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Background: Inborn errors of immunity are mostly monogenic.
However, disease phenotype and outcome may be modified by
the coexistence of a second gene defect.

Objective: We sought to identify the genetic basis of the disease
in a patient who experienced bleeding episodes, pancytopenia,
hepatosplenomegaly, and recurrent pneumonia that resulted in
death.

Methods: Genetic analysis was done using next-generation
sequencing. Protein expression and phosphorylation were
determined by immunoblotting. T-cell proliferation and F-actin
levels were studied by flow cytometry.

Results: The patient harbored 2 homozygous deletions in STX11
(¢.369_370del, c.374_376del; p.V124fs60*) previously associated
with familial hemophagocytic lymphohistiocytosis and a novel
homozygous missense variant in SLP76 (c.767C>T; p.T256I)
that resulted in an approximately 85% decrease in SLP76 levels
and absent T-cell proliferation. The patient’s heterozygous
family members showed an approximately 50% decrease in
SLP76 levels but normal immune function. SLP76-deficient J14
Jurkat cells did not express SLP76 and had decreased
extracellular signal-regulated kinase signaling, basal F-actin
levels, and polymerization following T-cell receptor stimulation.
Reconstitution of J14 cells with T2561 mutant SLP76 resulted in
low protein expression and abnormal extracellular signal-
regulated kinase phosphorylation and F-actin polymerization
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after T-cell receptor activation compared with normal
expression and J14 function when wild-type SLP76 was
introduced.

Conclusions: The hypomorphic mutation in SLP76 tones down
the hyperinflammation due to STX11 deletion, resulting in a
combined immunodeficiency that overshadows the
hemophagocytic lymphohistiocytosis phenotype. To our
knowledge, this study represents the first report of the opposing
effects of 2 gene defects on the disease in a patient with an
inborn error of immunity. (J Allergy Clin Immunol
2023;152:1597-606.)
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tiocytosis, STX11, combined immunodeficiency, SLP76

Inborn errors of immunity (IEI) are a heterogeneous group of
genetic disorders in which components of the host immune
system are impaired, resulting in immunodeficiency and/or
immunodysregulation." While predominantly of monogenic eti-
ology, rare reports involved the combined effect of more than
one gene defect in the manifestations of IEI, such as the additive
effects of NEIL3 and LRBA defects on the development of auto-
immunity,” the dual effects of IFNAR1 and IFNGR2 signaling de-
fects on the predisposition to infections,” and the combined
multigene defects associated with neutropenia® and familial he-
mophagocytic lymphohistiocytosis (FHL).” In this article, we
present a report of opposing effects of mutations in STX11 and
SLP76 on the disease manifestation in a patient with an IEI

During an immune response against intracellular antigens,
activated cytotoxic T lymphocytes (CTLs) and natural killer (NK)
cells polarize their granzyme- and perforin-rich cytosolic gran-
ules toward their plasma membrane to which they fuse and release
their content at the immune synapse formed with the altered host
cells, such as virally infected and tumor cells, with the purpose of
eliminating the target cells and secreting proinflammatory
cytokines to enhance the immune response.’* Hemophagocytic
lymphohistiocytosis (HLH) is a rare disorder that is characterized
by an excessive inflammatory response due to hyperactivation of
CTLs, NK cells, and macrophages.” "> FHL manifests in an auto-
somal recessive mode and is due to the inability of activated cyto-
toxic cells to kill their target cells because of a defect in the
production of perforin (FHL2)"” or in components of the protein
machinery involved in perforin delivery and release at the
effector-target cell interface, including UNCI13D (FHL3),
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Abbreviations used
CTL: Cytotoxic T lymphocyte
ERK: Extracellular signal-regulated kinase
FHL: Familial hemophagocytic lymphohistiocytosis
Gads: GRB2-related adapter downstream of Shc
¢DNA: Genomic DNA
HLH: Hemophagocytic lymphohistiocytosis
HSCT: Hematopoietic stem cell transplantation
IEL: Inborn error of immunity
LAT: Linker for activation of T cells
NK: Natural killer
PLCgl: Phospholipase C gamma 1
SLP76: SH2-domain-containing leukocyte protein of 76 kDa
STX11: Syntaxin-11
TCR: T cell receptor
WT: Wild-type
ZAP-70: Zeta chain-associated protein kinase of 70 kD

STX11 (FHL4), and STXBP2 (FLH5).'*'” STX11 is a t-SNARE
located on the inner side of the cytotoxic cell plasma membrane
that mediates the fusion between the cytosolic lytic granules
and the plasma membrane.'®'? Absence of STX11 in humans
abolishes lytic granule secretion and the ability of CTLs and
NK cells to kill their target cells.' 7202 Despite defective target
cell killing, activation of cytotoxic cells is normal, and their abil-
ity to secrete proinflammatory cytokines is maintained and even
exaggerated resulting in FHL, characterized by uncontrolled
cytotoxic lymphocyte and macrophage activation, hypercytokine-
mia, tissue infiltration with hyperactive histiocytes/macrophages,
and phagocytosis of host red blood cells.” ! 1-17:20-22

The killing machinery that CTLs and NK cells use is similar;
however, their mechanisms of activation are different. CTLs are
activated by the interaction of their surface T-cell receptor (TCR)
complex with peptide-loaded MHC I molecules on target cells.”
NK cells are activated by surface receptors that include Fc gamma
receptor 1lla, DNAM-1, NKG2C/D/E, killer immunoglobulin-
like receptor, and NKp families of activating receptors, which
interact with host cell molecules and pathogenic products.®**2°
Cross-linking of these receptors initiates the phosphorylation of
immunoreceptor tyrosine-based activation motifs found in the
cytoplasmic tails of TCR-associated CD3 in CTLs by Lck, and
Fc receptor gamma chain and death-associated protein in NK
cells by SYK, resulting in the recruitment of zeta chain-
associated protein kinase of 70 kD (ZAP-70) to the phosphory-
lated immunoreceptor tyrosine-based activation motifs and its
activation.”””® Activated ZAP-70 phosphorylates the two key
adapter molecules membrane-anchored linker for activation of
T cells (LAT)*’ and soluble SH2-domain-containing leukocyte
protein of 76 kDa (SLP76) that is recruited to membrane-
bound phospho-LAT by GRB2-related adapter downstream of
Shc (Gads).31 Activated LAT and SLP76 form a large macromo-
lecular cluster that includes Vav1, non-catalytic region of tyrosine
kinase, interleukin-2-inducible T-cell kinase, phospholipase C
gamma 1 (PLCgl), Gads, adhesion- and degranulation-
promoting adapter protein, and hematopoietic progenitor kinase
1, which mediates both initiation and termination of the immune
response.28’3() Hence, SLP76 plays a central role in the activation
of CTLs and NK cells, and patients with SLP76 deficiency”*” as
well as mice in which SLP76 has been deleted”’~*" are defective in
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T and NK cell development and activation, cytosolic lytic gran-
ules polarization, target cell killing, and secretion of proinflam-
matory cytokines.n3 a3

In this study, we identified a patient who harbored 2 homozy-
gous deletions in STX11 that have previously been associated
with FHL4,'”** and a novel homozygous missense mutation in
SLP76 that resulted in diminished protein levels and defective
T-cell signaling and function. Because SLP76 is crucial for
CTL and NK cell activation, we believe that the mutation in
SLP76 acts as a hypomorph that counters the hyperinflammation
due to absent STX11, resulting in a combined immunodeficiency
that overshadows the HLH phenotype. To our knowledge, this
represents the first report of the opposing effects of 2 gene defects
in the manifestations of a disease in a patient with an IEL

METHODS
Subjects

Peripheral blood was obtained from the patient, her family, and
control subjects after obtaining written informed consent
approved by the Institutional Review Board of the American
University of Beirut Medical Center and according to the
Declaration of Helsinki.

Cell culture

PBMCs were isolated on a Ficoll-Paque PLUS gradient (GE
HealthCare, Chicago, Il1). The J14 Jurkat cell line was a kind gift
of Dr. Arthur Weiss (Department of Medicine, University of
California San Francisco, San Francisco, Calif). PBMCs, wild-
type (WT) cells, and J14 Jurkat cells were maintained in complete
RPMI 1640 Medium (Sigma-Aldrich, St Louis, Mo).

Genetic analysis

Genomic DNA (gDNA) was extracted from blood using the
Gentra Puregene Blood Kit (Qiagen, Hilden, Germany). RNA was
extracted from PBMCs using TRI Reagent (Sigma Aldrich).
A targeted gene panel sequencing approach was performed as
described earlier.”” The STX1] gDNA and RNA regions of inter-
est were amplified by PCR and RT-PCR, respectively, using for-
ward primer 5'ATGAAAGACCGGCTAGCAGAAC3' and
reverse primer 5'CTACTTGAGGCAGGGACAGCAG3'. The
SLP76 gDNA region of interest was amplified by PCR using for-
ward primer 5'CAGACCAACCACGAAGAACCC3' and reverse
primer 5'TCTAATGAGGCTGATATGGGC3’, and the SLP76
RNA was amplified by RT-PCR using the same forward primer
with reverse primer 5'CTTGTCAGAAAATGGTGGTTTC3'.
The PCR products were subjected to Sanger sequencing. Se-
quences were compared with the reference sequence
NM_003764.4 of STXI! and NM_005565.5 of SLP76 and
analyzed using SnapGene viewer (GSL Biotech LLC, San Diego,
Calif).

Flow cytometry

PBMCs were stained with fluorescently labeled anti-human
antibodies against human CD3 (UCHT1), CD4 (OKT4), CDS8
(RPA-T8), CD45RA (HI100), CD45RO (UCHLI1), CCR7
(G043H7), CD31 (WM59), CD16 (3G8), CD56 (5.1H11),
CD25 (BC96), CTLA-4 (L3D10), Helios (22F6), CDI19
(HIB19), CD27 (M-T271), and IgD (IA6-2) (all from BioLegend,
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San Diego, Calif) and FOXP3 (PCHI101) (eBioscience, San
Diego, Calif). Cells were detected on a BD FACSAria cell sorter
(BD Biosciences, Franklin Lakes, NJ) and analyzed with FlowJo
software (Tree Star Inc, Ashland, Ore).

T cell proliferation

PBMCs were labeled with 1 M carboxyfluorescein succini-
midyl ester (Sigma-Aldrich) and were left unstimulated, or T cells
were stimulated with 2 pg/mL PHA (Sigma-Aldrich) or 100 ng/
mL anti-CD3 mAb (OKT3; BioLegend). Samples were stained
5 days later with fluorescently labeled anti-CD4 and anti-CDS8
mAbs, and their proliferation was analyzed by flow cytometry.

Plasmid construction, Jurkat cell electroporation,
and culture

Plasmid pCMV6-SLP76 encoding full-length human SLP76
(NM_005565) with a C-terminal myc-tag (catalog no.
CW308799) was purchased from OriGene Technologies, Inc
(Rockville, Md). Change of cytosine (C) to thymine (T) at
position 767 of the cDNA (c.767C>T) resulting in the conversion
of threonine at position 256 of the protein to isoleucine (p.T256I)
was performed at OriGene. Three million Jurkat cells were
electroporated with 3 g plasmid DNA using either the Gene
Pulser Xcell electroporation system (Bio-Rad, Hercules, Calif)
at 140 Vand 1000 wF in a 0.4-cm cuvette or the Neon Transfec-
tion System (Thermo Fisher Scientific, Waltham, Mass) at 1325
V, 10 ms, and 3 pulses in a 10-pL tip. Cells were then cultured
for 24 hours in complete RPMI 1640 for further analysis.

Immunoblotting

PBMCs and Jurkat cells untransfected or transfected with
empty vector or vectors encoding WT or mutant SLP76 were
either unstimulated or stimulated with 10 ng/mL anti-CD3 mAb
(OKT3) for the indicated times. Lysates were separated on
polyacrylamide gels, transferred to nitrocellulose membranes,
and immunoblotted with rabbit polyclonal antibodies against
SLP76 (Cell Signaling Technology, Danvers, Mass), ZAP-70
Phospho (Y319/Syk) (BioLegend), ERK1/2 (BioLegend), and
mouse mAbs against STX11 (Santa Cruz Biotechnology, Santa
Cruz, Calif), ERK1/2 Phospho (Thr202/Tyr204) (BioLegend),
and ZAP-70 (BioLegend). The protein bands were detected using
HRP-linked anti-rabbit or anti-mouse secondary antibodies
(Jackson ImmunoResearch Labs, West Grove, Pa), and their
intensities were quantified using Adobe Photoshop (Adobe Inc,
San Jose, Calif).

F-actin polymerization assay

WT and J14 cells untransfected or transfected with the 3
vectors were stimulated with 10 ng/mL anti-CD3 mAb. Cells
were fixed and permeabilized with Cyto-Fast Fix/Perm Buffer set
(BioLegend), stained with fluorescein isothiocyanate-conjugated
phalloidin (Sigma-Aldrich), and analyzed by flow cytometry.

Statistical analysis

The Student 7 test and 2-way ANOVA were used to compare the
differences between groups using GraphPad PRISM software
Version 8 (GraphPad Software, San Diego, Calif).
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RESULTS
Clinical presentation and laboratory findings

The index patient was a female born to first-degree consan-
guineous parents with 4 healthy siblings (Fig 1, A). At 5 years of
age, she experienced gingival bleeding that lasted 2 years, and at
12 years of age she experienced menorrhagia, eczema, pancyto-
penia, and splenomegaly. Her bleeding episodes and eczema
were treated with vitamin K and steroids, respectively. At 14 years
of age, she developed recurrent episodes of pneumonia (>4 epi-
sodes/year), some of which were associated with right lower
lobe effusion, and received multiple courses of antibiotics.

At 16 years of age, she presented to our center for evaluation of
her recurrent infections in the setting of splenomegaly and
pancytopenia. Her physical examination showed normal height
and weight for age; however, she looked pale and ill, she had mild
digital clubbing, a mass on her left leg (2 cm X 1 cm) that was
slightly erythematous but not purulent, and a whitish scaly rash
over the perianal area. She also had diffuse bilateral wheezing
and recurrent dental abscess and was started on spiramycin and
metronidazole. Positron emission tomography/computed tomog-
raphy revealed significant mucosal thickening of the maxillary si-
nuses, prominent splenomegaly, diffuse increased metabolic
activity in the bone marrow, slightly enlarged lymph nodes in
the abdomen and chest that showed a mild increase in metabolic
activity, and consolidation in the lower left lobe and bilateral
patches of infiltrates with mild increased metabolic activity.
A bone marrow aspirate and biopsy revealed <10% cellular
marrow with patchy aggregates of small lymphocytes, and immu-
nolabeling revealed strong expression of CD3 and CDS5 in the
cluster of lymphoid cells, whereas CD20 labeled very few cells,
and CD23, CD34, and TdT all were negative.

Laboratory investigations showed pancytopenia (Table I).
Her total numbers of T and B cells were low, and her IgG, IgA, and
IgM levels were below the range for age, but her IgE levels were
normal. Her recall antibody response to tetanus was low (0.04 TU/
mL; range 0.01-0.09 IU/mL), and her recall antibody response to
diphtheria was absent. Her international normalized ratio was
normal, and her thyroid-stimulating hormone, free thyroxine 4,
lactate dehydrogenase, alanine transaminase, complement C3
and C4, and vitamin K levels all were normal, whereas her ferritin
levels were low (6.17 ng/mL; range for females 15-150 ng/mL).
Her antinuclear antibodies, anti-DNA antibodies, and anti-HIV
antibodies 1 and 2 were negative.

The patient died at 19 years of age due to a fulminant fungal
pulmonary infection.

36-43

Genetic and functional testing

The patient’s history raised suspicion of an immune defect as
the basis of her disease. An initial screen showed normal
expression of several proteins, a defect of which is associated
with immunodeficiency and thrombocytopenia, including LRBA,
Wiskott-Aldrich syndrome protein, and WASP interacting protein
(data not shown). Accordingly, a targeted gene panel sequencing
approach was used to screen for gene defects associated with IEL
This unveiled 2 homozygous deletions of AG and CGC at
positions 369-370 and 374-376 (c.369_370delAG and
¢.374_376delCGC), respectively, in exon 2 of STXI1, resulting
in a frameshift and premature termination of translation 60 amino
acids downstream of valine at position 124 (p.V124fs60*) of the
protein (Fig 1, B). The homozygous deletions were confirmed by
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FIG 1. Identification of 2 deletions in STX717 that abolish protein expression. (A) Family pedigree. (B) STX71
cDNA and protein structure showing the locations of the patient’s deletions (arrows). (C) Sanger sequencing
chromatograms depicting the homozygous ¢.369_370delAG and ¢.374_376delCGC deletions in STX71in the
patient and the heterozygous deletions in her parents and siblings. Asterisks indicate the deletion sites in
the WT sequence. (D) Representative immunoblot of STX11 and actin in lysates of PBMCs from the patient
and a healthy control subject. Bar graph shows the mean += SEM of the ratios of STX11/actin calculated from
3 experiments with a total of 3 control subjects and the patient done in duplicate. (E) STX77 mRNA levels in
PBMCs from the patient and control subject. P values were obtained by the Student t test. *P < .05. C, Con-

trol; Mut, mutant; Pt, patient.

Sanger sequencing in the patient, and both parents and all 4
healthy siblings were heterozygous for the same deletions (Fig
1, C). Importantly, the homozygous deletions abolished protein
expression in the patient, as determined by immunoblotting
(Fig 1, D), without affecting the stability of the mRNA (Fig 1,
E). These homozygous deletions in STXI/ were previously
described in 11 patients with FHL4 and associated with their dis-
ease'”?; therefore, we concluded that they caused the same dis-
ease in our patient.

In addition to STX7 I mutations, the patient harbored a homozy-
gous variant of unknown significance in SLP76. The variant, a C
to T substitution at position 767 in exon 10 of SLP76 (c.767C>T),
was predicted to result in an amino acid change from threonine to
isoleucine at position 256 (p.T256I) in the proline-rich region of
the protein (Fig 2, B). This variant was detected in the heterozy-
gous form in only 2 healthy individuals in gnomAD (allele fre-
quency 8.02¢”°) but was not found in the Exome Variant

Server, Ensembl, and ClinVar. It was predicted to be tolerated
by Sorting Intolerant From Tolerant (0.75) and benign by
PolyPhen-2 (0.00). However, it had a Combined Annotation
Dependent Depletion score of 16.96, thus predicting it to be in
the top 10% of the most deleterious substitutions in the human
genome. The homozygous 767C>T variant was confirmed by
Sanger sequencing in the patient, and her parents and 2 of her sib-
lings were heterozygous for the same variant (Fig 2, A and C).
Most importantly, the levels of SLP76 protein (Fig 2, D), but
not mRNA (Fig 2, E), were diminished by approximately 85%
in the patient and approximately 50% in the heterozygous family
members compared with 4 healthy controls (Fig 2, D), suggesting
that the homozygous T2561 variant affects the stability of the pro-
tein. In addition, T cells from the patient proliferated poorly in
percentage of proliferating cells and rounds of cell division
when stimulated with PHA and anti-CD3 mAb compared with
the control subject (Fig 2, F). These data suggest that the T2561



J ALLERGY CLIN IMMUNOL
VOLUME 152, NUMBER 6

TABLE I. Laboratory investigations of the patient
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Patient’s age

Test (range for age) 14y, 10 mo 15y 15y, 9 mo 16y 16y, 2 mo 16y, 5 mo
White blood cells/uL (5,500-9,300) 4,000 6,200 3,200% 2,100% 1,700% 1,700%*
Platelets/pL (182,000-307,000) 266,000 273,000 113,000% 104,000* 91,0007 85,0007
Hemoglobin g/dL (11.3-13.4) 9 8.4 10.6* 9% 8.5% 9.1%
Neutrophils cells/pL (3,000-6,100) 2,240% 3,534 1,856* 861+ 850* 918*
Neutrophils % (46.4-75.6) 56 57 58 41 50 54
Eosinophils cells/pL (0-200) 40 62 32 42 51 17
Eosinophils % (1-3) 1 1 1 2 3 1
Basophils cells/pL (0-100) 0 0 0 0 0 0
Basophils % (0-1) 0 0 0 0 0 0
Monocytes cells/pwL (400-900) 280* 620* 204 126 119° 0%
Monocytes % (4-7) 7 10 7 6 7 0
Lymphocytes cells/pL (1,400-3,300) 1,440 1,984 1,088* 1,071* 680* 663*
Lymphocytes % (21-43) 36 32 34 51 40 39
CD3™ T cells/pL (1,000-2,200) ND ND ND ND ND 629*
CD3™ T cells % of lymphocytes (56-84) ND ND ND ND ND 92
CD37CD4" cells/uL (530-1,300) ND ND ND ND ND 345%
CD3*CD4" cells % of CD3" (31-52) ND ND ND ND ND 50.8
CD3"CD8" cells/pL (330-920) ND ND ND ND ND 246
CD3*CD8" cells % of CD3" (18-35) ND ND ND ND ND 36.3
CD4"/CD8™ ratio (0.9-3.4) ND ND ND ND ND 1.4%
CD19" B cells/pL (110-570) ND ND ND ND ND 225
CD19" B cells % of lymphocytes (6-23) ND ND ND ND ND 3.3%
Immunoglobulins
IgG g/L (6.88-24.3) ND ND ND ND ND 3.24%
IgG; g/L (4.03-15.2) ND ND ND ND ND 2.23%
IgG, g/L (1.84-6.96) ND ND ND ND ND 0.627
IgG; ¢/L (0.0786-1.57) ND ND ND ND ND 0.4
IgG, g/L (0.293-2) ND ND ND ND ND 0.013*
IgA g/L (0.463-3.85) ND ND ND ND ND 0.3%*
IgM g/L (0.607-3.23) ND ND ND ND ND 0.2*
IgE IU/mL (2-537) ND ND ND ND ND 59.4

Note. The age-matched normal ranges shown in parentheses are from other studies.’***

ND, Not determined.
*Below the range for age.

variant affects SLP76 levels and T-cell function and might influ-
ence the disease of the patient independently of the deletions in
STXI11.

To determine the effect of the T256I variant in SLP76 on
immune cell function when not in combination with the STX11
mutation, we screened the patient’s healthy siblings, but none
of them were homozygous for the T256I variant (Fig 2, A and
O). In addition, detailed immunophenotyping and T- and B-cell
proliferation performed on PBMCs from the parents and hetero-
zygous siblings were normal (data not shown). This finding
indicated that a 50% decrease in SLP76 level is not enough
to affect immune cell development and function or cause
disease.

T2561 mutation in SLP76 affects protein stability
and TCR-mediated signaling in J14 Jurkat cell line
To determine the impact of the SLP76 T256I substitution on the
stability of the mutant protein and on signaling events and cell
function downstream of the TCR, we analyzed the SLP76-
deficient J14 Jurkat cell line** transfected with constructs encod-
ing either WT or the T2561 mutant SLP76 proteins. J14 cells did
not express SLP76 (Fig 3, A), and extracellular signal-regulated
kinase (ERK) phosphorylation downstream of SLP76 signaling

was absent following TCR activation of J14 compared with WT
Jurkat cells (Fig 3, B), as described earlier.”* However, phosphor-
ylation of ZAP-70, which is upstream of SLP76 in TCR
signaling,”” was maintained (Fig 3, B). Both WT Jurkat and J14
cells were transfected with empty vector or with vectors encoding
WT or T2561 mutant SLP76, and the level of protein expression
was determined by immunoblotting. The levels of WT SLP76
exogenously expressed (single asterisk in Fig 3, C) in both WT
and J14 Jurkat cells were significantly higher than endogenous
(double asterisk in Fig 3, C) SLP76 that was detected only in
WT cells. Importantly, the levels of T2561 mutant SLP76 exoge-
nously expressed in both WT and J14 Jurkat cells were signifi-
cantly decreased to approximately 20% of exogenously
expressed WT protein (Fig 3, C). These results confirm the desta-
bilizing effect of the T2561 mutation on SLP76 that was observed
in primary PBMCs from the patient (Fig 2, D).

To determine the effect of the T2561 mutation in SLP76 on
signaling downstream of the TCR, transfected J14 cells were
rested for 24 hours, then cells were stimulated with anti-CD3
mAD for the indicated times, and the levels of phosphorylated
ERK were determined by immunoblotting (Fig 3, D). Expression
of WT SLP76in J14 cells resulted in a significant increase in ERK
phosphorylation that reached the levels of phosphorylated ERK in
untransfected WT Jurkat cells 5 minutes after stimulation, then
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FIG 2. Identification of a novel mutation in SLP76that diminishes protein expression and T-cell function. (A)
Family pedigree. (B) SLP76 cDNA and protein structure showing the location of the patient’s mutation (ar-
rows). (C) Sanger sequencing chromatograms depicting the ¢.767C>T homozygous mutation in SLP76 in
the patient and the heterozygous mutation in her parents and 2 of her siblings. (D) Immunoblots of
SLP76 and actin in lysates of PBMCs from the patient, heterozygous parents and siblings, and healthy con-
trol subjects. Bar graph shows the mean = SEM of the ratios of SLP76/actin calculated from 3 experiments
with 4 control subjects and the patient done in triplicate. (E) SLP76 mRNA levels in PBMCs from the patient
and a control subject. (F) Histograms depicting the proliferation of T cells, as measured by carboxyfluores-
cein succinimidyl ester dilution following stimulation with anti-CD3 antibody and PHA. P values were ob-
tained by the Student t test. **P < .01; ***P < .001. C, Control; Hets, heterozygous; Mut, mutant; Pt,
patient; SAM, sterile alpha motif; SH2, Src homology 2.
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FIG 3. T256 mutation in SLP76 affects TCR signaling and F-actin dynamics. (A) Immunoblot of SLP76 and
GAPDH in lysates of WT Jurkat and J14 cells. (B) Representative immunoblot of pERK, ERK, pZAP-70,
and ZAP-70 in lysates of WT Jurkat and J14 cells unstimulated or stimulated with 10 ng/mL anti-CD3
mAb (n = 3). (C) Representative immunoblot of SLP76 and GAPDH in lysates of WT Jurkat and J14 cells elec-
troporated with empty vector or with vectors encoding WT or T2561 SLP76. The single asterisk and double
asterisks depict the exogenous and endogenous SLP76, respectively. Bar graph shows the mean = SEM of
the ratios of WT and mutant SLP76 overexpressed in WT Jurkat and J14 cells, relative to GAPDH and
compared with WT SLP76/GAPDH set at 100% (n = 3). (D) Representative immunoblot of pERK and ERK,
in lysates of J14 Jurkat cells electroporated with vector or with WT or T2561 SLP76 unstimulated or stimu-
lated with 10 ng/mL anti-CD3 mAb (n = 3). (E) Bar graph shows the mean + SEM from (B) and (D) of the
ratios of pERK/ERK calculated from 3 experiments. Black lines and asterisks depict the statistical significance
within each group; red asterisks depict the statistical significance when each sample was compared with the
untransfected WT Jurkat condition. (F) Bar graph (left panel) shows the mean fluorescent intensities of base-
line F-actin. Line graphs show the mean fluorescent intensity (middle panel) or percentage (right panel) F-
actin increase in untransfected WT Jurkat and J14 cells or J14 cells transfected with vector, WT, or T256l
SLP76 and unstimulated or stimulated with 10 ng/mL anti-CD3 mAb. In the bar graph (left panel) and per-
centage F-actin increase line graph (right panel), statistical differences were calculated at baseline and 2 mi-
nutes after stimulation using the Student ttest. In the mean fluorescent intensity line graph (middle panel),
statistical differences were calculated at all time points using 2-way ANOVA. *P<.05; **P<.01; ***P<.001;
****P < .0001. MFI, Mean fluorescent intensity; ns, not significant; V, vector.

decreased at 10 minutes (Fig 3, D and E). However, expression of
T2561 mutant SLP76 in J14 cells resulted in a slight increase in
ERK phosphorylation from baseline after stimulation (Fig 3,
D), which was significantly lower than phospho-ERK levels in
untransfected WT Jurkat cells (Fig 3, D and E). Transfection

with empty vector did not correct ERK phosphorylation in J14
cells.

One of the earliest events in T-cell activation is the polymer-
ization of F-actin and the polarization of the actin cytoskeleton.*
The baseline levels of F-actin in J14 were significantly lower than
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those in WT Jurkat cells (Fig 3, F, left panel), and their ability to
increase F-actin following TCR cross-linking was reduced
compared with WT Jurkat cells (Fig 3, F, middle and right
panels). Reconstitution of J14 cells with WT SLP76 resulted in
a significant increase of F-actin baseline levels (Fig 3, F, left
panel) and F-actin polymerization following TCR stimulation
(Fig 3, F, middle and right panels), which exceeded in percentage
the F-actin increase in untransfected WT Jurkat cells (Fig 3, F,
right panel). Expression of mutant SLP76 in J14 cells did not
change their baseline F-actin levels (Fig 3, F, left panel) and re-
sulted in a negligible increase in F-actin following stimulation
(Fig 3, F, middle and right panels). Transfection of J14 cells
with empty vector had no effect. These results indicated that
SLP76 is important for the integrity of the F-actin cytoskeleton
in resting Jurkat cells and that reconstitution of J14 cells with
T2561 mutant SLP76 failed to correct their baseline F-actin con-
tent and F-actin polymerization compared with WT SLP76.

These results demonstrate that the T2561 variant in SLP76 is a
pathogenic mutation that attenuates TCR signaling.

DISCUSSION

In this article, we describe the opposing effects of 2 gene
defects on the disease in a patient with an IEI. We identified 2
homozygous deletions in STX11 that cause FHL4 as well as a
hypomorphic mutation in SLP76 that tones down TCR signaling
and opposes the effect of the STX11 mutation, leading to a
combined immunodeficiency that overshadows the HLH
phenotype.

The patient had limited access to medical services, and her
history was vague as related by her parents. Her limited laboratory
findings were suggestive of either an immunodeficiency or a
hematologic malignancy. Genetic analysis identified a V124fs60*
mutation in STX11 previously shown to cause FHL4. The clinical
criteria for an FHL diagnosis include persistent fever; hepatos-
plenomegaly; pancytopenia; low levels of fibrinogen; high levels
of triglycerides, ferritin, and soluble IL-2 receptor « chain, hemo-
phagocytosis, and defective NK cell function.””'” Because of the
ambiguity of her presentation and the lack of sufficient data that
would satisfy 5 of these clinical criteria, FHL was not initially
suspected. She had splenomegaly and pancytopenia, but no
persistent fever; her ferritin levels were low; and the results of
the repeated bone marrow biopsies did not indicate a hemophago-
cytic process. The remaining criteria for FHL were not examined,
and thus it is unclear whether they would have provided a better
indication of her disease.

If not diagnosed early in life, FHL is a rapidly fatal disease
because of overwhelming infections or uncontrolled systemic
inflammation and multiorgan failure.'**° Initial therapy is based
on aggressive immunosuppression with etoposide, dexametha-
sone, and cyclosporin A'?; however, the only curative treatment
is allogeneic hematopoietic stem cell transplantation (HSCT)."’
All patients reported in the literature with the V124fs60* muta-
tion in STX11 had an early onset of disease, and their survival
was likely due to treatment with immunosuppressants and
HSCT."”** Our patient reportedly did not develop symptoms of
disease early in life, and she survived until 19 years of age without
immunosuppressants or HSCT, which suggested an underlying
basis for the apparently different course of her disease.

The patient also harbored a homozygous T2561 mutation in
SLP76 that segregated with her disease, had no effect on RNA
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levels, but significantly affected protein expression and T-cell
proliferation. This suggests that the mutation is pathogenic and
associated with the clinical features observed in our patient, such
as the lymphopenia with defective T-cell function, splenomegaly,
bleeding episodes, and recurrent infections, notably with fungi,
which were reported in the patients with SLP76 deficiency
described.”** We screened the patient’s siblings to determine
if any of them was homozygous for the T256] mutation in
SLP76, either to eliminate it as disease causing or to determine
its role in T-cell development and function independently of
STX11. However, none of the patient’s siblings was homozygous
for the mutation, and immune cells of her parents and 2 heterozy-
gous siblings were normal. Nonetheless, PBMCs from her parents
and heterozygous siblings expressed approximately 50% SLP76,
suggesting that the mutation affected protein expression, but that
50% protein levels is enough to support normal immune cell
development and function.

We then resorted to the J14 cells that lack SLP76™ to determine
the role of the T2561 mutation in SLP76 on protein levels and cell
function. WT Jurkat and J14 cells transfected with a plasmid en-
coding T256I mutant SLP76 exhibited poor protein expression
compared with WT SLP76, despite the strong cytomegalovirus
promoter that induced high levels of WT protein expression.
Furthermore, J14 cells poorly phosphorylated ERK following
TCR activation, and reconstitution with T2561 mutant SLP76
marginally increased ERK phosphorylation compared with
near-normal correction when J14 cells were reconstituted with
WT SLP76. This indicates that the low level of expression of
the mutant protein translates into poor TCR signaling.

Basal F-actin content was decreased in J14 cells compared with
WT Jurkat cells, consistent with the low levels of F-actin in
fibroblasts from a patient with SLP76 deficiency.”” In addition,
F-actin polymerization was decreased, but not completely abol-
ished, in J14 cells compared with WT Jurkat cells, notably 2 mi-
nutes after stimulation. The intermediate increase in F-actin
levels observed in J14 cells after stimulation could be due to the
SLP76-independent pathway to PAK1 activation mediated by
PAKI-interacting protein and G-protein-coupled receptor kinase
interactor.’® Reconstitution of J14 cells with WT SLP76
increased both F-actin basal levels and percentage F-actin in-
crease following TCR activation, suggesting that SLP76 is impor-
tant for the integrity of the F-actin cytoskeleton and for the
induction of novel actin filaments after T-cell activation. Recon-
stitution of J14 cells with T256] mutant SLP76 resulted in minor
increase in basal F-actin content and F-actin polymerization, indi-
cating that the mutant protein fails to efficiently translate TCR
signaling.

Our data demonstrate that the T2561 mutation in SLP76 has a
destabilizing effect on the protein; however, we cannot rule out an
effect on the interaction of SLP76 with other binding partners.
T2561 is in the proline-rich region of SLP76, but distant from the
PLCgl-binding (amino acids 157-223) and Gads-binding (amino
acids 224-244) domains™; therefore, it is not expected to affect
the binding of SLP76 with PLC-gl and Gads. However, it might
affect mutant SLP76 function, as deletion of amino acids 245-314
has been shown to reduce activation of nuclear factor of activated
T cells in J14 cells.*” Nevertheless, despite the low levels of T2561
mutant SLP76 expression in J14 cells, the slight increase of ERK
phosphorylation and F-actin levels suggests that the expressed
mutant protein is functional and that the defect observed is likely
due to the low levels of mutant protein expressed.
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In conclusion, we identified deletions in STX11 that abolished
protein expression and a hypomorphic mutation in SLP76 that
diminished protein expression and T-cell signaling downstream
of the TCR. STX11 deficiency results in FHL4, a hyperinflam-
matory syndrome that is due to overactivation of immune cells,
whereas SLP76 deficiency abolishes T and NK cell activation.
Although the individual effect of each mutation on the disease in
the patient is difficult to dissect, it is conceivable that the
hypomorphic mutation in SLP76 might act as a brake to tone
down T and NK cell hyperactivation due to STX11 deficiency and
cause a combined immunodeficiency that overshadows the HLH
phenotype. Our finding also suggests that small molecule in-
hibitors of SLP76 could be considered in the treatment of T and
NK cell-mediated hyperinflammatory syndromes such as HLH.
To our knowledge, this represents the first report of an opposing
effect of 2 mutations on the disease in a patient with an IEL
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Key messages

o The patient harbored deletions in STX11 that caused
FHL4 and a novel mutation in SLP76 that diminished
cell activation.

o The mutation in SLP76 opposed the effect of the STX11
deletions resulting in combined immunodeficiency that
overshadowed the HLH phenotype.

o This is the first report of the opposing effects of 2 gene de-
fects on the disease in a patient with an IEL
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