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Loss of NBEAL2 function leads to grey platelet syndrome (GPS), a bleeding

M Check for updates

disorder characterized by macro-thrombocytopenia and a-granule-deficient
platelets. A proportion of patients with GPS develop autoimmunity through an
unknown mechanism, which might be related to the proteins NBEAL2 interacts
with, specifically in immune cells. Here we show a comprehensive interactome
of NBEAL2 in primary T cells, based on mass spectrometry identification of
altogether 74 protein association partners. These include LRBA, a member of
the same BEACH domain family as NBEAL2, recessive mutations of which cause
autoimmunity and lymphocytic infiltration through defective CTLA-4 traf-
ficking. Investigating the potential association between NBEAL2 and CTLA-4

signalling suggested by the mass spectrometry results, we confirm by co-
immunoprecipitation that CTLA-4 and NBEAL2 interact with each other.
Interestingly, NBEAL2 deficiency leads to low CTLA-4 expression in patient-
derived effector T cells, while their regulatory T cells appear unaffected.
Knocking-down NBEAL2 in healthy primary T cells recapitulates the low CTLA-
4 expression observed in the T cells of GPS patients. Our results thus show that
NBEAL2 is involved in the regulation of CTLA-4 expression in conventional

T cells and provide a rationale for considering CTLA-4-immunoglobulin ther-
apy in patients with GPS and autoimmune disease.

Recessive mutations in the NBEAL2 gene lead to grey platelet syn-
drome (GPS), characterized by macrothrombocytopenia, a-granule-
deficient platelets, bleeding disorders, and (in some cases) spleno-
megaly and progression to myelofibrosis'™.

The clinical phenotype of Nbeal? knock-out mice recapitulates
human GPS**. Moreover, several immune cell anomalies have been
observed in Nbeal2”~ mice. The granule count in neutrophils was
abnormally low, and natural killer (NK) cell degranulation was impaired
- leading to greater susceptibility to bacterial and viral infections (with
Staphylococcus aureus, and murine cytomegalovirus, respectively)®.
After the induction of systemic inflammation with lipopolysaccharide
(LPS), the Nbeal2”" mice’s circulating monocyte and neutrophil counts
were found to be abnormally low®. The observations in mouse models
therefore suggest that NBEAL2 has a role in immune cell function.

Initially, GPS was described as a platelet disorder. However, some
NBEAL2-deficient patients present clinical features of autoimmune
lymphoproliferative syndrome (ALPS)” - suggesting a role for NBEAL2
in immune homeostasis and tolerance. More recently, characterization
of a broad international cohort of patients with GPS revealed immune
system abnormalities (autoimmune disease, autoantibodies, leukope-
nia, etc.) in 81% of the individuals®. The consequences of recessive
NBEAL2 mutations on neutrophils’ biological functions have also been
described®. Neutrophils from patients with GPS exhibit defective
neutrophil extracellular trap (NET) formation (also referred to as
NETosis) and contain an abnormally low number of specific granules
(due to premature release)’. The early release of granule contents is
also observed in platelets, where the a-granules cargoes are not
retained in the platelets'. Although NBEAL2’s role in granule retention
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has been well described, the mechanism leading to the development of
autoimmune manifestations in patients with GPS has not.
NBEAL2 is a member of the Beige and Chediak (BEACH) domain- 2
containing protein (BDCP) family. It is composed of several domains: a ?3
BEACH domain, a pleckstrin homology domain, a concanavalin-A-like 2 l % 2 2
lectin domain, an armadillo-like domain, and WD40 repeats*. The _g 218 |8 2
BDCP family comprises nine members, all of which contain a conserved 5 E|55|% 5
BEACH domain and have been characterized as scaffold proteins S NESNE g
involved in vesicular trafficking”. LPS-responsive beige-like anchor =00 EEEE O]
protein (LRBA) is a BEACH family member with structural similarity to "g = ZZ =
NBEAL2". LRBA is involved in regulating the endocytosis of ligand- g é’ g g é’ ‘
activated receptors. In particular, it prevents the lysosomal degradation 2 e g|e g S
of CTLA-4 by physically interacting with the latter in RABII" e |2 = 22 = 2
endosomes". CTLA-4 is an inhibitory immune checkpoint that com- |2 | |'|'[®]"']" e el g
petes with CD28 (a co-stimulatory immune checkpoint) for the ligands 8 2
CD80/CD86 and thereby has a crucial role in regulating T-cell-mediated 2 § £ f
immune responses”. CTLA-4 is constitutively expressed at the surface _5 E o ° s
of regulatory T cells (Treg) and (following activation) conventional § 9 £ 2 £
T cells’. In humans, heterozygous mutations of CTLA-# are associated o |3 § 5 8 g S
with autoimmunity (diabetes, enteropathies, and cytopenia), lympho- g g 3 B 2 08’. © g
cyte infiltrations, and progressive B lymphopenia resulting in lung |5 |8 |s| |8 > |a 3 a
infections”"®, In humans, primary LRBA deficiency leads to a secondary S é 2 = £ 3 =
deficiency in CTLA-4 expression and thus is associated with immune ﬂ E |2 é 2.2 j'g ; qé
dysregulation and autoimmune manifestations similar to those % _§ § S| g 8 & § “%
observed in patients with a primary CTLA-4 deficiency'*". RN 8|2 Z|z|% v a2 o
To extend our knowledge on autoimmunity and immune o (g 5 5 SAEIES olo32 ol g E
S . . . . , . > [ 5|22z 55|08 o= 8
abnormalities in patients with GPS, we investigate NBEAL2's role in the v [88|s|5|® = E|E|lgs < |< g
immune system and particularly in T cells. Taken as a whole, our data o (58 § 2 g5 % % 5 E _§ TZJ 2
reveal a new function for NBEAL2: the regulation of the CTLA-4 .-% E § s g g &‘i . § § -28*% 1% E e §
expression in proliferating conventional T cells, but not in regulatory c g
T cells. Our findings thereby provide an explanation for the é g
immune dysregulation observed in patients with GPS and opena |0 |g N olo -
possible CTLA4-Ig therapeutic option to treat their autoimmune E % 212 |2 S|3|e|le % =
manifestations. 3 |2 B8 |8 SZ181812 2
TRE | <[22 2
Results g |2 clsls |s 22|z &
Autoimmune manifestations in patients with NBEAL2 deficiency § <3| |1|S|8|8 |8, N EEE ?‘L é
We studied 11 patients with GPS (out of a cohort of 13) from nine S oo % ©o|o ‘E %
unrelated families (Supplementary Fig. 1A); all carried recessive E ¢ o s 2l |88 (@ AR :E :E E %
NBEAL2 mutations (Table 1), which variously affected several domains |5 |2 |3 3|s 3|8 [8lzlz |3 3132|125 2
(Fig. 1a). Most of the patients have previously been reported in other .g 3 |=Z|2|L % (ﬂg % & |& % Q 5& fi E é 8
studies, as stated in Supplementary table 1. Very low levels of NBEAL2 © 2 3
protein (P3, P4.1) or the absence of NBEAL2 protein were observed in 2 oo § ©|o % E §
lysates prepared from the patients’ activated T cells, thus confirming ; s lglx| |5l |s % (5 zlzl5lele|z 23
the harmful impact of the recessive NBEAL2 mutations (Fig. 1b). L8 |8 ks 32 (2 g g SINERHE *2 %
All patients exhibited a bleeding tendency (epistaxis and bruising) (g |2 |% i !; “E A i AR E % %
and grey platelets lacking a-granules on blood smears. Splenomegaly g ° gE a
was noted in four patients (Table 1). One patient (P3) had several epi- 9 | alalg 9|a 2|g % s £
sodes of Epstein-Barr virus (EBV) reactivation (>3 log), without mac- |2 |3 8; § § 'g g 'g § § g g '§ & § IS %
rophage activation syndrome, that were finally controlled after four |= |& [§/§(§[23|3 |[8|5|5 8181855 é Sz
courses of anti-CD20 therapy. After B cell recovery, a mild hypo- [.£ |&€ |§|5|5(5|5 |§|5|5 |5|5(5|6|5|2¢S5
gammaglobulinemia (6 mg/dl) persisted without related infection. _,g’ U ol Bl el e A e el S R e R el § Sg
One patient (P4.2) underwent allogenic hematopoietic stem cell 2 £2%
transplantation due to bone marrow fibrosis*. Bone marrow biopsies E = é 2
were performed in five patients and myelofibrosis was diagnosed in 4 £ § g 2 5
(Table D). o . £ |22 2|e|elele |2|2|2 |2|elele|e|BE
As described previously’, abnormal laboratory results reminiscent g ;TE:.' ol o922 (288 |3(8|8|2|=|% ; £
of those observed in patients with ALPS (such as elevated plasma levels L | 28lo|o|2(8]|8 (8138 |[@|e|2(e|e|ds 2
of vitamin B12 and Fas ligand (FasL)) were observed in patients with 3 . ‘Z S 8
GPS (Supplementary Fig. 1B, C). Five patients had autoimmune mani- § < < g g
festations, including Evans syndrome, chill blain lupus, autoimmune 8 & Islslulals loluls sislelsle gg 2
thyroiditis, and/or antiplatelet autoantibodies (Table 1). NBEAL2 defi- | — | <23
ciency’s frequent association with features of autoimmunity and E % =8 (8| S § g%
immunological abnormalities® suggests that the protein has a role in 215 |_|al® 212 131313 [3lgle 3|5 ggé
immune homeostasis and tolerance to self. L L e e e e e e e L L L L e L RO
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Fig. 1| Grey platelet syndrome cohort: mutations characteristics. a Positions of
the NBEAL2 mutations at the protein level. Compound heterozygous mutations are
annotated with the same color. Homozygous mutations are annotated in black.
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b NBEAL2 immunoblotting on activated T cells lysates from patients and healthy
controls (Ctrl), performed once for each sample. The protein ku-70 is used as a
loading control. Source data are provided as a Source Data file.
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Immunophenotyping of patients with GPS

T-cell lymphopenia (in patients P6 and P8), B cell ymphopenia (P6) or
NK cell lymphopenia (P7, P8) was found in three patients (Table 1). To
further analyze the immune phenotypes of patients with GPS, stan-
dardized immunostaining by cytometry by time of flight (CyTOF) were
performed on fresh blood samples. The results for 37 markers enabled
us to cluster the immune cells into 34 identified subsets (Fig. 2A and
supplementary Fig. 2A). Seven patients with recessive NBEAL2 muta-
tions (P1, P2, P5.2, P6, P7, P9.1, and P9.2) and 11 age- and sex-matched
healthy controls were analyzed. A visual comparison of the uniform
manifold approximation and projection (UMAP) results suggested an
overall difference in marker expression by the patients’ neutrophils,
together with an abnormally high y& T-cell count (Fig. 2a, red arrows).
A cluster bias analysis revealed several abnormalities, including sig-
nificantly elevated proportions of naive B cells, Tregs, and central
memory and effector memory CD8" T cells in the patients (Fig. 2b). A
significant elevation of the proportion of T follicular helper (TFH) CD4*
memory T cells was also observed (Fig. 2b and Supplementary Fig. 2b).
Monocytes, neutrophils, conventional dendritic cells (cDC), double-
negative T cells, and CD8" T cells expressed abnormally low levels of
CD45RA (Fig. 2C). Furthermore, FAS was overexpressed by eosino-
phils, B cells, and cDCs. HLA-DR and CD66b expression levels on
eosinophils and neutrophils were abnormally high, which suggested
activation and premature degranulation (Fig. 2c and Supplementary
Fig. 2c, d). It is noteworthy that elevated CD66b expression by neu-
trophils in patients with GPS has been reported previously’. The
overexpression of PD1 by mucosal-associated invariant T (MAIT) cells
and CD4" T cells also suggests that these subsets are activated in
patients with GPS. Lastly, TIM3, HLA-DR and CDlIc expression levels
were elevated in NK cells, whereas CXCR3 expression was lower; again,
this suggests activation” >, Taken as a whole, these results highlighted
the activation of several leukocyte subsets in patients with GPS.

NBEAL2’s partners in activated T cells

To characterize NBEAL2's functionality, we analyzed the interactome by
immunoprecipitating the protein in lysates of activated T cells. To
ensure that the analysis was specific, two healthy subjects were

compared with two patients with GPS (P6 and P7). Immunoblotting of
NBEAL2 in the input fractions showed that the protein was barely
expressed in P7 and could not be detected in P6 (Fig. 3a). Following
NBEAL2 pull-down, PageBlue staining confirmed the enrichment of
NBEAL2 in controls but not in patients with GPS (Fig. 3a). The IP fractions
were then analyzed using mass spectrometry and 3527 proteins were
identified. With our protein selection strategy (Supplementary Fig. 3)
and a comparison of control versus patient samples, the partner list
was curated to give 74 partners for NBEAL2 with high intensities
and high control/patient ratios (Fig. 3b). To validate this selection and
rule out possible bias due to differential expression, we measured
protein expression levels in the input fractions (using mass spectro-
metry) and found no difference between control and patient samples.
Finally, to confirm the potency and stringency of this selection, we
compared our initial dataset (3527 proteins before selection) to a list of
133 published potential partners of NBEAL2'°**? (Supplementary
Table 2). Eighty of the potential partners previously described were in
our dataset. Among these common proteins, SEC22B, Vacl4, and
SEC16A were present. From our data, we calculated the ratio of inten-
sities between controls and patients (as explained in Fig. S3) and sorted
the 80 common proteins by controls/P6 ratio (as in Fig. 3B). Vacl4 and
SECI16A, known specific partners of NBEAL2, ranked in the top 6. This
comparison highlights the potency of our analyses to select specific
partners. Of note, although SEC22B, Vacl4, and SECI6A are
specific partners of NBEAL2, they were not retained in our list of 74
candidate partners because of the stringency of our selection criteria
(Supplementary Fig. 3).

A network analysis of the 74 selected proteins was performed
using the STRING database”®; cytoskeleton binding proteins and pro-
teins involved in immune responses, protein transport, and GTPase
binding were found (Fig. 3c). In an enrichment analysis using the
EnrichR website”, CCDC88B and DOCK8 gave some of the strongest
associations with NBEAL2 (Fig. 3b). Interestingly, both of these pro-
teins are known to be involved in the transport of lytic granules®.

To measure the expression of NBEAL2 partners in other immune
cell types, we used the Jensen Tissues library (a weekly-updated data-
base that integrates evidence on tissue expression from manually
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Fig. 2 | Immunophenotyping of patients with GPS. a Uniform manifold approx-
imation and projection (UMAP) of immune cell subsets analyzed by CyTOF on
whole blood samples from age-matched healthy controls (N =11) and NBEAL2
patients (N =7). Each cluster is color coded. The red arrows indicate changes in the
cluster’s shapes of the patients group. The markers used to identify these cell
clusters are shown in the heatmap of supplementary figure 2 A. cDC classical
dendritic cell, CM central memory, EM effector memory, pDC plasmacytoid den-
dritic cell, TEMRA terminally differentiated effector memory re-expressing
CD45RA, NK natural killer, MAIT mucosal associated invariant T cell. b Statistically
significant cluster biases observed in the CyTOF immune phenotype from healthy
controls and NBEAL2 patients. Results shown correspond to 11 controls and 7

; (***) p-value < 0,005 ; (****) p-value < 0,0001

NBEAL2 patients. The line at inside the box is the median value (50th percentile).
Minima and maxima of the boxes correspond to 25th and 75th percentile. Whiskers
marks the 10th and 90th percentile. Two-tailed p-values were determined with a
Wilcoxon rank-sum test with continuity correction. *p-value < 0.05; **p-value < 0.01;
***p-value < 0.005; **p-value < 0.0001. TFH-like T follicular helper cells, EM
effector memory, CM central memory, GD T cells: y T cells. Source data are pro-
vided as a Source Data file. ¢ Table summarizing the significant overexpression
(red) or downregulation (blue) of biological markers in the different immune cell
subsets from GPS patients versus healthy controls. Two-tailed p-values were
determined with a Wilcoxon rank sum test with continuity correction. *p-value <
0.05; *p-value < 0.01; ***p-value < 0.005; ***p-value < 0.0001.
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absent in GPS patients are the consequence of transcriptomic

3.4x108 123 7.1 |- commp1o Blood platelet

Monocyte

o I

500 2000 2500

1000 1500
Combined Score

regulation or a consequence of the absence of NBEAL2. For the 21
proteins found absent in patients’ proteome, we observed identical
expression at the RNA level between the patient cells and the control
cells (Supplementary Table 4). They could therefore be proteins whose
expression is disturbed as the consequence of the NBEAL2 deficiency
either by a defect in intracellular sorting or by another mechanism
leading to their increased destruction.
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Fig. 3 | NBEAL2’s partners in activated T cells. a Inmunoblotting of NBEAL2 in
T cells lysate from healthy subject (Ctrl 1 and 2) and NBEAL2 patients (P6, P7).
Immunoblot of the input fractions before NBEAL2 immunoprecipitation in T cells
(top) and Page Blue staining after NBEAL2 pull down (bottom). Experiment per-
formed once. b Heatmaps of the selected NBEAL2 partners after mass spectrometry
analyses. The left heatmap shows normalized intensities of the 74 proteins selected
after mass spectrometry analysis of the NBEAL2 interactome. The middle heatmap
represents the mean intensities detected for the two controls (by mass spectro-
metry). The heatmap on the right shows the intensities ratio of the mean control
intensity over each NBEAL2 patient. The proteins are ranked by intensities ratio of
controls over NBEAL2 patient P6. ¢ STRING network analysis of the 74 proteins and

node coloring per function. The network edges indicate both functional and phy-
sical protein associations: proteins jointly contribute to a shared function. How-
ever, the network edges do not necessarily mean proteins are physically binding to
each other. The line thickness indicates the strength of data support. d Analysis of
the 74 proteins partners of NBEAL2 in enrichR using the Jensen Tissue library. The
most represented cells in which the proteins partners are expressed is shown. In the
barplots the number of proteins versus the number of proteins defining the cell
type is indicated. Two-sided p-value is obtained with a Fischer’s exact test and
adjusted with a Benjamini-Hochberg correction. The combined score is a combi-
nation of the p-value and z-score calculated by multiplying the two scores. Source
data are provided as a Source Data file.

A striking finding was that LRBA and AP1G2 (y2 subunit of AP-1
complex) were NBEAL2 partners; the two proteins are thought to be
involved in CTLA-4 trafficking (Fig. 3b, c). In view of NBEAL2-LRBA
interaction and LRBA’s known function in CTLA-4 recycling, we
investigated NBEAL2's role in CTLA-4 expression further.

NBEAL2’s role in the regulation of CTLA-4 expression

As Tregs constitutively express CTLA-4, we first investigated the latter
protein’s expression in Tregs from patients with GPS. The mean
fluorescence intensity (MFI) of CTLA-4 and the percentage of CTLA-4"
Tregs were similar in patients and healthy controls (Figs. 4a-c and S4).
CTLA-4 MFI on other T-cell subsets from non-activated PBMC were
also similar between patients and controls (Supplementary Fig. 4d). In
contrast, the CTLA-4 MFI and the percentage of T cells expressing
CTLA-4 following TCR-activation was significantly lower among
patients with GPS (Fig. 4d, e and Supplementary Fig. 4g) thanin healthy
donors. The cut-off for determining CTLA-4 positive T cells after
activation is shown in Fig. 4d and Supplementary Fig. 5a, c.

The level of CD25 expression was similar in all experiments, which
ruled out defective stimulation of the patients’ T cells (Supplementary
Fig. 5b, d-f). These observations suggest that NBEAL2 has a role in the
regulation of CTLA-4 expression following T-cell activation. Moreover,
we measured the expression of NBEAL2 and LRBA proteins in Tregs
and conventional CD4'CD25™ T cells (Tconv) from 3 healthy donors
(Supplementary Figs. 6 and 7). Total proteins were extracted from
sorted Tregs and Tconv as well as from in vitro activated Tconv.
NBEAL?2 is not, or faintly, detected in Tregs, but it is well expressed in
Tconv (Supplementary Fig. 6d, e). Importantly, NBEAL2 expression
increased in activated Tconv. For LRBA, we observed a mirror
expression profile compared to NBEAL2. LRBA expression is high in
Tregs and Tconv, but its expression is weaker in in vitro activated
Tconv. These results show that NBEAL2 is not, or very weakly,
expressed in Tregs. This observation is, therefore, consistent with the
normal expression of CTLA-4 in the Tregs of NBEAL2-deficient GPS
patients.

To confirm the effect of NBEAL2 deficiency on CTLA-4 expression,
we used CRISPR-Cas9 technology to knock down NBEAL2 in activated
primary T cells. In parallel, LRBA was knocked down as an internal
control. Six mRNA guides were designed for NBEAL2, and 5 were
designed for LRBA (Fig. 4f, g). Immunoblotting of NBEAL2 and LRBA
were provided information on the consequences of the knockdown on
the protein level (Fig. 4h, i). All six NBEAL2 guides and three of the five
LRBA guides were effective for knocking down expression of their
respective target protein (Fig. 4h, i). The remaining cells were stained
for CTLA-4. The CTLA-4 MFI in T cells mirrored closely the NBEAL2
knockdown (Fig. 4j). In control cells with LRBA knockdown, CTLA-4
expression was low in the conditions previously found to be associated
with the absence of LRBA protein expression (Fig. 4j). These results
confirmed the observations obtained in activated T cells from patients
with GPS (Fig. 4d, e) and again suggested that NBEAL2 has a role in the
regulation of CTLA-4 expression.

We next used a CTLA-4 pull-down approach to determine whether
NBEAL2 and CTLA-4 interacted in primary T cells from healthy donors.

Non-stimulated T cells were used as a negative control for comparison
with activated T cells (since CTLA-4 is expressed after activation)**™". In
CD3/CD28-activated T cells, CTLA-4 co-immunoprecipitated with
LRBA (as expected™), and with NBEAL2 (Fig. 4k, left panel). The spe-
cificity of these interactions was confirmed, since neither NBEAL2 nor
LRBA was pulled down in non-stimulated T cells not expressing CTLA-
4. These results highlight the interaction between CTLA-4 and NBEAL2.

Single-cell RNA sequencing of NBEAL2- and LRBA-deficient cells
Single-cell RNA sequencing experiments were carried out on periph-
eral blood mononuclear cells (PBMC). The rationale for this single-cell
analysis was to compare dysregulated pathways in a known CTLA-4
deficiency (i.e., LRBA deficiency) to the dysregulated pathways in GPS
immune cells. Data from seven age- and sex-matched healthy controls
were compared with data from five NBEAL2-deficient patients (P2,
P4.II-1, P5.1-1, P7, P8) and five LRBA-deficient patients. Thirty-five
clusters were observed and annotated (Supplementary Figs. S8-S10).
Quality controls were performed (Supplementary Table 3 and Sup-
plementary Fig. 11). The expression level of CTLA-4, LRBA, and NBEAL2
were determined in control T-cell subsets, which were ranked in terms
of NBEAL2 expression (Supplementary Fig. 9b). The highest NBEAL2
expression was found in proliferating T cells. CTLA-4" Tregs expressed
LRBA but had a lower NBEAL2 expression level. These results are cor-
related with the findings obtained in NBEAL2-deficient Tregs, which
expressed CTLA-4 to much the same extent as Tregs from healthy
controls (Fig. 4a). Altogether, our data suggest that NBEAL2 is not
essential for CTLA-4 expression in Tregs but is required in activated
effector T cells.

Considering NBEAL2’s potential role in regulating CTLA-4
expression in activated effector T cells, we analyzed differentially
expressed genes (DEG) in control, NBEAL2-deficient and LRBA-
deficient CD4* and CD8"* T cells. The pathways found to be dys-
regulated are shown in Fig. 5a (for CD4" T cells) and 5b (for CD8"
T cells). These pathways were similar in LRBA- and NBEAL2-
deficient CD4" T cells and CD8" T cells, suggesting that the
transcriptional dysregulations were similar. Pathways related to
cytoskeleton and lymphocyte activation (especially “TCR signal-
ing” and “CD28 signaling in T helper cells”) were found to be
dysregulated. Of note, Sims et al.® have already shown an over-
representation of immune dysregulated functions after RNA bulk
sequencing of CD4" T cells. Lastly, we performed a DEG analysis
of NBEAL2- versus LRBA-deficient cells, the results of which
highlighted an upregulation of gene expression in the IL6-STAT3
pathway (Supplementary Fig. 12). Hence, we plotted the Hallmark
IL-6/STAT3/JAK signature from MSigDB (Fig. 5C)**** in control,
NBEAL2-deficient and LRBA-deficient groups. The results showed
that activation of the STAT3/IL-6/JAK pathway was stronger in
LRBA-deficient effector and memory T cells than in their NBEAL2-
deficient counterparts.

Discussion
NBEAL2 was initially described as a key factor for platelet a-granule
biogenesis - a function discovered in patients with GPS carrying
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biallelic NBEAL2 mutations™*". GPS is a rare, autosomal, recessive,
monogenic disease mainly characterized by mild/moderate bleeding
disorder, thrombocytopenia, and a lack of platelet a-granules. How-
ever, reports of autoimmune manifestations and immune dysregula-
tion have emerged over time’®. These observations suggested that
NBEAL2’s role extends beyond platelet biogenesis and are consistent
with a broad expression profile - particularly in immune cells®****, By
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extensively immunophenotyping blood cells from patients with GPS,
we evaluated the overall impact of NBEAL2 deficiency on innate and
adaptive immune cell subsets. We showed that the patients’ cells
exhibited an activated phenotype, with abnormally high expression of
HLA-DR and FAS and abnormally low expression of CD45RA. The
slightly elevated naive B cell, Treg, memory CD8" T-cell and T follicular
helper cell counts have not previously been described in patients with
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Fig. 4 | NBEAL2 is involved in CTLA-4 expression after TCR activation.

a Representative gating strategy for one healthy donor (HD) and one NBEAL2-
deficient patient on CD4 + T cells. Tregs were defined as CD4°CD25'CD127,0y,

T cells. b Representative histograms of CTLA-4 and FOXP3 expression on
CD25'CD127), Treg for one healthy donor (HD) and one NBEAL2-deficient patient.
¢ Normalized CTLA-4 mean of fluorescence intensity (MFI) in CD25'CD127,,,, Treg
from controls (N = 6) and NBEAL2-deficient patients (NV=7). Mean + SEM is repre-
sented. d Gating strategy to define CTLA-4 positive T cells after activation. The
gating was tuned using a control isotype antibody. e Normalized CTLA-4 mean of
fluorescence intensity (MFI) of activated T cells from controls (V=4) and NBEAL2-
deficient patients (N =8). Mean + SEM is represented. Two-tailed p-value is deter-
mined with a non-parametric Mann-Whitney test. f, g Diagram of the primary
structure of NBEAL2 (f) and LRBA (g) proteins. Positions targeted by the CRISPR
guide RNA used are indicated. h, i NBEAL2 (h) and LRBA (i) immunoblotting after
CRISPR-Cas9 experiment on activated T cells. WT: refers to cells that underwent

nucleofection without CRISPR/Cas9 in the solution. Ctrl: refers to cells nucleo-
fected with a scramble guide and the Cas9. AAVSL: refers to cells transfected with a
the Cas9 and a guide targeting an intronic position of the genome. Other cell lysates
correspond to NBEAL2-CRISPR/Cas9 treatment (f) and LRBA-CRISPR/Cas9 treat-
ment (g). Ku-70 is used as a loading control. j Normalized CTLA-4 MFI after CRISPR-
Cas9 knockdown (KD) experiment for each mRNA guide (6 for NBEAL2; 5 for LRBA)
used on three independent healthy donors activated T cells, over 2 independent
experiments. Mean + SEM is represented. Controls correspond to the three con-
ditions Ctrl, WT, and AAVSI1 described in h and i for each donor tested. Non-
parametric two-sided Kruskal-Wallis test corrected with Dunn’s test for multiple
comparisons was used to compare each group. k Immunoprecipitation (IP) of
CTLA-4 in activated (+) or unstimulated (-) T cells from healthy donors. NBEAL2,
LRBA, and CTLA-4 were immunoblotted on input fractions and on the IP fractions,
as indicated (blots representative of N =3 experiments). Source data are provided
as a Source Data file.

GPS. These findings are suggestive of an overall immune dysregulation
in NBEAL2 deficiency. Furthermore, the patients’ neutrophils and
eosinophils overexpressed activation markers (HLA-DR and FAS) and
degranulation markers (CD66b) in the absence of stimulation and in
the absence of documented infections. In particular, the over-
expression of CD66b by neutrophils from patients with GPS confirms a
previously report of abnormal activation and early degranulation’.
These observations are consistent with the abnormally high plasma
levels of neutrophil granule proteins measured in patients with GPS®.
Our results corroborate these observations and extend them to eosi-
nophils. The abnormally small size and low granularity of NBEAL2-
deficient eosinophils® suggested that eosinophil functions might be
perturbed in patients with GPS, albeit in the absence of overt clinical
consequences. NK cells also had an activated profile, with the over-
expression of CDllc, TIM3, and HLA-DR. Therefore, most granule-
containing innate immune cells were perturbed in NBEAL2-deficient
cells. However, the clinical consequences are generally moderate since
recurrent infections (mostly of the upper respiratory tract) are only
reported in a small proportion of patients with GPS®. It is noteworthy
that the abnormal release of granule contents might contribute to the
observed immune dysregulation in several ways®**. Firstly, the
excessive release of matrix metalloproteinases might contribute to the
excessive cleavage of membrane-bound FasL and thus the elevated
plasma concentration of soluble FasL*. However, given the large
number of granule proteins with a broad spectrum of biological
activity, the role of their excessive release fell outside the scope of the
present work and would require dedicated investigation.

To better understand NBEAL2's role in T lymphocytes, we studied
its interactome and identified its partners. A number of NBEAL2 part-
ners have been previously described'****. A mass spectrometry ana-
lysis was performed in a HEK cell line overexpressing only the
pleckstrin homology, BEACH and WD40 repeat domains of NBEAL2*,
The studies from Lo et al. revealed the interaction between NBEAL2
and SEC22B and P-selectin in megakaryocytes. In the present work, we
identified NBEAL2's partners in activated primary T cells via pull-down
of the endogenous protein. Furthermore, by comparing the inter-
actomes in lymphocytes from healthy donors with lymphocytes from
NBEAL2-deficient patients, we were able to assess the specificity of
these interactions. Most of the NBEAL2-interacting proteins we iden-
tified by this strategy, are involved in cellular transport. NBEAL2 also
interacts with proteins able to bind GTPases or cytoskeleton compo-
nents. This is confirming the role of NBEAL2 as a scaffold protein in
vesicular trafficking”. The expression of NBEAL2’s partners in several
immune cell subsets and in platelets emphasizes the broad range of
the protein’s potential functions. CCDC88B was one of the partner
proteins with the highest intensity and control/patient ratio. Interest-
ingly, murine Ccdc88b is known to bind to Dock8 and microtubules
and (together with the dynactin/dynein complex) has a role in the
transport of lytic granules along microtubules®. Consistently, NK cell

degranulation is abnormal in Nbeal2”~ mice’. Moreover, the presence
of DYNCIHI and GZMM (part of the dynein complex 1) in the inter-
actome further suggests that NBEAL2 is a scaffold protein involved in
lytic granule transport.

Lastly, we showed that NBEAL2 interacts with AP1G2 (the
y2 subunit of the adaptin protein complex AP-1) and LRBA. Both LRBA
and AP-1 are involved in CTLA-4 trafficking. Following endocytosis of
CTLA-4, LRBA enables CTLA’s recycling to the membrane, whereas
the AP-1 complex mediates CTLA-4’s transport to the lysosome for
degradation®’. Of note, CTLA-4 was not detected by mass spectro-
metry in NBEAL2-pull downs nor in proteome from activated T cells.
The absence of CTLA-4 in the NBEAL2 interactome is likely due to
technical limits. Indeed, another mass spectrometry study on sorted
Treg and conventional T cells did not detect CTLA-4 in their dataset*’.

In view of NBEAL2’s interaction with LRBA and AP1G2, we inves-
tigated the impact of NBEAL2 deficiency on CTLA-4 expression. After
TCR activation, we observed a lower CTLA-4 expression, and thus less
CTLA-4" conventional T cells, in GPS patients than in healthy controls.
In contrast, NBEAL2 deficiency did not impair CTLA-4 expression on
Tregs. This is consistent with the NBEAL2 expression profile at the
protein level since we observed no, or very low, expression in Tregs
from healthy donors. In contrast we found a strong NBEAL2 expression
in activated T cells. These results therefore explain why the NBEAL2
deficiency lead to a defect in the expression of CTLA-4 on the con-
ventional T cells but had no impact on the regulation of the expression
of CTLA-4 in the Tregs. Our results indicate that despite normal CTLA-4
expression in Tregs, abnormally low CTLA-4 expression in a subset of
conventional T cells can nevertheless be associated with the devel-
opment of autoimmunity. Our observation of defective CTLA-4
expression in patients with GPS opens some new therapeutic
options. Indeed, treatment with a CTLA-4-immunoglobulin (Ig) fusion
protein showed good efficacy in patients with LRBA deficiencies and
CTLA-4 haploinsufficiency'**'. Hence, the symptoms of GPS patients
with autoimmune manifestations might also be alleviated by admin-
istration of CTLA-4-Ig to counteract the CTLA-4 defect observed in the
effector T cells. Such a therapeutic approach could therefore be con-
sidered by clinicians taking care of GPS patients who present with
autoimmune manifestations.

The single-cell RNA sequencing analysis showed that most path-
ways were similarly dysregulated in LRBA- and NBEAL2-deficient
T cells, relative to healthy donor cells. However, the comparison
between LRBA-deficient and NBEAL2-deficient cells revealed a specific
upregulation of the STAT3/IL-6/JAK pathway in the memory T-cell
subsets of patients with LRBA deficiency. Whether this signature
reflects a lack of regulation of the memory T cells by Tregs as the
consequence of LRBA deficiency remains to be confirmed in a larger
group of patients. But it may constitute a new biomarker for Treg
functional defects or to monitor the response to the CTLA-4-Ig treat-
ment in LRBA patients.
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Finally, the original finding that NBEAL2 is involved in CTLA-4
expression regulation in conventional T cells, but not in Tregs, suggest
a distinct mechanism for the regulation of this immune checkpoint in
these cell subsets, leading the way to more fundamental and ther-
apeutics discoveries.

Methods

This section briefly describes the methods. Further details are pro-
vided in the supplemental Methods and in supplementary
tables 5-10. Informed consents and consents to publish the results
have been obtained for all patients before the study. Before the
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Fig. 5| Differential gene expression analyses: comparison of NBEAL2 and LRBA-
deficient T cells. a Differential Gene Expression (DEG) analyses between the
NBEAL2-deficient cells (N =5) or LRBA-deficient cells (N =5) and the healthy con-
trols group (N=7). IPA Pathways analyses were performed on the T CD4" lym-
phocytes subsets. In red the DEG correspond to the comparison between NBEAL2
patients and controls. In yellow, the DEG correspond to the comparison between
LRBA patients and controls. b Differential Gene Expression (DEG) analyses between
the NBEAL2 and LRBA patients’ groups and the healthy controls group. IPA

Pathways analyses of the T CD8" lymphocytes subsets. In red the DEG correspond
to the comparison between NBEAL2 patients and controls. In yellow, the DEG
correspond to the comparison between LRBA patients and controls. ¢ Signature of
the STAT3/IL-6 pathway in T cells subsets for the NBEAL2, LRBA and healthy con-
trols groups. The heatmap shows the average signature score for the T cells subsets
of each group. The list of genes from the signature Hallmark_IL6_JAK -

STAT3 _signaling was used. Source data are provided as a Source Data file.

study, all patients signed informed consents approved by the
CERAPH-Centre (IRB: #00011928). The biological samples are part of
Inserm UMRI1163/Imagine collection declared to the French Ministére
de la recherche (CODECOH no. DC-2020-3994).

CyTOF staining

Immune phenotyping on whole blood was carried out using the
Maxpar Direct Immune Profiling kit (Fluidigm, Cat# 201325) with an
antibody panel of 30 markers for CyTOF (Cytometry by Time Of Flight)
analysis. To these 30 markers, 8 additional antibodies were added in
order to detect FAS and certain immune checkpoints (TIM3, TIGIT,
ICOS, GITR, PD-1, and CTLA-4). Samples were acquired on Helios mass
cytometer.

Immunoprecipitations

Anti-CTLA-4 (Abcam, cat# Ab251599) or anti-NBEAL2 (Abcam, Cat#
ab250919) antibodies were coupled to agarose beads using the
Thermo Pierce Direct IP kit (ThermoFisher, ref 26148) according to
supplier’s instructions. Prior to cells lysis with Octyl buffer, a reversible
cross-linker was used to preserve protein-protein interactions:
dithiobis[succinimidylproprionate] (DSP, Thermofisher, Cat# 22586).
Lysates were incubated at 4 °C overnight with the beads coupled to the
antibodies. After several washes of the beads on Pierce Spin Cups
columns (Thermofisher, #69700), the immunoprecipitated fractions
were recovered after denaturation with Blue loading buffer (CST,
#56036S). Samples were reduced with -mercaptoethanol (Biorad, ref
#1610710) and analyzed either by immunoblotting or mass
spectrometry.

Mass spectrometry analysis

NBEAL2 immunoprecipitation fractions were separated by SDS-PAGE
(4-20%) under reducing conditions. Gel bands were excised, reduced
with DTT, alkylated with iodoacetamide and in-gel digested overnight
with trypsin. Peptides were extracted with 50 mM ammonium bicar-
bonate and 50% acetonitrile in 0.2% formic acid, dried by evaporation
in a speed-vac concentrator and resuspended in 0.2% formic acid. LC-
MS/MS analyses were performed using a nano-ACQUITY Ultra-Perfor-
mance LC system coupled to an Orbitrap Fusion Tribrid mass
spectrometer.

CRISPR knock-down

RNA guides to target NBEAL2 or LRBA were designed using the
online tool CRISPOR. Primary activated T cells were electro-
porated with ribonucleoprotein complexes (Cas9 enzyme and the
RNA guides) using the Amaxa™ 4D-Nucleofector nucleofaction
system and the P2-EH100 program. After nucleofection, cells
were cultured and restimulated with Dynabeads Human
T-Activator CD3/CD28 at 1 beads/16 cells. Cells were stained to
assess CTLA-4 expression by flow cytometry. Protein extractions
were also performed.

Single-cell RNA sequencing

Peripheral blood mononuclear cells (PBMC) from healthy donors,
NBEAL2-deficient patients and LRBA-deficient patients were thawed.
The scRNA-seq libraries were generated using Chromium Single Cell 3’
Library & Gel Bead Kit from 10x Genomics as previously described*.

Data analyses were performed as described in the supplemental
methods.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The new NBEAL2 variant sequence is deposited in National Center for
Biotechnology Information. ClinVar; [VCV002443319.1], https://www.
ncbi.nlm.nih.gov/clinvar/variation/VCV002443319.1. Single-cell RNA-
sequencing data are available at the GEO accession number
GSE196606. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the jPOST partner
repository with the dataset identifier PXD042180 and JPST002157,
which is publicly available. Interactome dataset visualized on STRING
database is available here: https://version-11-5.string-db.org/cgi/
network?networkld=bjY9nFy8le23. Source data are provided in this
paper. Source data are provided with this paper.

Code availability

As described in detail in the supplemental method section, CyTOF and
single-cell RNA Seq data were analyzed using R software version 4.0.3
with the publicly available Catalyst and Seurat packages. Codes are
available upon request to the corresponding author.
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