
checkpoint deficiencies

Immune control mechanisms are critical once T cells have

been fully activated through at least two signals. The first

signal is initiated by the TCR on naı̈ve T cells through the

recognition of their corresponding specific antigen presented

by the MHC molecules on the antigen-presenting cells (APCs).

The second signal requires the formation of an immunological

synapse, which includes the binding of the costimulatory T-

cell receptor CD28 on the T cell surface to CD80 (B7.1) and

CD86 (B7.2) on the APCs (i.e dendritic cells, macrophages and B

cells). Once activated, T cells proliferate andmigrate to sites of

inflammation where they attack cells expressing relevant

antigens, destroying them either directly (CD8 T cells) or

indirectly (CD4 T cells) through other effector cells by

secreting cytokines [29]. Although an effective immune

response is crucial in defending the host against invading

pathogens and malignant cells, a tight regulation of the im-

mune response regarding its duration and extent is essential

to minimize collateral tissue damage that might result in

chronic inflammation or autoimmunity. This immune regu-

lation is executed by inhibitory signals, so called immune

checkpoints. To date, more than twenty immune checkpoint

pairs (receptor and ligand), both co-stimulatory and co-

inhibitory, have been discovered, including TIGIT/CD155,

LAG-3/MHCII, and TIM3/Gal-9, which are variably expressed

not only by T cells but also by other cells of both the myeloid

and the lymphoid linage [30]. However, the two inhibitory

receptor/ligand pairs which have received the most attention

are the cytotoxic T lymphocyte-associated antigen-4 (CTLA-4)

receptor binding to the B7 ligands (CD80 and CD86), and the

programmed cell death protein 1 (PD1) receptor with PD1-L1

as ligand [31]. CTLA-4 (or CD152) was first reported to be

constitutively expressed on Tregs in 1987. However, its

cellular function as an inhibitor of T cell activity (showing

opposing effects of CD28 upon T cell activation), was

expounded in 1995 by James Allison et al. [32]. In the same

decade, PD-1 (programmed cell death protein 1) was identified

as a second immune checkpoint by Tasuko Honjo et al. [33].

Importantly, experiments blocking the negative regulators

CTLA-4 and PD-1 using monoclonal CTLA-4 and PD-1 anti-

bodies, respectively, resulted in tumor regression in mice

[34,35]. These observations opened a new concept of cancer

therapy, allowing the development ofmultiple clinical studies

that have proven a great medical success. In 2018, Allison and

Honjo were awarded with the Nobel Prize in Medicine for the

discovery of a novel principle for tumor therapy based on the

https://doi.org/10.1016/j.bj.2021.04.005
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removal of the “brakes” in T cells. Thus, immune checkpoints

are considered asmaster regulators of the immune peripheral

tolerance, where regulatory T cells are considered the major

executers. Forkhead-box-protein-3 (FOXP3) is the linage

defining transcription factor for Tregs. A fatal autoimmune

dysregulation syndrome called IPEX (immune dysregulation,

polyendocrinopathy, enteropathy, X-linked) is observed in

patients and mouse models (scurfy mice) carrying mutations

in FOXP3, characterized by an overall loss of Tregs, high-

lighting the essential role of these cells in maintaining im-

mune tolerance and immune homeostasis [36]. Of note, scurfy

mice, as well as untreated IPEX newborns, die within weeks

from severe inflammation and autoimmunity [37,38].

Tregs may exert their immune control through mecha-

nisms that are both independent or dependent of CTLA-4. The

first mechanism includes i) release of inhibitory chemokines

such as IL-10 and TGFb (transforming growth factor beta) that

induce the expression of Foxp3 provoking the conversion of

naive Tconv (conventional T cells) into Tregs in the periphery;

ii) release of granzym A, which enters through perforin pores

in target cells, activating intracellular caspases and causing

apoptosis; and iii) metabolic disruption, i.e the effects of IL-2

and adenosine, essential mediators for T cell proliferation

[39]. The second set of inhibitory mechanisms of Tregs is

mediated via CTLA-4: Under steady state, CTLA-4 is located in

intracellular vesicles in the naive T cells or constitutively

expressed on Tregs. However, once the second signal of T cell

activation is triggered (CD28/B7binding), CTLA-4 containing

vesicles are mobilized to the cell surface where CTLA-4 out-

competes CD28 with higher affinity and avidity to bind the B7

molecules, which are expressed on the surface of APCs. The

CTLA-4/B7 complex controls the T cell response by i) anergy of

T cells due to the lack of CD28/B7 synapse formation and ii)

removal of B7 ligands from the APCs surface in a cellular event

known as trogocytosis (or transendocytosis), resulting in a

significant depletion of available B7 co-stimulatory ligands on

APCs [40,41].

While CD28 is expressed in the membrane of the cell's
surface, CTLA-4 is found in intracellular vesicles in Tregs and

activated Tconv, which are cycled within 5 min to the cell

surface upon cell activation through the coordination of two

proteins with opposing functions [42]. On one hand, AP-1 acts

as a negative post-translational regulator of CTLA-4 by biding

to a four-aminoacid (YVKM)-motif on the cytoplasmic tail of

CTLA-4, allowing the trafficking of CTLA4-containing vesicles

to lysosomes for further degradation [41]. On the contrary,

LRBA allows the recycling and further cell surface shuttling of

CTLA4-containing vesicles by directly binding CTLA-4 through

its BEACH domain at the same YVKM motif as AP-1, thereby

blocking the AP1-binding site and preventing CTLA-4 from

lysosomal degradation [43]. In the absence of LRBA (as seen in

LRBA deficiency), diminished CTLA-4 protein levels are

observed due to enhanced AP-1 binding to CTLA-4, which re-

sults in an increased lysosomal degradation of CTLA-4.

Therefore, while LRBA is not considered an immune check-

point, it acts as one via CTLA-4. Low CTLA-4 levels are

observed in patients with i) heterozygous mutations in CTLA-

4, so called CTLA-4 insufficiency, or ii) homozygousmutations

in LRBA also known as LRBA deficiency. Although LRBA defi-

ciency is autosomal recessive and presents with an earlier
onset of the disease and it is more severe than the autosomal

dominant CTLA-4 insufficiency (due to potential other cellular

functions of LRBA), both clinical syndromes overlap consid-

erably. They both present with a defective regulation of the

immune response resulting in the development of autoim-

mune manifestations and lymphoproliferation, demon-

strating the essential function of CTLA-4 [6,7]. Clinical overlap

of LRBA deficiency and CTLA-4 insufficiency is also observed

with ALPS [44]. Since the initial discovery of these two PIDs,

multiple reports have been published highlighting the broad

spectrum of the clinical picture, but also shedding insights

into the biological roles of CTLA-4 and LRBA. Notably, muta-

tions in other genes including CD25, FOXP3 and DEF6 are also

considered to cause monogenic autoimmune disorders

involving defective Treg function, resulting in similar clinical

characteristics [8]. However, for the purpose of this review, we

will focus on abnormalities of CTLA-4 and its interacting

protein LRBA.

Features of CTLA-4 insufficiency

Although CTLA-4 has been a research focus for decades, it was

not only until 2014 when heterozygous mutations in CTLA-4

were identified to cause a dysregulation and immunodefi-

ciency syndrome in humans known today as CTLA-4 insuffi-

ciency [4,45]. CTLA-4 insufficient-patients suffer from a broad

spectrum of clinical manifestations including, autoimmune

cytopenias, enteropathy, lymphocytic infiltrations of multiple

nonlymphoid organs and recurrent infections caused by a

progressive loss of circulating B cells and antibody levels [4,7].

The latter defects in the humoral compartment frequently

results in CTLA-4 insufficient patients being diagnosed as

Common variable immunodeficiency (CVID). In addition,

CTLA-4 insufficient patients might also present with autoim-

munity only, enteropathy only and in few cases with EBV-

associated Hodgkin lymphoma [46].

CTLA-4 insufficiency presents with variable disease ex-

pressivity and the absence of an association between the type

of themutation and disease severity of the clinical phenotype.

Moreover, as commonly seen in human autosomal dominant

disorders, CTLA-4 insufficiency has an incomplete clinical

penetrance resulting in 30% ofmutation carriers having one or

few clinical manifestations [7]. The cellular penetrance,

however, is fully complete since all mutations in CTLA-4 lead

to reduced CTLA-4 function including ligand binding to B7

molecules, transendocytosis of B7 ligands, and an overall Treg

suppression activity in both affected and unaffectedmutation

carriers [7]. Although, PIDs are in general categorized as

Mendelian disorders, CTLA-4 insufficiency is just one example

of many PIDs exhibiting incomplete penetrance. This phe-

nomenon might be explained by the presence of additional

genetic factors such as gene modifiers, or epigenetic changes.

Alternatively, the environment, including microbiota

composition between individuals, has been previously found

to be a risk factor in the development of autoimmunity [47].

Genetic and environmental modifiers might also explain the

discrepancies between human and the Ctla4þ/� mouse model,

which in contrast to humans, appear completely healthy [48].

Ctla4�/� mice, however, present with splenomegaly, general-

ized lymphadenopathy, and massive lymphocytic organ

https://doi.org/10.1016/j.bj.2021.04.005
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infiltrations mostly into thymus, lymph nodes and spleen,

resulting in a fatal autoimmune lymphoproliferative syn-

drome at four weeks of age [48]. Although the presence of

definitive modifying factors is currently unknown, a rare

heterozygous mutation in JAK3 (R840C variant) provided

in vitro experimental evidence as a contributor of exacerbated

lymphoproliferation in the context of CTLA-4 insufficiency.

However, screening for the JAK3-R840C variant in a cohort of

42 CTLA4-insufficient patients did not identify any another

case, leaving the search for modifying factors still open [49].

The progressive loss of B cells over time, characteristically

observed in CTLA4-insufficient patients, has been attributed

to a gradual B cell exhaustion as a consequence of chronic

infections supported by the presence of large germinal centers

and increased CD21low B cells [50]. Similar evidence of B cell

exhaustion has been seen in patients with autoimmune dis-

ease and chronic infections [51]. Since CD21low B cells are

enriched in autoreactive clones that are unresponsive to BCR

stimulation [52], it is suggested that CTLA-4 might be impor-

tant in maintaining B cell homeostasis and in preventing the

development of autoantibodies [53].

Features of LRBA deficiency

LRBA deficiency is caused by deleterious biallelic mutations in

LRBA [5]. Clinically, LRBA deficiency resembles the broad set of

symptoms of CTLA-4 insufficiency, such as immune dysre-

gulation, recurrent infections, and hypogammaglobulinemia.

This clinical overlap is due to the overall reduced expression

of CTLA-4 in both diseases. Immunologically, LRBA-deficient

patients are characterized by a reduced number and func-

tion of regulatory T cells (Tregs), low switchedmemory B cells,

and the lack of plasmablasts [6]. Despite their B cell switch

defect, LRBA-deficient subjects may mount an intense auto-

antibody response. Autoreactive clones were found enriched

in mature naive B cells from patients with LRBA deficiency

[54]. This may indicate that LRBA might play a discrete role in

preventing the accumulation of autoreactive cells in the blood

[54]. Moreover, recent reports have shown increased levels of

CD21low B cells related to concomitant autoimmune compli-

cation, and dysregulated T follicular helper T cells (Tfh) re-

sponses reflected by high frequency of cTFH, which play a role

in disease-related autoimmunity [55]. Noteworthy, Tregs

control antigen-specific expansion of Tfh cell numbers and

humoral responses via CTLA-4, thereby controlling the B cell

response [53,56].

Although LRBA deficiency presents with almost full pene-

trance, patients show a highly variable disease expressivity,

which was observed in siblings carrying the same LRBA ho-

mozygous mutation while presenting with different disease

severity [6,57]. This suggests the potential influence of modi-

fier genes. In fact, mutated LRBA has been considered to

exacerbate the disease severity of NEIL3 deficiency, since

neil3�/� mice as well as individuals carrying a loss-of-function

homozygous mutation in NEIL3 (D132V) were either asymp-

tomatic or with elevated levels of autoantibodies without

overt autoimmune disease, whereas patients with the same

NEIL3 variant plus a loss-of-protein mutation in LRBA suffered

from severe infections, autoimmune cytopenias, chronic

diarrhea and early death. However, a genetic screen on LRBA-
deficient patientswould be required to confirmwhether or not

the NEIL3-D132V variant acts as a genetic modifier, since the

carrier rate of this particular variant was found to be

approximately 2% in healthy individuals [54].

In general, regardless of the type of mutation, almost all

LRBA mutations cause a loss of LRBA protein, thereby

impeding a genotypeephenotype correlation [6,58]. Few pa-

tients however, have been reported to present with either

normal or reduced LRBA protein expression, who appeared to

be at a lower risk of a severe disease course [59]. Therefore,

quantification of LRBA protein expressionmight be useful to i)

screen for LRBA-deficient patients from cohorts of CVID and/

or with autoimmune manifestations, ii) establish the prog-

nosis, iii) distinguish patients with LRBA deficiency from

CTLA4 insufficiency, iv) guide treatment decisions, or v)

monitor treatment success after HSCT.

Biologically, LRBA is widely expressed in all tissues, but

immune cells need to be activated to express LRBA [60].

Although in murine macrophages, LRBA is located in the

cytosol, endoplasmic reticulum, Golgi apparatus, and plasma

membrane [60], in human T cells LRBA is found in recycling

endosomes, supporting its function in the vesicle trafficking of

CTLA-4 and transferrin receptor (CD71) but not of CD28, ICOS,

PD-1, and CD154-containing vesicles, further indicating a role

of LRBA in specific trafficking routes [43]. Similar functions are

exerted by the LRBA protein homologue LYST (lysosomal

trafficking regulator) [61]. Biallelic mutations in LYST cause a

PID known as Chediak-Higashi syndrome (CHS) [62], which in

contrast to LRBA deficiency does not present with immune

dysregulation features, suggesting that LRBA and LYST act in

different vesicle trafficking pathways with cellular specificity.

Therefore, protein compensation by other LRBA homologues

in LRBA-deficient patients with less severe clinical phenotype

might be interesting to address. Besides the role of LRBA as a

regulator of CTLA-4 trafficking in Tregs, LRBA has been sug-

gested to play a role in autophagy, since LRBA-deficient B cells

had a reduced autophagy flux upon serum starvation, leading

to higher apoptosis and to an accumulation of organelles in

the cytosol. As autophagy is a catabolic process required for

the formation and/or maintenance of the long-lived plasma

cell pool [5,63], abnormal autophagy might explain the low

number of switched memory B cells and plasmablasts,

resulting in hypogammaglobulinemia and the recurrent in-

fections frequently observed in LRBA-deficient patients.

Further experiments to elucidate the specific role of LRBA in

autophagy are, however, required.

LRBA-deficient mouse models have shown some limita-

tions and discrepancies to reproduce the human disease. In

2017, two different research groups reported rather healthy

mice upon acute and chronic infections, despite carrying a

homozygous truncating mutation in Lrba and having a

decreased CTLA-4 expression [64,65]. However, in 2019 Wang

et al. reported that LRBA-null mice had an enhanced suscep-

tibility to DSS-induced colitis [66]. Interestingly, they conclude

that the excessive intestinal inflammation of LRBA-null mice

to DSS was caused by a hyperactivation of the endosomal TLR

signaling, resulting in increased expression of IRF3/7-

dependent genes such as IL-8, CXCL10, RANTES and CCL3, as

well as an elevated IL-23 in response to endosomal TLR

stimulation. These observations suggest that LRBA functions
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in the endosomal pathway to limit the TLR response but the

underlying mechanisms remain to be clarified. Moreover, in a

study by Park et al. murine LRBA-deficient NK cells exhibited

impaired signalling by the key NK activating receptors, NKp46

and NKG2D, which interact with ligands expressed on the

surface of virally infected, stressed or malignant cell targets

[67]. This abnormality might result in the inability to respond

to viruses but also in the inability to reject allogenic BM grafts,

making LRBA-deficient patients highly susceptible to tumors

and viral infections but good candidates for HSCT due to their

possible resistance to acute GvHD as observed in LRBA-null

mice [66]. However, according to the published LRBA defi-

ciency cohorts, patients do not show susceptibility to any

specific microorganism or virus. An increased risk of cancer,

however, should be determined.

With regards to the humoral response in mice, there is no

evidence that LRBA is required for normal B cell development

and functionality. This discrepancy between the murine

model and the human disease have generated three hypoth-

eses: First, some species-specific compensatory mechanisms

where LRBA homologue proteins overtake the LRBA function

and compensate for its absence in mice. Second, the B cell

phenotype observed in LRBA-deficient patients as a conse-

quence of CTLA-4 loss (in mice it was 40% reduced), which is

supported by the fact that patients with CTLA4 insufficiency

also present with an abnormal humoral immune system [4].

Third, an intrinsic B cell defect in humans, as evidenced in a

defective autophagy observed in human B cells lacking LRBA

[5]. Autophagy is not only essential for plasma cell differen-

tiation but also for B1a B cell survival. Interestingly, B1a B cells

were significantly reduced in the peritoneum of LRBA-null

mice [64,65].
Malignancy in ALPS, CTLA-4 insufficiency and
LRBA deficiency

Malignant transformation is often observed in patients with

PID. This high frequency might result from a defective DNA

repair mechanism or a deficient cancer immunosurveillance

and hence a poor control of oncogenic viruses that frequently

produce chronic tissue inflammation. CTLA-4 particularly

helps in restricting lymphocytic proliferation and preventing

inflammatory damage, since low CTLA-4 expression results in

uncontrolled proliferation of T cells with a possible over-

growth of autoreactive clones over e.g. EBV-specific T cell

clones suggesting a role of CTLA-4 in CD8þ T cells and NK

cells. In the large cohort of 131 patients with CTLA-4 insuffi-

ciency, 13% of affected CTLA4 mutation carriers had a malig-

nant cell growth [7,46]. Lymphomas and gastric cancers were

themost predominant type of malignancy andmore than half

of them were associated to EBV (Epstein-Barr-Virus). There-

fore, the importance of monitoring EBV and CMV virus repli-

cation in blood of patients by PCR has been highlighted in

several reports. The high predisposition to gastric cancer

suggests the presence of a gut trigger resulting in gastroin-

testinal dysregulation that favours recurrent infections as

with Helicobacter pylori [46]. Despite LRBA deficiency leading to

a secondary loss of CTLA4, less malignancy prevalence and
frequency has been reported. Of note, absence of LRBA protein

expression causes LRBA deficiency, but overexpression of

LRBA is associated with cancer cell growth, particularly in

kidney, pancreas, colon, rectum, and lung [68]. 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 [68].

Additionally, an increased expression of LRBA has been

observed in erythroid progenitor cells suggesting the possible

involvement of LRBA in hematopoietic disorders [69]. Finally,

in ALPS patients, lymphoma continues to be the most com-

mon type of malignancy. However, other types of cancer have

been observed, suggesting a broader cancer predisposition in

the context of ALPS, as 22 malignancies were noted in 200-

ALPS patients with intracellular mutations in FAS [21].
Approaches for differential diagnosis

Genetic identification of a disease-pathogenic variant is

required for the definitive diagnosis of LRBA deficiency or

CTLA-4 insufficiency. However, some laboratory tests can be

performed in order to screen for these PIDs. Particularly in

ALPS, patients present with three classic signs i) chronic

lymphadenopathy (>6 months), ii) elevation of DNTs to over

1.5% of total lymphocytes or 2.5% of T lymphocytes, and iii)

defective in vitro lymphocyte apoptosis [70]. Other tests

including elevated soluble Fas ligand, IL-18, IL-10 and/or

Vitamin B12 accompanied by a family history of a non-

malignant/non-infections lymphoproliferation with or

without autoimmunity, help to reinforce the suspicious of

ALPS [70]. Thus, ALPS patients can be frequently identified in

CVID and Evan's syndromes cohorts, where immune check-

point deficiencies are also commonly present. Particularly,

LRBA deficiency should be considered mostly in children with

early-onset hypogammaglobulinemia, severe autoimmune

manifestations, enteropathy, lymphoproliferation and recur-

rent tract infections. Autoimmune manifestations are often

the first clinical symptom. LRBA deficiency and CTLA-4

insufficiency frequently present in patients with a CVID-like

phenotype or with multi-organ autoimmunity. However,

these clinical features might be frequently found in several

PIDs such as in IPEX (mutations in FOXP3), or IPEX-like disease,

including defects in CD25, NF-kB1, NF-kB2, STAT1 GOF, STAT3

GOF, and in the recently described DEF6 deficiency. Although

some immune cell frequencies are characteristic of a partic-

ular PID, for instance increased DNTs in ALPS, functional

testing or screening tests based onmRNA or protein detection

are currently being implemented for differential diagnosis or

when the identified variant has not yet been reported as

pathogenic. Specifically, the detection of LRBA protein by flow

cytometry in either PHA-stimulated PBMCs or in unstimulated

whole blood cells have been reported useful to discriminate

with over 90% specificity and sensitivity LRBA-deficient pa-

tients harbouring LRBA biallelic mutations from LRBA-like

patients with wild type LRBA sequence [71,72]. Although, the

LRBA protein is found to be absent in most LRBA-deficient

patients, the detection of it will not exclude LRBA deficiency
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as some patients present with normal or residual LRBA

expression. Therefore, additional functional testing such as

CTLA-4 expression or transendocytosis might be useful.

Particularly, CTLA-4 expression has shown to be higher upon

CD3/CD28 stimulation in T cells from LRBA-deficient patients.

This increase is even higher in response to lysosomal in-

hibitors following T cell stimulation [73]. These observations

are consistent with the fact that there is no defect in the

synthesis of CTLA-4 itself but rather in its trafficking. The

transendocytosis or ligand uptake test is based in the ability of

CTLA-4 to capture and remove the co-stimulatory ligands

CD80/CD86 from the membrane of APCs followed by its

internalization into the Tregs for further lysosomal degrada-

tion. In the laboratory, this process is measured by the

amount of GFP signal detected inside isolated CD4þ T cells

from patients after co-culturing them with CD80-GFP-

expressing CHO cells, which act here as APCs [74]. Trans-

endocytosis is expected to be abnormal in patients with mu-

tations in CTLA-4 as well as in LRBA-deficient patients. This

functional efficacy test is frequently used in newly identified

CTLA-4 variants. As with LRBA, DEF6 has been determined to
Fig. 1 Differential diagnosis for LRBA d
be essential for the trafficking of CTLA-4, an abnormal trans-

endocytosis test in DEF6 deficiency has been also observed [75]

[Fig. 1 and Table 1].
Treatment options

The management of ALPS, LRBA deficiency and CTLA-4

insufficiency focuses mostly on treating their clinical mani-

festations and complications using corticosteroids and

immunosuppressive agents, immunoglobulin replacement

and antibiotics. Corticosteroids and immunosuppressants are

used to control the autoimmunemanifestations. Among them,

sirolimus (rapamycin), an mTOR inhibitor and an autophagy

inducer, has demonstrated to lead to a successful reduction of

lymphoproliferation and an overall improvement of autoim-

mune manifestations. Especially in ALPS patients, researchers

have shown a concomitant decrease of DNTs supported by

increased apoptosis and reduced proliferation of DTNs in vitro

[76]. In addition, sirolimus has shown good control of disease

symptoms as autoimmunity and enteropathy, specifically
eficiency and CTLA4 insufficiency.
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Table 1 Characteristics of ALPS, CTLA-4 insufficiency, and LRBA deficiency.

PID ALPS-FAS/ALPS-FasL CTLA-4 insufficiency LRBA deficiency

Characteristic

Gene affected TNFRSF6 (FAS)/FAS-L CTLA-4 LRBA

Hereditary pattern germline or somatic, AD or AR germline, AD germline, AR

Penetrance Missense mutations in intracellular domain: 90%

Truncated mutations in intracellular domain: 70%

Any mutation in extracellular domain: 30%

Incomplete (70%) Almost complete (Only one individual stayed healthy)

Genotype-phenotype correlation Yes

(Heterogeneous syndrome)

No

(Heterogeneous syndrome)

No

(Heterogeneous syndrome)

Onset Neonatal Early adulthood Childhood

Autoimmune cytopenias Yes Yes Yes

Enteropathy Not frequent Yes Yes

Organomegaly Yes Yes Yes

Hypogammaglobulinemia Few cases; mostly hyper-IgG and hyper-IgA. Yes (around 80%) Yes (around 60%)

Recurrent infections Not frequent (mostly bacterial infections) Yes (not to a specific pathogen) Yes (not to a specific pathogen)

Lymphoproliferation Yes Yes Yes

Endocrinopathy No Yes T1DM, thyroiditis

Main laboratory findings Increased circulating DNT cells

Increased plasma levels of FasL

Increased plasma levels of IL-10

Decrease in vitro T-cell apoptosis

Decrease of CTLA-4 expression

Abnormal CTLA-4 transendocytosis

Increase of CD21low B cells

Increased DNT cells

Decrease of T regs (~60% patients)

Decreased switched B cells

Decreased plasmablasts

Decreased CTLA-4 expression

Decreased CTLA-4 transendocytosis

Absence of LRBA expression

Mimics murine model Yes No No

Abbreviations: AD: Autosomal dominant; AR: Autosomal recessive.

b
io

m
e
d
ic

a
l
jo

u
r
n
a
l
4
4

(2
0
2
1
)
4
0
0
e
4
1
1

4
0
7

https://doi.org/10.1016/j.bj.2021.04.005
https://doi.org/10.1016/j.bj.2021.04.005


b i om e d i c a l j o u r n a l 4 4 ( 2 0 2 1 ) 4 0 0e4 1 1408
weight loss and diarrhoea in patients with CTLA-4 insuffi-

ciency [45] and in LRBA deficiency [77]. Despite its side effects,

sirolimus is considered as a relatively well tolerated drug,

especially in children and it is an attractive option. Immuno-

globulin substitution (IgG-RT) is given to manage the immu-

nodeficiency and to mitigate the recurrent respiratory

infections as patients present with hypogammaglobulinemia

in 60% of cases in LRBA deficiency and in 80% of the CTLA-4

insufficiency cohort. IgG-RT however, is insufficient to con-

trol the gut involvement, whichmight be ameliorated with the

use of local corticosteroids, gluten-free diet, and several

immunosuppressive agents [78].

The only potential curative treatment for these PIDs is he-

matopoietic stem cell transplantation (HSCT). However, HSCT

is currently recommended only in patients with severe mani-

festations and non-responsiveness to conventional therapy,

including those who have developed complications after long-

term immunosuppressive treatment. In fact, a study cohort of

18 patients with CTLA-4 insufficiency who required HSCT

presented with an overall survival of 72% at 26 months post-

transplantation [79]. Recently, an international retrospective

analysis of 24 patients with LRBA deficiency that underwent

HSCT reported a mortality rate of 29.2% [59]. The trans-

plantation outcome was clearly better in patients with a less

severe disease and thus better pre-HSCT clinical conditions.

Additional studies are however necessary to determine the

best timing of HSCT and long-term survival following HSCT in

these immunodysregulation syndromes. Importantly, lung

involvement could be ameliorated in a percentage of patients

under abatacept or sirolimus treatment and resolved in many

patients after HSCT, but patientswith uncontrolled pulmonary

disease should be considered at highest risk.

Finally, patients with CTLA-4 insufficiency and LRBA defi-

ciency may be successfully treated with abatacept to control

their T cell activation. Abatacept, a fusion protein formed of a

Fc-region of human IgG1 linked to the extracellular domain of

CTLA-4, mimics the CTLA-4 function as a immunosuppres-

sant [80]. Abatacept has successfully shown clinical

improvement in enteropathy, lymphoproliferation, and

autoimmune cytopenias in 11 of 14 patients with the diag-

nosis of CTLA-4-insufficiency. In addition, abatacept reduced

the frequencies of circulating follicular T helper cells (cTfh)

and autoantibody levels in accordance with the hypothesis

that the loss of CTLA-4 is responsible for the dysregulation.

Similarly, LRBA-deficient patients appear to have a marked

clinical improvement with long-term use of abatacept,

demonstrating control of immune dysregulation and lym-

phoproliferation with a very favourable sideeeffect profile

[43,59]. cTfh cells were noted to be a reliable marker for dis-

ease activity (andmonitoring for effectiveness of abatacept) in

LRBA-deficient patients [81].
Summary

� Breakdowns in the extrinsic apoptotic pathway due to ge-

netic mutations in FAS, FASL, CAPS8, CAPS10 cause ALPS.
Apoptosis through FAS-FASL pathway is essential to

eliminate autoreactive clones.

� Breakdowns in immune checkpoint mechanisms are

observed in patients with heterozygous mutations in

CTLA4 and in patients with biallelic mutations in LRBA.

Both disorders present with a reduced overall abundance

of CTLA-4 leading to a defective suppressive activity of

Tregs.

� ALPS, CTLA-4 insufficiency, and LRBA deficiency clinically

overlap in chronic lymphoproliferation, organomegaly and

antibody-mediated autoimmune cytopenias. In contrast to

ALPS, CTLA-4 insufficiency and LRBA deficiency may

additionally present with hypogammaglobulinemia, en-

teropathy and recurrent respiratory tract infections.

� Incomplete clinical penetrance as well as variable severity

are observed in ALPS with autosomal dominant mode of

inheritance and in CTLA-4 insufficiency. Up to date, a gene

and/or environmental modifier accounting for the incom-

plete clinical penetrance, and the variable severity and

expressivity is still unknown.

� Laboratory tests for differential diagnosis include: i)

elevation of DNTs, ii) defective in vitro lymphocyte

apoptosis, and iii) elevated soluble Fas ligand, to identify

ALPS patients. CTLA-4 patients present with abnormal

CTLA-4-dependent transendocytosis, whereas LRBA-

deficient patients present with absence or reduction of

LRBA protein expression upon in vitro stimulation.

� The management of ALPS, LRBA deficiency and CTLA-4

insufficiency mostly consist of corticosteroids and immu-

nosuppressive agents, immunoglobulin replacement and

antibiotics. In particular, sirolimus has shown good control

of disease symptoms. Patients with CTLA-4 insufficiency

and LRBA deficiency may be successfully treated with

abatacept to control their T cell activation. However, the

only potential curative treatment is HSCT.
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