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Autoimmune lymphoproliferative syndrome (ALPS) is caused by germline or somatic loss
of function FAS mutations resulting in impaired apoptosis and consequent expansion
of T-lymphocytes causing organomegaly and autoimmune anemia, neutropenia and
thrombocytopenia. Herein, we report on a case of disseminated varicella zoster infection
after post-partum vaccination in a patient found to have CD4 lymphopenia and
eventually diagnosed with ALPS caused by a novel germline missense mutation in
FAS death-domain. A subsequent retrospective analysis of 169 patients of the NIH
ALPS-FAS cohort, revealed that CD4-T-cells lymphopenia (<300 cells/wl) may occur in
5% of ALPS-FAS patients irrespectively of the underlying genetic defect, organomegaly
or immunosuppressive treatment. Although immunophenotyping did not show depletion
of specific CD4-T-cells subpopulations, CD4-lymphopenic ALPS-FAS subjects had
an expansion of a subset of circulating T-follicular-helper (cTfh) cells, associated
with autoantibody production (CCR7'°VPD-1M9"). Furthermore, autoantibodies binding
on CD4-T-cells were detected in 50% of the CD4-lymphopenic ALPS-FAS patients
and caused cytotoxicity in a natural killer (NK)-mediated antibody-dependent-cellular
cytotoxicity assay. Such autoantibodies can therefore be associated with CD4-T-cell
death, impaired activation induced proliferation or impaired trafficking. The expansion
of autoreactive T-cells in ALPS-FAS is known to be associated with autoimmune clinical
manifestations, however our study reveals that ALPS-FAS can also be associated with
a paradoxical depletion of CD4-T-cells due to the presence of autoantibodies on the
surface of CD4-T-cells which can in turn result in increased susceptibility to opportunistic
infections. These novel findings have implications for the diagnosis, clinical monitoring,
and management of patients with ALPS-FAS.
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INTRODUCTION

The number and reactivity of lymphocytes is tightly regulated
so that prompt and efficient adaptive immune responses
can be mounted. The clinical implications of genetic defects
in the molecular mechanisms involved in the development,
expansion, and contraction of T cell populations are clearly
evident in primary immune deficiency diseases (PIDDs) in
which opportunistic infections and adverse events to attenuated
vaccines often characterize the initial clinical presentation (1).
The autoimmune lymphoproliferative syndrome (ALPS) in
its most common variant, is caused by germline loss of function
mutations in the FAS gene (2, 3). The FAS protein is expressed as
surface homotrimers on T cells, interacting with homotrimerized
FAS ligand (FAS-L) and initiates a cascade of caspase cleavages
resulting in programmed cell death or apoptosis. In ALPS-
FAS, the impaired apoptosis and the consequent expansion
of specific subsets of lymphocytes (4) (ie. total CD3% T-
cells, CD3TCD8*" T-cells, CD3TTCRap+TCD4~CD8~ double
negative T-cells, CD5TCD20" B-cells), including self-antigen
reactive subpopulations, results in specific clinical manifestations
and laboratory abnormalities such as lymphadenopathy,
hepatomegaly, splenomegaly, autoimmune hemolytic anemia,
thrombocytopenia, and neutropenia (5, 6). Therefore, ALPS is
classified among the PIDD as a ‘disease of immune dysregulation’

as its clinical presentation is not due to an immunological defect
per se, but rather to the clinical and immunological consequences
of the accumulation of T and B lymphocytes (7-9).

Herein, we report on an index patient referred to NIH
for evaluation of idiopathic CD4 lymphopenia (ICL) (10),
who was eventually diagnosed with ALPS and a case series
of patients with confirmed ALPS-FAS and paradoxical CD4
lymphopenia. We found that ALPS-FAS patients with CD4
lymphopenia have autoantibodies against CD4-T-cells causing
NK-mediated antibody-dependent-cellular-cytotoxicity (ADCC)
and that the presence of such autoantibodies is associated with an
expansion of the CCR7'°VPD-1"8" circulating T-follicular-helper
cells (cTth) subset that have been most recently associated with
autoantibody production (11).

The present work highlights the complexity of the homeostatic
regulation of T-cells subpopulation and the apparent paradox
between a lymphoproliferative disorder and CD4 lymphopenia,
along with the heterogeneity of clinical and laboratory findings in
ALPS-FAS with implications for its diagnosis and management.
Furthermore, the identification of a novel mechanism causing
severe depletion of CD4 T-cells may suggest a potential role of
auto-antibodies in ICL, HIV-1 infection, and other autoimmune
diseases associated to a not yet explained reduction of CD4T
cells [i.e., Sjogren syndrome or systemic lupus erythematous
(SLE)] (12).

TABLE 1 | Demographic, clinical, immunological, and genetic characteristics of the enrolled patients.

Patients Age CD4 cells/pL (%) Splenomegaly FAS mutation type* NM_000043

Pt 1 Index 34 111 (24) Yes DD 719 T->A; M240K
Control-1A 43 938 (50) No DD 700(-6) C->G; 742T->G
Control-1B 35 731 (37) Asplenia DD 763(-5) T->G

Pt 2 30 299 (26) Yes Extracellular D 467 C->A; Y75X
Control-2A 25 775 (33) Yes Extracellular D 498 A->G; R86G
Control-2B 27 790 (39) Yes Extracellular D 535 A->T, E98splice
Pt3 44 257 (28) Yes DD 952 G->T, G237V
Control-3A 47 1543 (46) Asplenia DD 960 G->A; E240K
Control-3B 51 773 (44) No DD 972 G->A; D244N
Pt.4 8 216 (20) Yes DD Somatic DNT 846(-1) G->T splicing
Control-4A 8 2063 (23) Asplenia DD Somatic DNT 870 G->T, 201fs
Control-4B 8 836 (52) Yes DD Somatic DNT 846(-9) dell11

Pt.5 7 265 (29) Yes TM domain 526 A->GH95R
Control-56A 13 579 (39) Yes TM domain 526 A->GH95R
Control-56B 10 762 (45) Yes TM domain 528 (+3) A->C

Pt.6 11 254 (14) No DD 700(-16) A->G
Control-6A 11 417 (30) Yes DD 700(-6) C->G; 742T->G
Control-6B 12 972 (34) Yes DD 700(-3) C->T

Pt.7 7 294 (28) No DD 943 G->A; R234Q
Control-7A 8 639 (36) Yes DD 942C->T, R234X
Control-7B 8 504 (42) Yes DD 916 C>A; T225K
Pt.8 9 244 (18) Yes DD 970 T->C; 1243T
Control-8A 6 992 (46) Yes DD 928 T>G; V229G
Control-8B 8 369 (35) Yes DD 998del14; Q252fs

*DD, mutation in FAS death domain; extracellular D, mutation in the extracellular domain; DD, somatic DNT, somatic mutation in the double negative CD3+ T cells subset; TM domain,
mutation in the transmembrane domain. Bold indicates CD4 cell counts and percentages in patients with ALPS and CD4 lymphopenia.
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MATERIALS AND METHODS
Study Population

All patients provided written informed consent prior to
study entry under NIH Clinical Center institutional review
board-approved protocols (https://clinicaltrials.gov/ct2/
show/NCT00001350; https://clinicaltrials.gov/ct2/show/
NCT00867269).

Demographics and clinical characteristics of the enrolled
patients are presented in Table 1. The index patient and 7
additional subjects with ALPS-FAS and CD4 cell count <300
cells/pl were identified among the 169 subjects enrolled in the
NIH ALPS-FAS cohort and were included in the present study.
For each case, 2 ALPS-FAS subject controls matched for age and
type of underlying FAS genetic defect were enrolled.

Immunophenotyping

Immunophenotyping of cryopreserved PBMC with staining
of extracellular and intracellular antigens was performed
with monoclonal antibodies from BD Biosciences (San Jose,
CA) as previously described. Sufficient cryopreserved PBMC
were available from 7 of the 8 cases and cells were stained
with anti-CD3-V500; anti-CD4-BV605; anti-CD8-PacificBlue;
anti-CD95-PeCy5; anti-CD127-PeCy7; anti-CD25-APC; anti-
CD45RO-ECD or anti-CD45RO-PeCy7; anti-CD27-BV711;
anti-Ki67-FITC; anti-FoxP3-PE; anti-TCRaf-PE; anti-TCRy3-
FITC; anti-CD31-PE; anti-CD57-ECD; anti-B220-BV570;
anti-PD-1-BV605; anti-CCR7-FITC; anti-CXCR5-PerCPCy5.5;
anti-CXCR3-PE; and analyzed on a Fortessa flow-cytometer
(BD Biosciences). Flowjo software 10.4.2 was used to analyze
the data. We identified and excluded dead cells from the
analysis using the LIVE/DEAD fixable Blue Dead Cell Stain
kit (Invitrogen) and identified lymphocytes according to their
light-scattering properties.

FAS-Induced Apoptosis

FAS-induced apoptosis was evaluated using a FAS crosslinking
assays as previously described (13). Briefly, 300,000 PBMC
per each experimental condition were stimulated with different
concentrations of a mouse anti-human FAS monoclonal antibody
(Clone Apo 1-3, IgG3 Enzo Life Sciences) in the presence
of a rat anti-mouse anti-IgG3 monoclonal antibody (Santa
Cruz Biotechnology). The expression of AnnexinV was used to
identify apoptotic cells with AnnexinV-APC labeled monoclonal
antibody (Invitrogen) used according to the manufacturer
instructions. Cells were incubated for 4h and then washed,
permeabilized and stained in 2 different monoclonal antibody
panels to detect apoptosis in terminal effector memory T
cells (TEM) with anti-CD3 PerCP-Cy5.5; CD27-PE; CD4-
PeCy7; CD45RA-eFluor450 CCR7-FITC; AnnexinV-APC; and in
double negative CD3TCD4~CD8™~ af T cells (DNT) with anti-
CD3eFluor450; CD4-APCCy7; CD8-BV605; TCRap-FITC. The
fold changes in the expression of AnnexinV compared to non-
stimulated control was used to evaluate FAS-induced apoptosis
at different concentration of anti-FAS crosslinking antibody.

FAS-Induced Apoptosis and
Activation-Induced Cell Death (AICD) in T
Cell Blasts

T cell blasts were generated as previously described and used
in a FAS crosslinking and AICD assays (14-16). Briefly, PBMC
were stimulated with Phytohaemagglutinin (PHA, 50 pg/ml,
Millipore-Sigma) in complete RPMI with 10% human type
AB serum. After wash-out of the mitogen, PBMC were
resuspended in complete medium supplemented with 30 U/mL
of recombinant human IL-2 (Millipore-Sigma). Fresh medium
was added every 48h and T cell blasts were used for apoptosis
and AICD assays at day 3 of culture: For Fas-induced apoptosis,
a mouse anti-human FAS monoclonal antibody (Clone CH11;
Millipore-Sigma), was added for 16 h at different concentrations
(0, 50, 100, 300, and 1,000 ng/mL) while sensitivity to AICD
was evaluated by re-incubating T cell blasts with different
concentrations of PHA (10, 50 ug/mL) for 16 h. Apoptotic and
dead cells were identified by multiparameter flow-cytometry with
annexin V-APC/propidium iodide (PI) staining.

Target Next Generation Sequencing (NGS)
Genetic screening on the index patient was performed by
Targeted NGS with custom target enrichment to identify
variants in 314 PIDD-related genes. The assay was performed
as previously described (17). The novel FAS heterozygous
variant identified with this platform was confirmed by
Sanger sequencing.

Plasma Cytokine Levels and Luciferase
Immunoprecipitation System (LIPS) for
Anti-lymphocytes Antibodies

Biomarkers were measured by electrochemiluminescence with
custom multiplex-kit (Meso Scale Discovery). sFAS plasma
levels were measured by ELISA following the manufacturer’s
instructions (R&D Systems), Vitamin B12 levels were obtained
by reviewing medical and laboratory records. Plasma samples
were also screened for anti-CD4, anti-CTL4, anti-IL2RG, and
anti-IL7R autoantibodies using a particle-based approach (LIPS)
according to a previously described protocol (18).

NK-Mediated ADCC Assay

NK cells were isolated from healthy control bufty coats
using EasySepTM Human NK Cell Isolation Kit (Stemcell
Technologies). The isolated NK-cells were incubated at 37°C
overnight with 1,000 U/mL of IL-2 (Peprotech). From the same
healthy control buffy coat, PBMCs were saved to be used as
targets and incubated at 37°C overnight. The next day, the
target cells were labeled with 0.6 WM of Carboxyfluorescein-
succinimidyl-ester (CFSE). The cells were incubated at room
temperature with 100 pl of PBS, anti-CD20, health control
plasma, or patient plasma for 30 min, then washed. The targets
cells were plated in a U-bottom 96-well plate with 10,000
cells/well. The NK-cells were plated with the described E:T
ratios. The NK-cells and target cells were incubated for 4 h, then
stained for CD3, CD4, CD8, and CD19 and analyzed by flow-
cytometry. Each experimental condition had 2 replicates and cells
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FIGURE 1 | Imaging, bone marrow biopsy findings and characterization and location of the novel FAS heterozygous variant in a patient with CD4 lymphopenia and
ALPS. (A) Computed tomography of abdomen and pelvis. (1) Coronal section: Splenomegaly. (2) Splenic volume estimation by 3D reconstruction: 1,034 milliliter (mL)
(normal 200 + 50 mL). (3) Axial section: Paraortic and mesenteric lymphadenopathy. (B) Bone marrow biopsy showing scattered lymphocytic aggregates with
prevalence of CD8* cells. (1) Lymphocytic aggregate in hematoxylin and eosin staining at 200x magnification. (2) CD3 Immunohistochemistry (IHC) staining. (3) CD8
IHC staining. (C) Diagram of the FAS gene identifying intron/exon structure and protein domains. Mutations are indicated at their approximate location and identified
by symbols corresponding to mutation type. The new mutation identified in the index patient indicated by the red arrow. Figure adapted by Hsu et al. (3). (D)
FAS-induced apoptosis was evaluated in terminal effector memory cells (TEM) and TCRap™ DN T cells of index patient and healthy subjects using an ex vivo flow
cytometric assay based on FAS crosslinking. (1) Average fold increase + standard error of mean (SEM) of Annexin-V expression in TEM (CD45RA~ CCR7~CD277)
from 4 independent experiments with index patient (red) and 8 different healthy controls (blue) with different concentrations of anti-FAS crosslinking antibody. (2)
Average fold increase & SEM of Annexin-V expression in DNT cells (TCRap™CD4~CD8™) from 4 independent experiments with index patient (green) and 8 different
healthy controls (purple) with different concentrations of anti-FAS crosslinking antibody.
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The concern for varicella zoster virus (VZV) vaccine strain
disseminated infection and the persistent leucopenia led to an
initial work-up, which revealed selective IgA deficiency and
CD4 lymphopenia (111-118 cells/pL). A presumed diagnosis
of Idiopathic CD4 lymphopenia (ICL) was formulated, and she
was referred to the NIH Clinical Center for further evaluation.
Imaging confirmed splenomegaly (17 cm cranio-caudal length)
and revealed modest mesenteric and retroperitoneal adenopathy
(Figure 1A). Flow cytometric analysis of T-cell subpopulations
confirmed CD4 lymphopenia (CD4 189 cells/pL), normal
numbers of CD8T cells (383 cells/iL), and an increased
proportion and absolute number of CD3TTCRap+tCD4~CD8™
double negative T cells (DNT) (4.3%, 33 cells/pL). In addition,
high proportion of cycling of CD4 T-cells and DNT (Ki67 12
and 42%, respectively) as well as increased PD-1 expression
in CD4 T-cells (42%) were found. The proportion and
absolute number of total B cells were within normal range
(CD197: 16.4%, 75 cells/iLL). Total IgG levels were moderately
elevated (1,716 mg/dL), IgM were within normal range (54
mg/dL), while IgA undetectable. Bone marrow biopsy showed
scattered lymphocytic aggregates with prevalence of CD8™ cells,
consistent with previously reported findings in bone marrow
biopsy of patients with ALPS (19) (Figure 1B). Targeted NGS
with custom target enrichment revealed a novel heterozygous
missense variant in the death domain (NM_000043 c.719T>A
p.M240K) of the FAS gene and was confirmed by direct Sanger
sequencing (Figure 1D).

FAS-induced apoptosis was evaluated in a crosslinking
assay to determine the functional effect of such novel genetic
variant (13). Apoptosis was expressed as normalized fold-
change of Annexin-V expression at different concentrations
of crosslinking FAS antibody. In effector memory CD4
T-cells (CD3TCD4TCD45RA™CCR7-CD277) from healthy
individuals (n = 8), an average increase of 1.93 % 0.2-fold
increase in Annexin-V expression was found with 1,000 ng/mL
of crosslinking FAS antibody. At the same concentration
of crosslinking FAS antibody (1,000 ng/mL), the Annexin-V
expression remained unchanged in the index patient (1.06
£ 0.1-fold, n = 4, p = 0.01) (Figure 1C). Similarly, while
Annexin-V expression increased significantly in DNT TCRaf™
T-lymphocytes of healthy individuals (1.57 £ 0.07 with
1,000 ng/mL, n = 8), it remained unchanged in the index patient
(0.94 £ 0.03-fold, n = 4, p = 0.0002).

Functional characterization of the novel FAS genetic
variant also included FAS-induced apoptosis and sensitivity to
activation-induced-cell-death (AICD) assays on T cell blasts
(14, 15). A significant reduction of FAS-induced apoptosis was
found in T cell blasts from the index patient at all concentration
of crosslinking FAS antibody: at the highest concentration
(1,000 mg/mL), Annexin-V expression increased in CD4 (3.06
+ 0.2-fold, n = 6) and CD8 (2.8 £ 0.3-fold, n = 6) blasts
from healthy individuals but remained substantially unchanged
in CD4 (12 + 0.05-fold, n = 3, p = 0.02) and CD8 (1.2
£ 0.1-fold, n = 3, p = 0.02) blasts from the index patient
(Figures 2A,B). Similarly, a significant reduction in AICD was
found in T cell blasts of the index patient: the proportion of
dead cells after stimulation with the highest concentration of

PHA (50 g/mL) increased in CD4 (6.8 £ 0.3-fold, n = 6) and
CDS8 (13.7 &£ 2-fold, n = 6) blasts from healthy individuals but
to a lower extent in CD4 (3.3 & 0.25-fold, n = 3, p = 0.02)
and CD8 (8 + 1.2-fold, n = 3, p = 0.09) blasts from the index
patient (Figures 2C,D).

Further immunological evaluation of the patient included
measurement of plasma cytokines and showed an increased level
of soluble FAS ligand (801 pg/mL, normal level <200 pg/mL)
and increased levels of Interleukin-18 (7,248 pg/mL). A definitive
diagnosis of ALPS-FAS was formulated based on the 2010 revised
diagnostic criteria as both required criteria were satisfied (chronic
lymphadenopathy, splenomegaly, and increased TCRap+ DNT
cells), in addition to one primary criterion (pathogenic germline
mutation in FAS death domain).

CD4 Lymphopenia in a Cohort of Patients

With ALPS-FAS

ALPS-FAS has not been previously associated with CD4
lymphopenia and such finding in our index patient was
unexpected and counterintuitive in a disorder of FAS-mediated
apoptosis, which is usually associated with lymphocytosis
and lymphoproliferation. For this reason, we conducted a
retrospective analysis in 169 patients enrolled in the NIH
ALPS-FAS cohort and documented CD4 lymphopenia (<300
cells/uL in absence of any steroid or immunomodulant
treatment) in 8 patients (4.7%, Table 1) including the above
described index patient. These cases were matched 2:1 by age
(adult or pediatric), site, and type of genetic variant (death
domain, extracellular or transmembrane domain; germline
or somatic) with patients with CD4> 300 T-cells/nL and
confirmed diagnosis of ALPS-FAS. The laboratory records
median CD4 cell counts in cases was 253 cells/pL (25%) and
774 (39%) in controls. No significant differences were found
between cases and controls in the prevalence of autoimmune
cytopenias (immune thrombocytopenic purpura, autoimmune
hemolytic anemia, autoimmune neutropenia) or a panel of
clinical autoantibodies including anti-thyroglobulin, anti-
thyroperoxidase, extractable nuclear antigen (ENA), antinuclear
antibodies (ANA), rheumatoid factor (RF), anticardiolipin
(ACA), anti-neutrophil cytoplasmic (ANCA), or lupus
anticoagulant (p > 0.1). Splenomegaly was noted in 75%
of cases (6 out of 8) and 69 % of controls (11 out of 16).
Five cases (62.5%) and their matched 10 controls had a
germline pathogenic mutation in the FAS death domain,
1 case and its 2 matched controls had a somatic mutation
in the FAS death domain in TCRoft DNT, while the
remaining 2 cases and matched controls had a germline
mutation in the extracellular domain and in the transmembrane
domain, respectively.

Immunophenotyping in Patient With
ALPS-FAS With or Without CD4
Lymphopenia

As expected, differences in the distribution of T cell
subpopulation were noted between patients with ALPS-
FAS irrespectively of absolute CD4 T-cells counts and healthy
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individuals (HC): we found a reduced proportion of CD4 T-cells
[median 70% (IQR: 61-74), n = 12 in HC vs. 49% (IQR: 62-75),
n = 21 in patient with ALPS, p < 0.0001] associated with a
relative increased proportion of DN T-cells [median 6.5% (IQR:
4.5-11) n =12 in HC vs. 16.2% (IQR: 9-22), n = 21 in patients
with ALPS-FAS, p = 0.006] and a reduction of CD8-T cells
[median 22% (IQR: 18-31) n = 12 in HC vs. 34% (IQR: 37-43),
n = 21 in patients with ALPS-FAS, p < 0.0003] (Figure 3A).

As previously described, a large proportion of the expanded
population of TCRap™ DNT-cells present in ALPS-FAS patients
also expressed the B-cell-specific CD45R isoform B220 [median
10% (IQR: 2-19) n = 3 in HC vs. 57% (IQR: 43-72), n = 21 in
patient with ALPS-FAS, p < 0.0001].

No significant changes were observed in the proportion of
naive and memory CD4 or CD8 subpopulations or in the
proportion of regulatory T cells or CD95 expressing CD4, CD8
or DNT-cells (p > 0.05). Patients with ALPS-FAS, however, were
found to have a slightly lower level of expression of CD127 on
CD4 T-cells [median 90.7% (IQR: 90.5-92), n = 3 in HC vs.
86.4% (IQR: 78-88), n = 21 in patients with ALPS-FAS, p <
0.003] but not on CD8 T-cells [72% (IQR: 70.5—85, n = 3) in
HC vs. 61 (IQR: 54-75.5%, n = 21) in patient with ALPS-FAS,
p > 0.1)]. Moreover, in patients with ALPS-FAS, we found a
higher level of expression of Ki67 in CD4, CD8, and DNT-cells
compared to healthy individuals (median 6.5, 6, 44%, in CD4,
CD8, and DNT of ALPS-FAS patients vs. 1.8, 2.4, 1.7% in CD4,
CD8, and DNT of HC, p < 0.0001, p = 0.001, p < 0.0001,
respectively) (Figure 3B).

In an attempt to identify immunological correlates and/or
underlying mechanisms for CD4 lymphopenia in ALPS-FAS,

we compared the immunophenotypic characteristics and plasma
cytokine levels of patients with ALPS-FAS with or without CD4
T-cells lymphopenia. The immunophenotypic analysis confirmed
a lower percentage of CD4 T-cells [median 38% (IQR: 25-
45) vs. 51% (IQR: 34-53), n = 7, and n = 14, respectively,
p = 0.02] associated with a relative increase in the proportion of
CD8 [median 44% (IQR: 34-54) vs. 30% (IQR: 26-38), n = 7,
and n = 14, respectively, p = 0.01] and no differences in the
proportion of DNT in CD4 lymphopenic ALPS-FAS patients
compared to matched control ALPS-FAS patients without CD4
T-cells lymphopenia (Figure 3C). The absolute counts reflected
the changes observed in the proportion of the T cell subsets of
ALPS-FAS patients with or without CD4 T-cells lymphopenia:
CD4 [median 257 (IQR: 216-294) vs. 774 (IQR: 624-946)
cells/pL, p < 0.0001], CD8 [median 290 (IQR: 203-450) vs. 459
(IQR: 301-796) cells/pL, p = 0.046], DNT [median 119 (IQR:
67-268) vs. 216 (IQR: 83-358) cells/wL, p = 0.25] (Figure 3D).
The proportion and the absolute counts of CD4 and DNT were
correlated in patients with ALPS, negatively for the proportion
[Pearson r: —0.67, p = 0008] and positively for the absolute
counts [Pearson r: 0.71, p = 0003]. Such correlations between
CD4 and DNT proportion and absolute counts were maintained
in patients with ALPS without CD4 lymphopenia (Pearson r:
—0.74, p = 0.002, and 0.76, p = 0.0008, respectively) but
were absent in patients with ALPS with CD4 lymphopenia
(Supplemental Table 1).

No significant differences in the proportion of naive, central
memory, effector memory, and terminal effector memory CD4
and CD8 T-cells was noted among patients with ALPS-FAS with
or without CD4 lymphopenia (p > 0.05). The proportion of
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recent thymic emigrant CD4 T cells (CD45RATCD27+tCD317)
did not differ in the 2 groups [median 18% (IQR: 10-24) vs. 18%
(IQR: 14-25), n = 7, and n = 14, respectively, p < 0.1].

Several significant changes were noted in plasma cytokines
levels of patient with ALPS-FAS compared to HC: increased
concentrations of IFNy (median 13.2 vs. 2.5 pg/mL, p = 0.002),
IL-10 (19.9 vs. 0.336 pg/mL, p = 0.002), IL-8 (4 vs. 1.6 pg/mL,
p = 0.01), TNFa (4.8 vs. 2.5 pg/mL, p = 0.007), IL-18 (4,348 vs.
1,357 pg/mL, p = 0.001) and decreased levels of MDC (804 vs.
1,170 pg/mL) (Figure 4A). In contrast, no significant differences
were found in the level of 22 cytokines involved in inflammatory
responses, T-cell activation and proliferation between patients
with ALPS-FAS with or without decreased number of CD4 T-
cells (Figure 4B).

Anti-lymphocyte Autoantibodies in
ALPS-FAS

Since autoimmune cytopenias are among the most typical
clinical features of ALPS-FAS, we hypothesized that the reduced
number of CD4 cell counts could be secondary to autoimmune
destruction of CD4 T-cells, impaired homeostatic expansion or
altered trafficking due to autoantibodies.

To further elucidate anti-lymphocyte auto-antibody
production, we preformed LIPS to detect autoantibodies
against CD4, CTLA4, IL-7, receptor or IL-2y-chain. LIPS is
based on the fusion of protein antigen to a light-emitting enzyme
reporter and represents a powerful and sensitive method to
identify autoantibodies (18). No evidence of autoantibodies
where found in any of the patient with ALPS-FAS, but the
absence of autoantibodies against these 4 specific targets by LIPS,
would not completely eliminate the possibility of autoantibodies
against other epitopes expressed on the surface of CD4 T-cells.

To determine whether the presence of anti-lymphocyte
autoantibodies caused depletion of lymphocytes, we developed
an assay designed to reveal NK-cell-mediated antibody-
dependent-cellular-cytotoxicity =~ (ADCC)  against B  or
T-lymphocytes. The assay is based on the use of target cells
(NK-depleted PBMC including CD19, CD8, or CD4) stained
with Carboxyfluorescein-succinimidyl-ester (CFSE), incubated
with autologous NK cells purified from the same healthy
donor in the presence of plasma of interest. As expected,
rituximab, a monoclonal anti-CD20 antibody, causes massive
depletion of B-cells in this assay (Figure5A) and is used as
positive control for NK-mediated ADCC. No CDS8 T-cell
depletion was observed with PBS, plasma from a healthy
control donor or plasma from our index patient with ALPS-
FAS and CD4 lymphopenia (Figure5B). In contrast, CD4
T-cells were specifically depleted when incubated with plasma
from our index patient but not with PBS or plasma from a
healthy donor (Figure5C). Increasing Effector:Target (E:T)
ratio resulted in more prominent NK-mediated killing of
CD4 T-cells up to an average level of 60% depletion of target
CD4 T-cells at an E:T ratio of 150:1. Moreover, NK-mediated
killing of CD4 T-cells was abrogated by the depletion of plasma
IgG (Figures 5D-F).

Plasma of the 4 additional patients with ALPS-FAS and CD4
lymphopenia was tested in the NK mediated ADCC assay: in 3 of
the 7 subjects we documented uptrending specific killing of CD4
T-cells at increasing E:T ratio reaching >20% at 100:1 E:T ratio
(Patient 2: average 23 &£ 2%; Patient 6: 32 & 7%; Patient 5: 29 +
0.3%), while matched control plasma from all ALPS-FAS patients
without CD4 lymphopenia (Control 2: average 6 & 1%; Control 6:
5 £ 9%; Patient 5: 13 &= 14%, p = 0.01), and plasma from healthy
subjects (average 7 = 1%) did not significantly affect CD4 T-cells
number and did not have evidence of uptrending specific killing
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activity with increasing E:T ratio (Figures 6A-C). No killing of  patients without CD4 lymphopenia [median 20.1% (IQR: 7.73-
CD8 T-cells was observed. 27) vs. 7.94% (IQR: 5.61-9.93), p = 0.025)] (Figures 7C,D). The
Recently, it has been documented that ALPS-FAS is also  absolute number of cTFH and all their subsets reflected the
characterized by an enriched population of unique germinal  absolute number of CD4 T cells and was significantly lower in the
center (GC) B cells that drive the production of autoantibodies ~ ALPS-FAS patients with CD4 lymphopenia compared to ALPS-
(20), however, the cells that regulate GC B-cells dynamics, T-  FAS patients without CD4 lymphopenia [cTFH (CXCR5TPD-17:
follicular-helper-cells (Tfh), have not yet been implicated in  median 18.2 cells/pL (IQR: 12.8-35) vs. 57 cells/pL (IQR: 43.6—
the pathogenesis in autoimmune phenomena in ALPS-FAS. We ~ 83.5), p = 0.003)], highly activated [TFH (CXCR5*PD-1high,
evaluated the proportion and phenotype of circulating Tfh (cTfh)  median 10.7 cells/uL (IQR: 5.2-18.1) vs. 28.4 cells/pL (IQR:
as identified by the expression of CXCR5, the chemokine receptor ~ 18.1-40.4), p = 0.007)]), and [CD41CXCR5T CCR7%PD-1high.
that specifically determines trafficking of lymphocytes to the  median 1.8 cells/uL (IQR: 1.5-2.5) vs. 3.7 cells/pL (IQR: 2-7),
GC. Within the CD45RO1TCD4 T-cells compartment, ALPS-  p = 0.03), respectively].
FAS patients had a higher proportion of cTfh (CXCR5"PD-
17) when compared to HC [median 19.9% (IQR: 13.7-26.65)
vs. 9.4% (IQR: 4-13.6), p < 0.0001, respectively] (Figure7A) DISCUSSION
and also an elevated proportion of highly activated CXCR5" PD-
1high  ¢Tfh when compared to HC [median 9.2% (IQR: Herein, we report for the first time on the paradoxical
5.59 — 14.4) vs. 1.6% (IQR: 0.6-3.2), p < 0.0001)] (Figure 7B).  occurrence of CD4 lymphopenia in the context of ALPS-FAS,
No significant differences were identified in the proportion of  a heterogeneous genetic disorder of lymphocyte homeostasis
cTth or highly activated cTfh in ALPS-FAS patient with or ~ dominated by benign lymphoproliferation and autoimmune
without CD4 lymphopenia (Figures 7A,B); however, a particular ~ phenomena (6). We found that 4.7% (8 out of 170) of patients
subpopulation of ¢Tfh, CXCR5tCD4T CCR7°"PD-1"8" which ~ with ALPS-FAS in the NIH cohort had CD4 T-cell counts
has been highly correlated with autoantibody production in  below 300 cells/wL regardless of age and exact location of
rheumatoid arthritis and SLE (11), was largely expanded in  underlying FAS genetic defect. It is unlikely that sequestration
ALPS-FAS CD4 lymphopenic patients compared to ALPS-FAS  in an enlarged spleen and/or in other lymphoid tissue in the
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reticuloendothelial system may entirely explain the development
of CD4 lymphopenia in ALPS-FAS as hypersplenism and
lymphadenopathy are present in the majority of patients, while
CD4 lymphopenia is observed only in a small subset. Therefore,
we speculated that CD4 lymphopenia in ALPS-FAS could be
caused by (a) decreased thymic output, (b) reduced homeostatic
proliferation in paracortical T cell areas engulfed with DNT-
cells, or (c¢) autoimmune peripheral destruction. We did not
find any difference in the proportion of recent thymic emigrants
as measured by expression of CD31 on naive CD4 T-cells nor
any significant change in the proportions of naive or memory
CD4T cells, or in the proportion of cycling CD4T cells in
the CD4 lymphopenic patients with ALPS-FAS compared to
matched controls with ALPS-FAS and normal CD4 cell counts.
We could document several immunological features specifically
associated with ALPS and the profound dysregulation secondary
to impaired apoptosis, including the accumulation of cycling
DNT-cells, ALPS-FAS-specific phenotypic features (CD45R B220
expression on DNT-cells) as well as the changes in cytokines
involved in the regulation of T-cells function and inflammation
(IL-10, IL-8, TNFa, IL-18, and decreased MDC). Although we
identified some novel changes in biomarkers not previously
associated with ALPS (increased IFNy, decreased MDC) (21),
we did not initially identify any specific change in biomarkers

or intrinsic immunophenotypic features of CD4 T-cells that was
associated with the reduced number of CD4 T-cells in ALPS-
FAS (4,21, 22).

The lack of any evidence supporting reduced thymic output or
altered T-cells peripheral homeostasis along with a homogenous
loss of CD4 T-cells of either naive or memory phenotype in a
disease typically associated with accumulation of autoreactive
T cells and autoimmune phenomena, led us to consider an
autoimmune pathogenesis for the reduced CD4 T-cells observed
in some patients with ALPS-FAS. Although we did not identify
autoantibodies specifically targeting the CD4 molecule, we
used an NK-mediated-ADCC assay to reveal the presence
of autoantibodies on the surface of CD4 T-cells. We found
a remarkable correspondence between the in vitro ADCC
mediated lysis of CD4 T-cells by plasma of some patients
with ALPS-FAS and in vivo CD4 lymphopenia. In fact, plasma
of 4 of the 8 subjects, including our index patient, was
effective in mediating ADCC of CD4 T-cells and not of CD8.
The evidence of specific IgG-mediated ADCC of CD4 T-
cells from different healthy donors only in CD4 lymphopenic
patients with ALPS-FAS argues in favor of the presence of
anti-lymphocyte antibodies targeting epitopes expressed on
the surface of CD4 T-cells. Moreover, it is plausible that,
such anti-lymphocytes autoantibodies, can also mediate the
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depletion of CD4-T-cells through other mechanisms of antibody-
mediated killing [i.e., complement mediated cytotoxicity (CDC)
or antibody-mediated phagocytosis (ADph)] (23). Therefore,
considering that the accumulation of autoreactive lymphocytes
and the consequent loss of peripheral tolerance observed in
ALPS-FAS is often associated with autoimmune hemolytic
anemia, thrombocytopenia and neutropenia, it is not entirely
surprising that autoimmune CD4 lymphopenia may occur in
such immunological context.

The evidence of autoantibodies against CD4-T-cells in ALPS-
FAS led us to further characterize the phenotypic and functional
features of Tfh in such immunological context, as this T-cell
subsets is a key regulator of the B-cell function (24) that has
never been previously investigated in patients with ALPS-FAS.
An animal model showed that C57BL/6 FAS deficient mice
have increased frequencies of Tfth and Tth-associated effector
cytokines compared to their C57BL/6 wildtype counterpart and
develop higher serum autoantibodies and enhanced splenic B-
cell activation (25), possibly suggesting a role for Tth in the
production of autoantibodies. Here, in the first evaluation of
Tfh in human subjects with ALPS, we found that ALPS-FAS is
associated with an expansion of the proportion of total cTth
and activated cTth compared to healthy individuals. Strikingly,
in addition to this novel general immunological feature of
ALPS-FAS, we found that only ALPS-FAS CD4 lymphopenic
subjects also had an expansion of the proportion of specific
subset of cTth (CCR7°"PD-1h8h), Such subset has been already

associated with autoantibody production in other models of
autoimmune diseases (11) and our observation suggest that
perhaps, in ALPS-FAS the dysregulated differentiation of this
specific subset of cTth resulted in selection of autoreactive B
cells and consequent autoantibody production as suggested in
rheumatoid arthritis and SLE (11). The increase in the proportion
of CD4*CXCR5TCCR7"°VPD-1M8" ¢TFH in CD4-lymphopenic
ALPS patients was associated with a reduced absolute number of
these cells compared to non-CD4-lymphopenic ALPS patients,
reflecting the differences in the total CD4T cells between
these 2 groups. However, irrespective of the absolute counts
of CD4TCXCR51TCCR71°WPD-1high ¢TFH, the increase in their
proportion compared to other cTFH subsets reflects an aberrant
distribution of these subsets consistent with the functional
pattern of an active Tfh differentiation in lymphoid organs
that correlates with clinical indices in autoimmune diseases.
Furthermore, autoimmune cytopenias (i.e., neutropenia, anemia,
or thrombocytopenia) often cause morbidity not only in ALPS-
FAS and other autoimmune diseases but also in other PIDDs
[i.e., CTLA4-deficiency, Lipopolysaccharide-Responsive vesicle
trafficking Beige-like and Anchor protein (LRBA) defects, STAT-
3 gain of function, CVID, activated-PI3K3 syndrome (APDS)]
(26-29) and it is plausible that altered number and or function
of cTth is associated with production of auto-antibodies in other
diseases characterized by disturbed T-cell and B-cell interaction
and regulation as recently shown in APDS (30) and LRBA
deficiency (31).
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Irrespectively of the mechanisms underlying CD4
lymphopenia, we suggest that the presence of CD4 lymphopenia
in the context of ALPS-FAS may have clinical implications for its
diagnosis, natural history and treatment. As seen in our index
patient, a clinical presentation with an atypical course of viral
infection and CD4 lymphopenia in presence of splenomegaly
should prompt a genetic work-up aimed to rule out atypical
presentation of primary immune deficiencies in general and
ALPS in particular, before a diagnosis of ICL is considered. It is
unclear whether low CD4 cell counts in the context of ALPS-FAS
may increase the risk for opportunistic infection but specific
clinical monitoring or targeted prophylactic intervention or
immunization strategies may be considered in these patients,
especially when immunomodulant intervention for treatment
of ALPS-FAS is being adopted. Despite the limitation of the
small number of patients, the retrospective nature of our work
and the lack of histological evaluations of lymphoid tissue, we
identified a subgroup of patient with ALPS-FAS with unexpected
CD4 lymphopenia caused by anti-lymphocyte autoantibodies
mediating ADCC of CD4 T-cells and associated with the
expansion of a specific subset of cTfh (CXCR5tCCR7°VPD-
1high) already linked to autoantibody production in other clinical
contexts. This novel mechanism of autoimmune lymphopenia
leading to CD4 T-cell depletion may have implication for the

clinical management of patients with ALPS-FAS as well as other
PIDDs and autoimmune diseases.
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