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Cytotoxic T lymphocyte antigen-4 (CTLA-4) is a crucial immune checkpoint that is
constitutively expressed in regulatory T (Treg) cells. Following T-cell activation, CTLA-4
is rapidly mobilized from its intracellular vesicle pool to the cell surface to control the
availability of co-stimulatory B7 molecules, thereby maintaining immune homeostasis.
Heterozygous mutations in CTLA-4 lead to defects in (i) CTLA-4 ligand binding, (i) homo-
dimerization, (i) B7-transendocytosis, and (iv) CTLA-4 vesicle trafficking, resulting in
an inborn error of immunity with predominant autoimmunity. CTLA-4 vesicle trafficking
impairment is also observed in patients with lipopolysaccharide-responsive beige-like
anchor protein (LRBA) deficiency or the differentially expressed in FDCP6 homolog
(DEFB) deficiency, caused by biallelic mutations in LRBA and DEF6, respectively.
Therefore, patients with CTLA-4 insufficiency, LRBA deficiency, and—most recently
reported—DEF6 deficiency present an overlapping clinical phenotype mainly attributed
to a defective suppressive activity of Tregs, as all three diseases reduce overall surface
expression of CTLA-4. In this paper, we describe the clinical phenotypes of these
immune checkpoint defects, their patho-mechanisms, and visually compare them to
other immune regulatory disorders (IPEX syndrome, CD27, and CD70 deficiencies)
by using the immune deficiency and dysregulation (IDDA version 2.1) “kaleidoscope”
score. This illustrates the variability of the degrees and manifestations of immune
deficiency and dysregulation. Patients characteristically present with an increased risk of
infections, autoimmune cytopenias, multi-organ autoimmunity, and inflammation, which
are often severe and life-threatening. Furthermore, these patients suffer an increased
risk of developing malignancies, especially Non-Hodgkin’s lymphoma. Successful
treatment options include regular administration of soluble CTLA-4-Ig fusion protein,
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CTLA4, LRBA, and DEF6 Defects

Treg cell-sparing immune suppressants like sirolimus or mycophenolate mofetil, and
hematopoietic stem cell transplantation. This mini-review highlights the most relevant
biological and clinical features as well as treatment options for CTLA-4 insufficiency and

LRBA and DEF6 deficiencies.

Keywords: primary immunodeficiency (PID), primary immune regulatory disorder (PIRD), inborn error of
immunity (IEl), cytotoxic T lymphocyte antigen 4 (CLTA-4), hematopoietic stem cell transplantation (HSCT),
lipopolysaccharide-responsive beige-like anchor protein (LRBA), differentially expressed in FDCP6 homolog
(DEF6), immune deficiency and dysregulation activity (IDDA) kaleidoscope score

INTRODUCTION

Primary immune regulatory disorders (PIRDs) are inborn errors
of immunity (IEI) with immune dysregulation [category IV of
the international classification of human IEL; (1, 2)], that pose
a major challenge to physicians, because they are difficult to
diagnose and hard to treat. Although phenotypic features and
their constellations may be quite specific for a certain underlying
monogenic IEI, patients with PIRDs may manifest at extremely
different ages, displaying incomplete clinical penetrance. Often,
no genotype-phenotype correlation can be found, requiring
completely different management approaches even within one
family (3-11). For instance, affected siblings of one patient
undergoing hematopoietic stem cell transplantation (HSCT) for
a PIRD may be oligosymptomatic, but still require no medical
therapy at all. In some other PIRDs, the existence of a targeted
therapy allows its continuous administration, enabling complete
or good partial remissions to be achieved and maintained for
many years, albeit with side effects.

In recent years, tremendous progress has been made to more
effectively define, understand, and manage the insufficiency of
cytotoxic T-lymphocyte antigen 4 (CTLA-4), the deficiency of
lipopolysaccharide-responsive beige-like anchor protein (LRBA),
or of differentially expressed in FDCP6 homolog (DEF6),
which represent typical examples of PIRDs (6, 10, 12-17).
The classical autoimmune lymphoproliferative syndromes and
diseases with hemophagocytosis and/or EBV susceptibility
or with colitis are based on the impairment of various
receptors or signal transducers relevant to innumerable, more
or less cell-type or tissue-specific immune regulatory elements
(2). Other IEIs affect the function of regulatory T (Treg)
cells—so-called “Tregopathies—such as immune dysregulation,
polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome,
deficiencies of CD25 or BTB domain and CNC homolog 2
(BACH2), and gain-of-function mutations in signal transducer
and activator of transcription 3 (STAT3) (18). Unlike these

Abbreviations: AP-2, adaptor protein complex; APC, antigen presenting
cells; BEACH, Beige and Chediak Highashi; CCV, clathrin-coated vesicles;
CTLA-4, cytotoxic T-lymphocyte antigen 4; DEF6, differentially expressed in
FDCP6 homolog; EBV, Epstein-Barr-Virus; GEF, guanine exchange factor; IEI,
inborn errors of immunity; Ig, immunoglobulin; IPEX, immunodysregulation
polyendocrinopathy enteropathy X-linked; IS, immune synapse; LRBA,
lipopolysaccharide-responsive ~ beige-like anchor protein, MHC, major
histocompatibility complex; PI3K, phosphoinositide 3-kinnase; PIRD, primary
immune regulatory disorders; NFAT, nuclear factor of activated T cells; SNP,
Single nucleotide polymorphism; TCR, T-cell receptor signaling; TFH, T follicular
helper; Tregs, regulatory T cells.

other IEIs, it appears as though the lack of functional CTLA-4,
LRBA, and DEF6 converge in one common primary molecular
mechanism, namely, the reduced surface availability of CTLA-4.
The low surface expression of CTLA-4 ultimately results in Treg
cell dysfunction and leads to impaired immune homeostasis.

CTLA-4 is an important human negative immune checkpoint,
as demonstrated by the therapeutic exploitation of its inhibition,
next to PD-1, to augment anti-tumoral immunity [reviewed in
(19)]. The three entities that negatively affect CTLA-4 function
in human disease (CTLA-4 insufficiency and LRBA or DEF6
deficiency) may thus also be summarized under the term immune
checkpoint defects (20). In this mini-review, we summarize the
biological characteristics and highlight clinical implications of
these immune checkpoint defects, CTLA-4 insufficiency, and
LRBA or DEF6 deficiency.

Biological Aspects of Impaired CTLA-4 Cell
Surface Expression and Immune

Homeostasis

Three Players, One Control Pathway

Given the profound pathophysiological consequences of
insufficient or excessive T cell activation, it is not surprising
that the adaptive immune response is tightly controlled by
positive and negative regulators. Once the T cell receptor
(TCR) has engaged with antigenic peptides presented by MHC,
CD28, a positive regulator constitutively expressed on the
surface of naive T cells, binds to B7 molecules (CD80 and
CD86) that are expressed on antigen-presenting cells (APCs).
The CD28/B7 interaction is a vital interaction for immune
synapse (IS) formation, as it is required to guarantee full
T-cell activation (21). The CD28 homologue protein known
as CTLA-4 can “switch off” the T-cell-dependent response
after pathogen clearance. Unlike CD28, CTLA-4 is mostly
intracellularly stored in clathrin-coated vesicles (CCV) in naive
T cells or constitutively expressed on the surface of Tregs.
Upon TCR-dependent activation, CTLA-4-containing CCVs
are rapidly mobilized to the cell surface to form homodimers
that outcompete CD28 and bind to B7 molecules with higher
affinity and avidity. This binding activates cell-intrinsic and
cell-extrinsic inhibitory mechanisms that depend on CTLA-4
(22, 23). One of the latter mechanisms (i.e., transendocytosis)
physically removes B7 molecules from APCs then effects the
internalization and a coordinated destination for either (i)
the lysosomal degradation of CTLA-4/B7 complexes or (ii)
CTLA-4 receptor recycling (Figure 1). This process depletes the
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FIGURE 1 | Model of the biological mechanisms involved in the pathophysiology of the three checkpoint defects: CTLA-4 insufficiency, LRBA and DEF6 deficiency.

amount of co-stimulatory signals present on the APC’s surface,
controlling T-cell activation. While the interaction between
CTLA-4 and the adaptor protein complex 2 (AP-2) directs
the lysosomal degradation of the bound B7 ligands, DEF6 and
LRBA essentially control the recycling fate of the CTLA-4 CCVs
(15, 16). Upon T-cell activation, mechanistic effects cause LRBA
to be intracellularly expressed in Rab117 vesicles, where it binds
to the YVKM motif of the cytoplasmic tail of CTLA-4-the same
binding site of AP-2. One interesting aspect of this process is
that DEF6, a guanine nucleotide exchange factor (GEF), also
localizes at the CTLA-4 CCVs while transforming Rabll to
its GTP-bound active state (24). Active Rabl1 facilitates the
recruitment of many effector proteins that are involved in several
membrane trafficking events, such as vesicle budding, transport,

tethering, docking, and fusion along the recycling route (25).
Researchers still need to clarify whether LRBA is one of the
effector proteins recruited by Rabl1 upon activation via DEF6.
Thus, DEF6 and LRBA need to jointly function for CTLA-4 to
be successfully recycled to the T-cell surface. Of note, LRBA and
DEF6 have been associated with other cellular functions that
enable a proper immune response, such as autophagy and NFAT
activation, respectively (12, 26).

The Duality of Immune Dysregulation and Immune
Deficiency

The reduction of available CTLA-4 on the T-cell surface is the
common end point of (i) aberrant CTLA-4 protein (i.e., due to
truncated CTLA-4 protein, defects in the ligand-binding domain,
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or homodimerization) caused by heterozygous mutations in
CTLA-4 or (ii)) enhanced CTLA-4 lysosomal degradation
generated by biallelic mutations in LRBA or DEF6 (Figure 1).
Although some missense mutations in CTLA-4 do not affect
the CTLA-4 protein expression, most mutations in CTLA-4,
LRBA, and DEF6 reduce CTLA-4 protein levels by 50, 50-75,
and 50%, respectively (9, 16, 27, 28). In addition, regardless of
the mutations in CTLA-4, LRBA, and DEF6, Tregs and activated
conventional T (Tcon) cells present with an overall but variable
reduction in CTLA-4-dependent transendocytosis. Therefore,
researchers should consider conducting an in vitro evaluation
of transendocytosis in T cells from patients suspected of having
defects in the CTLA-4 pathway, then evaluate the LRBA and
DEF®6 protein levels to obtain a differential diagnosis (6, 16, 17).
Further correlations observed between the levels of CTLA-4 and
the percentage of CTLA-4 transendocytosis or with the clinical
onset or clinical severity in these three immune checkpoint
deficiencies should be addressed.

Aberrant cell-extrinsic mechanisms (such as lowering IL-2
production, preventing lipid raft formation for TCR signaling, T-
cell anergy induction via PI3K), and cell-intrinsic mechanisms
that are dependent of CTLA-4 lead to a general dysfunction in
the suppressive capacity of Tregs. For example, this dysfunction
is observed in patients with mutations in FOXP3. (These patients
suffer from IPEX- Immunodysregulation polyendocrinopathy
enteropathy X-linked syndrome) (29). The abnormal CTLA-4
functionality results in (i) immune homeostasis disruption as
evidenced by prolonged T-cell activation and migration, causing
multiorgan lymphocytic infiltration and (ii) a breakdown of
the peripheral immune tolerance as illustrated by the higher
circulation of autoreactive lymphocytes, accounting for the
autoimmunity development. Increased effector T-cell counts,
lymphocytic organ infiltration, as well as multiple types of
autoimmunity are commonly observed in patients with CTLA-4
insufficiency, LRBA deficiency, or DEF6 deficiency (6, 9, 16, 30).
Autoimmune manifestations are frequently the first symptom
in LRBA- and DEF6-deficient patients. Although downstream
events of TCR and CD28 signaling assure immunoglobulin
production, the loss of CTLA-4 and, therefore, the abundance of
CD28, causes the opposite effect. Hence, patients with CTLA-4
insufficiency or LRBA/DEF6 deficiency frequently present with
low B-cell counts and hypogammaglobulinemia. Researchers
have suggested that these humoral abnormalities occur as a
consequence of gradual B cell exhaustion due to over- and/or
chronic stimulation (as evidenced by the expansion of CD21°%
B cells) or due to bone marrow niche disruption following T-
cell infiltration (13, 14). Notably, patients with CTLA-4 defects
present with CD21!°% B-cell enrichment in autoreactive clones,
as well as increased ¢TFH cells (31-33). This indicates that
CTLA-4 plays an additional potential role in maintaining B-cell
homeostasis and preventing the development of autoantibodies
(32, 34), just as Tregs control the antigen-specific expansion of
Tth via CTLA-4 which, in turn, controls the B-cell response
(32, 35, 36).

While patients with germline mutations in CTLA-4, LRBA and
DEF6 commonly display features such as immune dysregulation
and immune deficiency, mice with similar genetic defects are

relatively healthy, even upon infectious challenging or aging. In
particular, Ctla4-null mice develop fatal autoimmunity early on
in life, whereas their Ctla4*/~ littermates do not develop features
of autoimmunity (37). Similarly, Lrba-null mice do not present
signs of immune dysregulation or aberrant humoral response,
despite their loss of LRBA protein and up to 60% reduction
in CTLA-4 protein (38). Interestingly, Lrba-null mice displayed
reduced B-1a cells along with decreased IL-10 production. Recent
studies have shown that loss of CTLA-4 expression in B-la
cells results in spontaneous development of autoantibodies, Tth
cells and germinal center in spleens leading to an autoimmune
pathology later in life. Whether the expression of CTLA-4 by B-
1a cells is also important for immune tolerance in humans is still
unknown (39).

Moreover, in 2019, one group reported the development
of DSS-induced colitis in Lrba-null mice as a consequence
of a hyperactivation of the endosomal TLR signaling (40).
Whether these discrepancies depend on the mouse background
or a specific antigen trigger is still a topic of research. The
development of autoimmunity in Def6~/~ mice does not offer
any clues, as some groups reported enhanced susceptibility
to the development of an early onset rheumatoid-arthritis-like
joint disease or a spontaneous systemic autoimmune disorder
(41, 42) whereas others reported inflammation resistance in the
Def6~/~ mouse models (26). Thus, the different phenotypes
observed in human and mice in the context of these three
PIRDs, despite the fact that CTLA-4, LRBA and DEF6 proteins
have the same biological functions in both species, indicate that
mice may rely less on the CTLA-4 route to maintain immune
homeostasis, or that the murine immune system is more resistant
to developing immune dysregulation. Hence, murine data shall
be taken cautiously when comparing it to patients with any of
these three immune disorders.

Malignancies and Immune Checkpoint Inhibition by
“Artificial or Natural” Means

One of the mechanisms that tumor cells have adopted to
evade immune responses takes advantage of the negative
immune checkpoints—like CTLA-4—to induce T-cell anergy
or dysfunction. Therefore, novel cancer therapies based on the
inhibition of the negative immune checkpoints using receptor-
blocking antibodies that enhance antitumor responses have
shown durable clinical responses and exceptional therapeutic
benefits in multiple types of malignancies (43). In particular,
ipilimumab, a monoclonal antibody used against CTLAA4,
has demonstrated a significant increase in the long-term
survival of patients with advanced melanoma (44, 45).
Paradoxically, patients who display a “natural” inhibition
of CTLA-4, and especially CTLA-4-insufficient patients and
DEF6-deficient patients, have an increased risk for malignancies,
frequently EBV-associated lymphomas and gastric cancers
(17, 46). Lymphopenia, chronic inflammatory tissue, or a
pathogen-associated trigger (as for EBV), could account for the
development of malignancy in these patients. EBV viral loads
were found to be high in patients with mutations in CTLA-4 and
DEF6, suggesting either the presence of a susceptibility to EBV
reactivation or the development of the onset due to a trigger like
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EBV. On the other hand, a recently and interesting call for a
reappraisal of the CTLA-4 checkpoint blockade was made based
on experimental findings that show that anti-CTLA-4 antibody
ipilimumab blocks neither B7 transendocytosis by CTLA-4 nor
CTLA-4 binding to immobilized or cell -associated B7 (47).
Instead, the authors of this study suggested that ipilimumab
causes local Treg depletion within the tumor environment
through antibody-dependent cellular cytotoxicity (ADCC)
and highlighted the critical role of FCR (47). Notably, two-
thirds of cancer patients treated with ipilimumab experience
side effects that are characteristic symptoms experienced by
CTLA-4-insufficient patients, including colitis (48, 49).

It is interesting to note that the upregulation of LRBA and
DEF6 mRNA has been observed in different tumor types. In
particular, increased levels of DEF6 protein correlate with a
poor prognosis in patients with renal cell carcinoma (50). These
results could be explained biologically by the fact that DEF6 is
also involved in TCR signaling, and specifically in the activation
of NFAT through Ca’* release. These observations also might
indicate a role for LRBA in the suppression of apoptosis, thereby
facilitating cell proliferation and cell survival (12, 51). Finally,
CTLA-4 may be expressed by infiltrating Tregs or exhausted
Tcon in tumor lesions. Although few studies have described the
prognostic value of CTLA-4 levels in the tumor site, its expression
has been associated with decreased survival in patients with
nasopharyngeal carcinoma and increased survival in those with
non-small-cell lung cancer (52).

Clinical Manifestations and Treatment
Options

Several clinical features, including the age of onset, degree
of immunodeficiency, severity of the immune dysregulation
phenotype with autoimmune and (fewer) autoinflammatory
manifestations, and the risk of malignancy, have been
investigated in relatively large cohorts of patients with CTLA-4
insufficiency and LRBA deficiency; and similar features have only
been examined in two very small patient series with the newly
discovered DEF6 deficiency most recently (5-7, 9, 10, 16, 17).
Here, we summarize the similarities and some of the fine
differences between each of these three immune checkpoint
defects. In addition, we provide a visual comparison between the
phenotypic features of CTLA-4 insufficiency and LRBA/DEF6
deficiency as checkpoint defects on one hand with other IEI with
immune dysregulation, such as IPEX syndrome representing
a “classical Tregopathy” and, as a contrast, two PIRDs that are
linked to EBV susceptibility and malignancies and, as receptor-
ligand pair, share the same pathomechanism, namely CD27 and
CD70 deficiencies (Figure 2).

Phenotype Variance as Expressed by the Clinical
Immune Deficiency and Dysregulation Activity (IDDA
Version 2.1) “Kaleidoscope” Score

Mild differences in the clinical phenotypes of CTLA-4, LRBA,
and DEF6 exist. CTLA-4 insufficiency is an autosomal dominant
disease with ~70% clinical penetrance. In contrast, autosomal
recessive inheritance and high levels of disease penetrance but
variable disease expressivity are present in LRBA and DEF6

deficiencies. Although their main immunological mechanisms
appear to converge in terms of the cell surface expression
and availability of CTLA-4 for T-cell regulation and Treg cell
function, additional features are expected that are dependent
on the tissue-specific expression and physiological functions of
the three different proteins. For instance, LRBA is required
for proper hearing (as it is highly expressed in the cochlear
hair cells) and kidney function in a Lrba-KO mice, yet hearing
loss or kidney dysfunction are rarely known features of LRBA
deficiency, which was even progredient in one case after HSCT
(11, 54). Intriguingly, DEF6 deficiency may present with the
occurrence of allergies and/or inflammations and cardiological
features (2 out of 7 patients described). These might be due
to additional aberrant biological events that depend on DEF6
instead of the impaired CTLA-4 homeostasis pathway (16,
17). Using the new version of the IDDA kaleidoscope score—
a 22-parameter scale initially developed to assess the disease
activity and burden of LRBA deficiency—we re-evaluated the
observed phenotypes and semi-quantified their occurrence in
CTLA-4 insufficiency and LRBA/DEF6 deficiency. The new
IDDA version includes 14 typical manifestations of immune
dysregulation (now including hemophagocytosis for a broader
utility in PIRDs), seven other physician-reported factors that
indicate the quality of life and need for supportive care, and
the occurrence of malignancies [manuscript in preparation: (55)].
The IDDA score can be used to compare each parameter on a 2—
5-digit scale semi-quantitatively within one individual over time
(clinical course, longitudinally) or between individuals or cohorts
at a certain time point (cross-sectionally). The “kaleidoscope”
function of the IDDA score visualizes the frequency of reported
features (without quantifying them) per patient cohort, thereby
enabling the comparison of main phenotypical characteristics
between different disorders. As expected from the shared
pathomechanism, the IDDA kaleidoscope score patterns of
CTLA-4 insufficiency, LRBA, or DEF6 deficiency are quite
similar, but differ markedly from those with IPEX syndrome
(Figure 2, lower left) or of the CD27/CD70 deficiencies
(Figure 2, lower center and right panels; please see the Figure
legend for data sources). The latter two, being a receptor/ligand
pair, resemble each other closely (Figure 2, lower center and
right panels).

Researchers are still uncertain why individuals with the
same mutation—even siblings or parents and children in
one family—sometimes have clinical presentations that vary
tremendously regarding their timing of onset and severity
of organ involvement, while they present at a very similar
age with an almost identical pattern of clinical features in
other families. We may only speculate that similar to other
diseases with immune dysregulation or autoimmunity, an
array of additional disease-modifying factors, such as single
nucleotide polymorphisms (SNP) in signaling pathways (e.g.,
cytokine and cytokine receptor genes or second messengers),
epigenetic modifiers of immune tolerance (e.g., the epithelial
microbiome and its interaction with HLA-haplotypes), or specific
infection triggers and their timing in the context of the
maturation of the immune system may play roles that cause this
diversity (56-59).
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FIGURE 2 | Phenotypic characteristics and differences between CTLA-4 insufficiency, LRBA and DEF6 deficiencies, and other “classic” primary immune regulatory
disorders as visualized by the immune deficiency and dysregulation activity (IDDA) “kaleidoscope” score. The phenotypic characteristics of the diseases indicated
above in the spider web plots were taken from published large cohort reviews (CTLA-4, LRBA deficiency, CD27 and CD70 deficiency) (6, 9, 10) or small case series of
seven patients with DEF6 deficiency (16, 17) and compared to immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX syndrome) (8) as Tregopathy
and to CD27 and CD70 deficiency (4, 53) as contrasting primary immune regulatory disorders. The patient numbers presented in the title of each plot vary slightly
regarding some features that were not available from all patients, but are always presented as a percentage on 17 y-axes arranged in a circle. Within the regular
(22-parametric) IDDA score originally developed for LRBA deficiency (11), each criterion is semi-quantified per patient from 0-4°. The full-length y-axis titles are:
Al-cytopenia; hemophagocytosis | HLH (according to clinical AND lab criteria of the Histiocyte Society); enteropathy | IBD (inflammatory bowel disease);
lymphoproliferation | splenomegaly | hepatomegaly; parenchymal lung disease | LIP (lymphocytic interstitial pneumonitis)| GLILD (granulomatous lymphocytic interstitial
lung disease); skin or eye manifestations | eczema, uveitis, alopecia, vitiligo, other; granulomatous disease in any organ (other than GLILD); endocrinopathy | IDDM
(insulin-dependent diabetes mellitus), thyroiditis, other; arthritis | other musculoskeletal manifestations; Al-hepatitis | cholangitis | pancreatitis; glomerulonephritis |
nephropathy, tubulopathy; neurologic manifestations; failure to thrive | malresorption, wasting; severe infections | opportunistic (excl. asymptomatic chronic infestation;
excluding “EBV-susceptibility”); any other organ or immune dysfunction/malady (e.g., cardiomyopathy, kidney failure, autoinflammation, allergy);
hypogammaglobulinemia and/or immunoglobulin substitution therapy; malignancy, lymphoma (separately added to IDDA score, not included in the score calculation).

DEF6 (n=7)

Treatment Options and Challenges

Along with symptom-directed therapies such as anti-infective
antimicrobial treatment, anti-inflammatory treatment, first-line
immunosuppressive treatment against autoimmune cytopenias
(60), inflammatory parenchymal lung disease (61), or Treg-
sparing immunosuppression in general, many patients who
suffered from any of the three described checkpoint defects could
be successfully treated with mechanistic target of rapamycin
(mTOR) inhibitors, soluble CTLA-4-Ig (abatacept, belatacept),
or with allogeneic hematopoietic stem cell transplantation
(HSCT) (6, 7, 9-11, 16, 62). A retrospective study of 76
patients was carried out to compare the efficiency of different
treatment phases in LRBA deficiency and detected significantly
reduced disease activity and burden (IDDA scores) under
sirolimus, abatacept, or after HSCT (11). In addition to the
already existing risk of malignancies like lymphoma or gastric
adenocarcinoma detected in patients with checkpoint defects so
far, one could anticipate a shift in the risk pattern from these to
other malignancies (e.g., carcinoma) in patients receiving long-
term immunosuppression, and especially the pharmacological

checkpoint augmentation CTLA-4-Ig. However, many more
patient cases and follow-up years need to be documented to
quantify this risk.

A big challenge for the patient families and their physicians
is to choose the right time point and setting for HSCT. As it is
per definitionem a non-severe but often “profound” combined
immunodeficiency, no clear-cut, strict, but still a relatively
strong indication for HSCT is known, especially in patients with
early and severe manifestations, given their high likelihood to
depend on life-long immunosuppressive treatment that add to
the disease-inherent risk of immune-mediated organ damage,
infections, and malignancies (62). In HSCT, those treating the
disease should strive to reach a remission-like pre-HSCT disease
control state, using a targeted remission induction therapy (Tesch
and Seidel, EBMT-Annual Meeting 2020, presentation at the
Inborn Errors Working Party meeting). Post-HSCT, a full donor
T-cell chimerism has been shown to be positively linked to
the probability of remission, although patient numbers were
too small to define a required degree of chimerism (11, 62).
These decisions will hopefully be facilitated and guided in near
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future by studies that compare the natural and pharmacologically
influenced course of the disease by using a standardized measure
for disease activity (8, 11); ideally within prospective studies like
the ongoing, but no longer recruiting, P-CID study (63); the
currently ongoing CHAI-morbidity score that is based on 203
CTLA-4 insufliciency patients; the ABACHALI trial that evaluates
the safety and efficacy of abatacept in patients with CTLA-
4 insufficiency and LRBA deficiency (000972-40 EU Clinical
Trial Registry); and various other new modules included in the
European Society for Inmunodeficiencies (ESID) registry.

DISCUSSION AND PERSPECTIVES

Progress in medicine has often depended on making
retrospective  deductions by  comparing non-random
observations. In monogenic disorders like inborn errors of
immunity, it has been possible to create new definitions
for disease entities by carefully documenting clinical
observations, including those of anticipated or unexpected
therapeutic responses, and combining these observations with
molecular findings from current technically possible biological
investigations. These definitions are underpinned by an array
of newly recognized signaling pathways and pathophysiological
mechanisms. Although much knowledge has been gained in the
context of the three immune checkpoint defects reviewed herein,
we wish to raise three main points of concern. First, loss-of-
function mutations in other proteins involved in the complex
process of intracellular trafficking and expression of CTLA-4 still
need to be identified as causing IEI/PIRDs. Second, mutations in

REFERENCES

1. Bousfiha A, Jeddane L, Picard C, Al-Herz W, Ailal E Chatila
T, et al. Human inborn errors of immunity: 2019 update of the
IUIS phenotypical classification. J Clin Immunol. (2020) 40:66-81.
doi: 10.1007/s10875-020-00758-x

2. Tangye SG, Al-Herz W, Bousfiha A, Chatila T, Cunningham-Rundles C,
Etzioni A, et al. Human inborn errors of immunity: 2019 update on
the classification from the international union of immunological societies
expert committee. J Clin Immunol. (2020) 40:24-64. doi: 10.1007/s10875-020-
00763-0

3. Price S, Shaw PA, Seitz A, Joshi G, Davis J, Niemela JE, et al. Natural history
of autoimmune lymphoproliferative syndrome associated with FAS gene
mutations. Blood. (2014) 123:1989-99. doi: 10.1182/blood-2013-10-535393

4. Alkhairy OK, Perez-Becker R, Driessen GJ, Abolhassani H, van Montfrans J,
Borte S, et al. Novel mutations in TNFRSF7/CD27: clinical, immunologic, and
genetic characterization of human CD27 deficiency. J Allergy Clin Immunol.
(2015) 136:703-12.¢10. doi: 10.1016/j.jaci.2015.02.022

5. Alkhairy OK, Abolhassani H, Rezaei N, Fang M, Andersen KK, Chavoshzadeh
Z, et al. Spectrum of phenotypes associated with mutations in LRBA. ] Clin
Immunol. (2016) 36:33-45. doi: 10.1007/s10875-015-0224-7

6. Gamez-Diaz L, August D, Stepensky P, Revel-Vilk S, Seidel MG, Noriko
M, et al. The extended phenotype of LPS-responsive beige-like anchor
protein (LRBA) deficiency. J Allergy Clin Immunol. (2016) 137:223-30.
doi: 10.1016/j.jaci.2015.09.025

7. Azizi G, Abolhassani H, Mahdaviani SA, Chavoshzadeh Z, Eshghi P, Yazdani
R, et al. Clinical, immunologic, molecular analyses and outcomes of iranian
patients with LRBA deficiency: a longitudinal study. Pediatr Allergy Immunol.
(2017) 28:478-84. doi: 10.1111/pai.12735

other immune checkpoint molecules (e.g., PD1/PD-L1 or LAG3)
will probably give rise to as-yet-undiscovered autoimmunity
disorders, unless they impair other, even more vital (immune
regulatory) mechanisms such as materno-fetal tolerance. Third,
as pointed out in the section on the treatment of immune
checkpoint defects, we must consider the fact that targeted
pharmacological immunosuppression in these PIRDs may
result in checkpoint augmentation, potentially increasing the
life-long risk of malignancies. To this end, researchers will be
required to carry out prospective observations of the natural
disease course, the individual disease burden, standardized
scoring of the disease activity and evaluate prognostic and
therapeutic biomarkers, a process that is ideally undertaken in
the context of international collaborations, to include as many
patients as possible (e.g., those listed in the ESID registry and
the GAIN study or by performing disease-specific prospective
studies) to develop the best management strategies to use with
patients with IEIL, such as CTLA-4 insufficiency or LRBA or
DEF6 deficiencies.

AUTHOR CONTRIBUTIONS

LG-D and MS jointly wrote the manuscript and designed
the figures.

ACKNOWLEDGMENTS

We thank Dr. Sara Crockett (www.saratranslations.com; Graz,
Austria) for providing scientific language editing services.

8. Barzaghi FE Amaya Hernandez LC, Neven B, Ricci S, Kucuk ZY,
Bleesing JJ, et al. Long-term follow-up of IPEX syndrome patients
after different therapeutic strategies: An international multicenter
retrospective study. J Allergy Clin Immunol. (2018) 141:1036-49 el035.
doi: 10.1016/j.jaci.2017.10.041

9. Schwab C, Gabrysch A, Olbrich P, Patino V, Warnatz K, Wolff D,
et al. Phenotype, penetrance, and treatment of 133 cytotoxic T-lymphocyte
antigen 4-insufficient subjects. J Allergy Clin Immunol. (2018) 142:1932-46.
doi: 10.1016/j.jaci.2018.02.055

10. Habibi S, Zaki-Dizaji M, Rafiemanesh H, Lo B, Jamee M, Gamez-Diaz L,
et al. Clinical, immunologic, and molecular spectrum of patients with LPS-
responsive beige-like anchor protein deficiency: a systematic review. J Allergy
Clin Immunol Pract. (2019) 7:2379-2386 €2375. doi: 10.1016/j.jaip.2019.04.011

11. Tesch VK, Abolhassani H, Shadur B, Zobel ], Mareika Y, Sharapova
S, et al. Long-term outcome of LRBA deficiency in 76 patients after
various treatment modalities as evaluated by the immune deficiency and
dysregulation activity (IDDA) score. ] Allergy Clin Immunol. (2020) 145:1452—-
63. doi: 10.1016/j.jaci.2019.12.896

12. Lopez-Herrera G, Tampella G, Pan-Hammarstrom Q, Herholz P, Trujillo-
Vargas CM, Phadwal K, et al. Deleterious mutations in LRBA are associated
with a syndrome of immune deficiency and autoimmunity. Am ] Hum Genet.
(2012) 90:986-1001. doi: 10.1016/j.ajhg.2012.04.015

13. Kuehn HS, Ouyang W, Lo B, Deenick EK, Niemela JE, Avery DT,
et al. Immune dysregulation in human subjects with heterozygous
germline  mutations in CTLA4.  Science. (2014) 345:1623-7.
doi: 10.1126/science.1255904

14. Schubert D, Bode C, Kenefeck R, Hou TZ, Wing JB, Kennedy A, et al.
Autosomal dominant immune dysregulation syndrome in humans with
CTLA4 mutations. Nat Med. (2014) 20:1410-6. doi: 10.1038/nm.3746

Frontiers in Pediatrics | www.frontiersin.org

April 2021 | Volume 9 | Article 662645


http://www.saratranslations.com
https://doi.org/10.1007/s10875-020-00758-x
https://doi.org/10.1007/s10875-020-00763-0
https://doi.org/10.1182/blood-2013-10-535393
https://doi.org/10.1016/j.jaci.2015.02.022
https://doi.org/10.1007/s10875-015-0224-7
https://doi.org/10.1016/j.jaci.2015.09.025
https://doi.org/10.1111/pai.12735
https://doi.org/10.1016/j.jaci.2017.10.041
https://doi.org/10.1016/j.jaci.2018.02.055
https://doi.org/10.1016/j.jaip.2019.04.011
https://doi.org/10.1016/j.jaci.2019.12.896
https://doi.org/10.1016/j.ajhg.2012.04.015
https://doi.org/10.1126/science.1255904
https://doi.org/10.1038/nm.3746
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Gamez-Diaz and Seidel

CTLA4, LRBA, and DEF6 Defects

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Lo B, Zhang K, Lu W, Zheng L, Zhang Q, Kanellopoulou C, et al. Autoimmune
disease. Patients with LRBA deficiency show CTLA4 loss and immune
dysregulation responsive to abatacept therapy. Science. (2015) 349:436-40.
doi: 10.1126/science.aaal663

Serwas NK, Hoeger B, Ardy RC, Stulz SV, Sui Z, Memaran N, et al. Human
DEF6 deficiency underlies an immunodeficiency syndrome with systemic
autoimmunity and aberrant CTLA-4 homeostasis. Nat Commun. (2019)
10:3106. doi: 10.1038/s41467-019-10812-x

Fournier B, Tusseau M, Villard M, Malcus C, Chopin E, Martin E,
et al. DEF6 deficiency, a mendelian susceptibility to EBV infection,
lymphoma, and autoimmunity. J Allergy Clin Immunol. (2020) 147:740-43.¢9.
doi: 10.1016/j.jaci.2020.05.052

Cepika AM, Sato Y, Liu JM, Uyeda MJ, Bacchetta R, Roncarolo MG.
Tregopathies: monogenic diseases resulting in regulatory T-cell deficiency. J
Allergy Clin Immunol. (2018). 142:1679-95. doi: 10.1016/j.jaci.2018.10.026
Fritz JM, Lenardo M]J. Development of immune checkpoint therapy for
cancer. ] Exp Med. (2019) 216:1244-54. doi: 10.1084/jem.20182395
Gamez-Diaz L and Grimbacher B. Immune Checkpoint Deficiencies
and Autoimmune Lymphoproliferative Syndromes. Biomed J. (In Press).
doi: 10.1016/j.bj.2021.04.005

Alegre ML, Frauwirth KA, Thompson CB. T-cell regulation by CD28 and
CTLA-4. Nat Rev Immunol. (2001) 1:220-8. doi: 10.1038/35105024

Teft WA, Madrenas J. The immunological synapse as a novel therapeutic
target. Curr Opin Investig Drugs. (2006) 7:1008-13.

Walker LS, Sansom DM. The emerging role of CTLA4 as a cell-extrinsic
regulator of T cell responses. Nat Rev Immunol. (2011) 11:852-63.
doi: 10.1038/nri3108

Quilliam LA, Rebhun JE Castro AF. A growing family of guanine
nucleotide exchange factors is responsible for activation of ras-
family GTPases. Prog Nucleic Acid Res Mol Biol. (2002) 71:391-444.
doi: 10.1016/50079-6603(02)71047-7

Campa CC, Hirsch E. Rabll and phosphoinositides: a synergy of signal
transducers in the control of vesicular trafficking. Adv Biol Regul. (2017)
63:132-9. doi: 10.1016/j.jbior.2016.09.002

Becart S, Charvet C, Canonigo Balancio AJ, De Trez C, Tanaka Y,
Duan W, et al. SLAT regulates Thl and Th2 inflammatory responses
by controlling Ca2+/NFAT signaling. J Clin Invest. (2007) 117:2164-75.
doi: 10.1172/JCI31640

Hou TZ, Verma N, Wanders ], Kennedy A, Soskic B, Janman D, et al.
Identifying functional defects in patients with immune dysregulation
due to LRBA and CTLA-4 mutations. Blood. (2017) 129:1458-68.
doi: 10.1182/blood-2016-10-745174

Salami E Fekrvand S, Yazdani R, Shahkarami S, Azizi G, Bagheri
Y, et al. Evaluation of expression of LRBA and CTLA-4 proteins in
common variable immunodeficiency patients. Immunol Invest. (2020) 1-14.
doi: 10.1080/08820139.2020.1833029

Le Bras S, Geha RS. IPEX and the role of Foxp3 in the development
and function of human tregs. J Clin Invest. (2006) 116:1473-5.
doi: 10.1172/JCI28880

Meshaal S, El Hawary R, Adel R, Abd Elaziz D, Erfan A, Lotfy
S, et al. Clinical phenotypes and immunological characteristics of 18
egyptian LRBA deficiency patients. J Clin Immunol. (2020) 40:820-32.
doi: 10.1007/s10875-020-00799-2

Isnardi I, Ng YS, Menard L, Meyers G, Saadoun D, Srdanovic I,
et al. Complement receptor 2/CD21- human naive B cells contain
mostly autoreactive unresponsive clones. Blood. (2010) 115:5026-36.
doi: 10.1182/blood-2009-09-243071

Sage PT, Paterson AM, Lovitch SB, Sharpe AH. The coinhibitory receptor
CTLA-4 controls B cell responses by modulating T follicular helper, T
follicular regulatory, and T regulatory cells. Immunity. (2014) 41:1026-39.
doi: 10.1016/j.immuni.2014.12.005

Lo B, Abdel-Motal UM. Lessons from CTLA-4 deficiency and checkpoint
inhibition. Curr Opin Immunol. (2017) 49:14-9. doi: 10.1016/j.c0i.2017.
07.014

Rakhmanov M, Keller B, Gutenberger S, Foerster C, Hoenig M, Driessen G,
et al. Circulating CD21low B cells in common variable immunodeficiency
resemble tissue homing, innate-like B cells. Proc Natl Acad Sci USA. (2009)
106:13451-6. doi: 10.1073/pnas.0901984106

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Wing JB, Ise W, Kurosaki T, Sakaguchi S. Regulatory T cells control
antigen-specific expansion of Tfth cell number and humoral immune
responses via the coreceptor CTLA-4. Immunity. (2014) 41:1013-25.
doi: 10.1016/j.immuni.2014.12.006

Azizi G, Jamee M, Yazdani R, Bagheri Y, Fayyaz F, Jadidi-Niaragh E et al.
CTLA-4 expression in CD4+ T cells from patients with LRBA deficiency
and common variable immunodeficiency with no known monogenic disease.
J Investig Allergol Clin Immunol. (2018) 28:422-4. doi: 10.18176/jiaci.
0302

Waterhouse P, Penninger JM, Timms E, Wakeham A, Shahinian A, Lee KP,
et al. Lymphoproliferative disorders with early lethality in mice deficient in
Ctla-4. Science. (1995) 270:985-8. doi: 10.1126/science.270.5238.985
Gamez-Diaz L, Neumann J, Jager E, Proietti M, Felber E, Soulas-Sprauel P, et al.
Immunological phenotype of the murine Lrba knockout. Immunol Cell Biol.
(2017) 95:789-802. doi: 10.1038/icb.2017.52

Yang Y, Li X, Ma Z, Wang C, Yang Q, Byrne-Steele M, et al. CTLA-4 expression
by B-1a B cells is essential for immune tolerance. Nat Commun. (2021) 12:525.
doi: 10.1038/s41467-020-20874-x

Wang KW, Zhan X, McAlpine W, Zhang Z, Choi JH, Shi H, et al. Enhanced
susceptibility to chemically induced colitis caused by excessive endosomal
TLR signaling in LRBA-deficient mice. Proc Natl Acad Sci USA. (2019)
116:11380-9. doi: 10.1073/pnas.1901407116

Fanzo JC, Yang W, Jang SY, Gupta S, Chen Q, Siddiq A, et al. Loss of
IRF-4-binding protein leads to the spontaneous development of systemic
autoimmunity. J Clin Invest. (2006) 116:703-14. doi: 10.1172/JCI24096

Chen Q, Gupta S, Pernis AB. Regulation of TLR4-mediated signaling by
IBP/Def6, a novel activator of Rho GTPases. J Leukoc Biol. (2009) 85:539-43.
doi: 10.1189/j1b.0308219

Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade.
Science. (2018) 359:1350-5. doi: 10.1126/science.aar4060

Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al.
Improved survival with ipilimumab in patients with metastatic melanoma. N
Engl ] Med. (2010) 363:711-23. doi: 10.1056/NEJMoal003466

Robert C, Thomas L, Bondarenko I, O’Day S, Weber ], Garbe C, et al.
Ipilimumab plus dacarbazine for previously untreated metastatic melanoma.
N Engl ] Med. (2011) 364:2517-26. doi: 10.1056/NEJMoal104621

Egg D, Schwab C, Gabrysch A, Arkwright PD, Cheesman E, Giulino-Roth
L, et al. Increased Risk for Malignancies in 131 Affected CTLA4 Mutation
Carriers. Front Immunol. (2018) 9:2012. doi: 10.3389/fimmu.2018.02012

Du X, Tang E Liu M, Su J, Zhang Y, Wu W, et al. A reappraisal of CTLA-4
checkpoint blockade in cancer immunotherapy. Cell Res. (2018) 28:416-32.
doi: 10.1038/541422-018-0011-0

Kong YC, Flynn JC. Opportunistic autoimmune disorders potentiated by
immune-checkpoint inhibitors Anti-CTLA-4 and anti-PD-1. Front Immunol.
(2014) 5:206. doi: 10.3389/fimmu.2014.00206

Hussaini S, Chehade R, Boldt RG, Raphael ], Blanchette P, Maleki Vareki S,
et al. Association between immune-related side effects and efficacy and benefit
of immune checkpoint inhibitors - a systematic review and meta-analysis.
Cancer Treat Rev. (2020) 92:102134. doi: 10.1016/j.ctrv.2020.102134

Zhu ZP, Lin LR, Lv TD, Xu CR, Cai TY, Lin J. High expression levels of DEF6
predicts a poor prognosis for patients with clear cell renal cell carcinoma.
Oncol Rep. (2020) 44:2056-66. doi: 10.3892/0r.2020.7736

Wang JW, Gamsby JJ, Highfill SL, Mora LB, Bloom GC, Yeatman TJ, et al.
Deregulated expression of LRBA facilitates cancer cell growth. Oncogene.
(2004) 23:4089-97. doi: 10.1038/sj.0nc.1207567

Hu P, Liu Q, Deng G, Zhang J, Liang N, Xie J, et al. The prognostic value
of cytotoxic T-lymphocyte antigen 4 in cancers: a systematic review and
meta-analysis. Sci Rep. (2017) 7:42913. doi: 10.1038/srep42913

Ghosh S, Kostel Bal S, Edwards ES], Pillay B, Jimenez Heredia R,
Erol Cipe F et al. Extended clinical and immunological phenotype and
transplant outcome in CD27 and CD70 deficiency. Blood. (2020) 136:2638-55.
doi: 10.1182/blood.2020006738

Vogl C, Butola T, Haag N, Hausrat TJ, Leitner MG, Moutschen M,
et al. The BEACH protein LRBA is required for hair bundle maintenance
in cochlear hair cells and for hearing. EMBO Rep. (2017) 18:2015-29.
doi: 10.15252/embr.201643689

Tesch VK, Horn AL, Smolle MA, Benesch M, Seidel MG. The immune
deficiency and dysregulation activity (IDDA 2.1) kaleidoscope score and other

Frontiers in Pediatrics | www.frontiersin.org

April 2021 | Volume 9 | Article 662645


https://doi.org/10.1126/science.aaa1663
https://doi.org/10.1038/s41467-019-10812-x
https://doi.org/10.1016/j.jaci.2020.05.052
https://doi.org/10.1016/j.jaci.2018.10.026
https://doi.org/10.1084/jem.20182395
https://doi.org/10.1016/j.bj.2021.04.005
https://doi.org/10.1038/35105024
https://doi.org/10.1038/nri3108
https://doi.org/10.1016/S0079-6603(02)71047-7
https://doi.org/10.1016/j.jbior.2016.09.002
https://doi.org/10.1172/JCI31640
https://doi.org/10.1182/blood-2016-10-745174
https://doi.org/10.1080/08820139.2020.1833029
https://doi.org/10.1172/JCI28880
https://doi.org/10.1007/s10875-020-00799-2
https://doi.org/10.1182/blood-2009-09-243071
https://doi.org/10.1016/j.immuni.2014.12.005
https://doi.org/10.1016/j.coi.2017.07.014
https://doi.org/10.1073/pnas.0901984106
https://doi.org/10.1016/j.immuni.2014.12.006
https://doi.org/10.18176/jiaci.0302
https://doi.org/10.1126/science.270.5238.985
https://doi.org/10.1038/icb.2017.52
https://doi.org/10.1038/s41467-020-20874-x
https://doi.org/10.1073/pnas.1901407116
https://doi.org/10.1172/JCI24096
https://doi.org/10.1189/jlb.0308219
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1104621
https://doi.org/10.3389/fimmu.2018.02012
https://doi.org/10.1038/s41422-018-0011-0
https://doi.org/10.3389/fimmu.2014.00206
https://doi.org/10.1016/j.ctrv.2020.102134
https://doi.org/10.3892/or.2020.7736
https://doi.org/10.1038/sj.onc.1207567
https://doi.org/10.1038/srep42913
https://doi.org/10.1182/blood.2020006738
https://doi.org/10.15252/embr.201643689
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Gamez-Diaz and Seidel

CTLA4, LRBA, and DEF6 Defects

56.

57.

58.

59.

60.

61.

clinical measures of disease activity in inborn errors of immunity. (2021).
Manuscript in preparation.

Salzer E, Daschkey S, Choo S, Gombert M, Santos-Valente E, Ginzel S,
et al. Combined immunodeficiency with life-threatening EBV-associated
lymphoproliferative ~disorder in patients lacking functional CD27.
Haematologica. (2013) 98:473-8. doi: 10.3324/haematol.2012.068791

Pociot F, Lernmark A. Genetic risk factors for type 1 diabetes. Lancet. (2016)
387:2331-9. doi: 10.1016/S0140-6736(16)30582-7

Berbers RM, Nierkens S, van Laar JM, Bogaert D, Leavis HL.
Microbial dysbiosis in common variable immune deficiencies: evidence,
causes, and consequences. Trends (2017)  38:206-16.
doi: 10.1016/j.it.2016.11.008

Kahaly GJ, Frommer L, Schuppan D. Celiac disease and endocrine
autoimmunity - the genetic link. Autoimmun Rev. (2018) 17:1169-75.
doi: 10.1016/j.autrev.2018.05.013

Seidel MG. Treatment of immune-mediated cytopenias in patients

Immunol.

with primary immunodeficiencies and immune regulatory disorders
(PIRDs). Hematology Am Soc Hematol Educ Program 2020. (2020) 673-79.
doi: 10.1182/hematology.2020000153

Pac M, Bielecka T, Grzela K, Komarnicka J, Langfort R, Koltan S, et al.
Interstitial lung disease in children with selected primary immunodeficiency
disorders-a multicenter observational study. Front Immunol. (2020) 11:1950.
doi: 10.3389/fimmu.2020.01950

63.

. Seidel MG, Bohm K, Dogu E Worth A, Thrasher A, Florkin B, et al.

Treatment of severe forms of LPS-responsive beige-like anchor protein
deficiency with allogeneic hematopoietic stem cell transplantation. J
Allergy Clin Immunol. (2018) 141:770-5 e771. doi: 10.1016/j.jaci.2017.
04.023

Speckmann C, Doerken S, Aiuti A, Albert MH, Al-Herz W, Allende LM,
et al. A prospective study on the natural history of patients with profound
combined immunodeficiency: an interim analysis. J Allergy Clin Immunol.
(2017) 139:1302-10.€1304. doi: 10.1016/j.jaci.2016.07.040

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer SB declared a past co-authorship with one of the authors MS to the
handling editor.

Copyright © 2021 Gdmez-Diaz and Seidel. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org

April 2021 | Volume 9 | Article 662645


https://doi.org/10.3324/haematol.2012.068791
https://doi.org/10.1016/S0140-6736(16)30582-7
https://doi.org/10.1016/j.it.2016.11.008
https://doi.org/10.1016/j.autrev.2018.05.013
https://doi.org/10.1182/hematology.2020000153
https://doi.org/10.3389/fimmu.2020.01950
https://doi.org/10.1016/j.jaci.2017.04.023
https://doi.org/10.1016/j.jaci.2016.07.040
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	Different Apples, Same Tree: Visualizing Current Biological and Clinical Insights into CTLA-4 Insufficiency and LRBA and DEF6 Deficiencies
	Introduction
	Biological Aspects of Impaired CTLA-4 Cell Surface Expression and Immune Homeostasis
	Three Players, One Control Pathway
	The Duality of Immune Dysregulation and Immune Deficiency
	Malignancies and Immune Checkpoint Inhibition by ``Artificial or Natural'' Means

	Clinical Manifestations and Treatment Options
	Phenotype Variance as Expressed by the Clinical Immune Deficiency and Dysregulation Activity (IDDA Version 2.1) ``Kaleidoscope'' Score
	Treatment Options and Challenges


	Discussion and Perspectives
	Author Contributions
	Acknowledgments
	References


