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Background: Signaling lymphocytic activation molecule
(SLAM)–associated protein (SAP) can mediate the function of
SLAM molecules, which have been proposed to be involved in
the development of autoimmunity in mice.
Objective: We sought to determine whether the SLAM/SAP
pathway regulates the establishment of human B-cell tolerance
and what mechanisms of B-cell tolerance could be affected by
SAP deficiency.
Methods: We tested the reactivity of antibodies isolated from
single B cells from SAP-deficient patients with X-linked
lymphoproliferative disease (XLP). The expressions of SAP and
SLAM family members were assessed in human bone marrow–
developing B cells. We also analyzed regulatory T (Treg) cell
function in patients with XLP and healthy control subjects.
Results: We found that new emigrant/transitional B cells from
patients with XLP were enriched in autoreactive clones,
revealing a defective central B-cell tolerance checkpoint in the
absence of functional SAP. In agreement with a B cell–intrinsic
regulation of central tolerance, we identified SAP expression in
a discrete subset of bone marrow immature B cells. SAP
colocalized with SLAMF6 only in association with clustered

B-cell receptors likely recognizing self-antigens, suggesting that
SLAM/SAP regulate B-cell receptor–mediated central
tolerance. In addition, patients with XLP displayed defective
peripheral B-cell tolerance, which is normally controlled by
Treg cells. Treg cells in patients with XLP seem functional, but
SAP-deficient T cells were resistant to Treg cell–mediated
suppression. Indeed, SAP-deficient T cells were hyperresponsive
to T-cell receptor stimulation, which resulted in increased
secretion of IL-2, IFN-g, and TNF-a.
Conclusions: SAP expression is required for the
counterselection of developing autoreactive B cells and
prevents their T cell–dependent accumulation in the periphery.
(J Allergy Clin Immunol 2013;nnn:nnn-nnn.)
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X-linked lymphoproliferative disease (XLP) 1 is a primary
immunodeficiency caused by mutations/deletions in the SH2D1A
gene, which encodes the signaling lymphocytic activation
molecule (SLAM)–associated protein (SAP).1-3 SAP is a single
SH2 domain–containing molecule that plays a crucial role in
the signaling of SLAMmolecules. It might function as an adaptor
for the Src family tyrosine kinase Fyn, as well as a competitor for
phosphatases, such as Src homology domain 2–containing protein
tyrosine phosphatase (SHP) 1 and SHP-2, thereby modulating the
function of SLAM family members.4 The SAP/SLAM pathway
has been implicated in the development of autoimmunity. The
mouse Sle1b locus, which has been linked to lupus susceptibility,
contains genes encoding members of the SLAM family.5 In the
lupus-prone mouse strain NZM2410, the expression of the
Ly108.1 isoform leads to altered central B-cell tolerance mecha-
nisms, including B-cell anergy, receptor editing, and deletion.6

Although polymorphisms in SLAM family genes have been
linked to lupus and rheumatoid arthritis in human subjects,7,8 a
direct role of the SAP/SLAM pathway in the control of B-cell
tolerance in human subjects has not yet been demonstrated.

In healthy human subjects most developing autoreactive B cells
are removed at 2 discrete steps.9 First, a central tolerance check-
point in the bone marrow between early immature and immature
B cells removes most of the developing B cells that express highly
polyreactive antibodies. Then a peripheral B-cell tolerance
checkpoint further counterselects autoreactive new emigrant B
cells before they enter the mature naive B-cell compartment.9

The central B-cell tolerance checkpoint seems to be mostly
regulated by B cell–intrinsic pathways. Alterations of the B-cell
receptor (BCR) signaling pathway in patients lacking functional
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Abbreviations used

ANA: Anti-nuclear antibody

APC: Allophycocyanin

BAFF: B cell–activating factor of the TNF family

BCR: B-cell receptor

CFSE: Carboxyfluorescein succinimidyl ester

FOXP3: Forkhead box protein 3

IPEX: Immune dysregulation, polyendocrinopathy, enteropathy,

X-linked

NKT: Natural killer T

PE: Phycoerythrin

SAP: SLAM-associated protein

SHP: Src homology domain 2–containing protein tyrosine

phosphatase

SLAM: Signaling lymphocytic activation molecule

TCR: T-cell receptor

TLR: Toll-like receptor

Treg: Regulatory T

Tresp: Responder T

XLP: X-linked lymphoproliferative disease

Bruton tyrosine kinase (BTK) or in healthy subjects carrying the
C1858T PTPN22 risk allele result in failure to counterselect
developing autoreactive B cells in the bone marrow.10-12 In addi-
tion, mutations in genes encoding molecules, such as IL-1 recep-
tor–associated kinase 4, myeloid differentiation primary response
gene–88, UNC-93B, and adenosine deaminase, which mediate
and regulate the functions of Toll-like receptors (TLRs), poten-
tially sensing self-antigens, also interfere with the establishment
of central tolerance, especially toward nucleic acid–containing
antigens.11,13,14 Although showing normal central B-cell
tolerance, CD40 ligand (CD40L)– and MHC class II–deficient
patients display specific defects in the peripheral B-cell tolerance
checkpoint characterized by high frequencies of autoreactive
mature naive B cells correlating with low numbers of circulating
CD41CD251CD127lo forkhead box protein 3 (FOXP3)–positive
regulatory T (Treg) cells.15 The essential role of Treg cells in
regulating the peripheral B-cell tolerance checkpoint was
demonstrated in FOXP3-deficient patients with immune dysregu-
lation, polyendocrinopathy, enteropathy, X-linked (IPEX) syn-
drome, who display nonfunctional Treg cells and harbor
severe defects in the counterselection of autoreactive peripheral
B cells.16

To determine the role of the SAP/SLAM pathway in the
establishment of human B-cell tolerance checkpoints, we
analyzed the repertoire and reactivity of antibodies expressed
by single new emigrant/transitional andmature naive B cells from
SAP-deficient patients with XLP.We found that SAP is expressed
by a discrete population of developing immature B cells and is
required for central B-cell tolerance. We also found that SAP
expression in T cells likely prevents the accumulation of
autoreactive mature naive B cells, further suggesting the impor-
tance of B-cell/T-cell interactions for the establishment of
peripheral B-cell tolerance.

METHODS

Patients
Information from patients with XLP is included in Table E1 in this article’s

Online Repository at www.jacionline.org. Healthy donors were previously

reported.9,10,12-17 None of the patients with XLP experienced accelerated

phases if they encountered EBV, and none of the 4 patients with XLP analyzed

for antibody reactivity displayed the C1858T PTPN22 risk allele, which by

itself interferes with the counterselection of developing autoreactive

B cells.10-12 All samples were collected in accordance with institutional

review board–reviewed protocols.

Cell staining and sorting, cDNA, RT-PCR, antibody

production, ELISAs, and indirect fluorescence

assays
Single CD21loCD1011IgMhiCD272 new emigrant/transitional and

CD211CD102IgM1CD27- peripheral mature naive B cells from patients

and control donors were sorted on a FACSVantage (Becton Dickinson,

Mountain View, Calif) into 96-well PCR plates, and antibody reactivities

were tested as previously described.9 The following antibodies were

used for flow cytometric staining: CD19–allophycocyanin (APC)-Cy7,

CD19-Pacific Blue, CD27-PerCP-Cy5.5, CD10–phycoerythrin (PE), CD10-

PE-Cy7, IgM–fluorescein isothiocyanate, CD21-APC, CD4-APC-Cy7,

CD25-PE-Cy7, CD127-PerCP-Cy5.5, CD45RO-Pacific Blue, CD48–fluores-

cein isothiocyanate, CD150-PE, CD352-PE, CD319-PE, CD244-APC (all

from BioLegend, San Diego, Calif), CD3-eFluor605NC (eBioscience, San

Diego, Calif), CD21-BDHorizonV450, and CD84-PE (Becton Dickinson).

The anti-SAP mAb (clone1C9; Abnova, Taipei, Taiwan) was biotinylated

with the Fluoreporter Mini-biotin-XX protein labeling kit (Molecular

Probes, Eugene, Ore). Intracellular staining for FOXP3–Alexa Fluor 488

(clone PCH101, eBioscience) and Helios-AlexaFluor647 (BioLegend) was

performed with the FOXP3/Transcription Factor Staining Buffer Set

(eBioscience), according to the manufacturer’s instructions. For intracellular

cytokine detection, CD41 responder T (Tresp) cells activated for 4 days

in vitro were then stimulated with 30 nmol/L phorbol 12-myristate

13-acetate and 200 nmol/L ionomycin for 4 hours in the presence of GolgiStop

(BD Biosciences), and intracellular staining of cytokines (IFN-g and TNF-a)

was performed with FOXP3 staining buffers (eBioscience) and the following

antibodies: IFN-g (clone 4S.B3, eBioscience) and TNF-a (clone Mab11,

eBioscience).

Real-time RT-PCR analysis
CD191 cells from fetal liver, fetal bone marrow, or peripheral blood of

healthy donors were enriched with CD19 magnetic beads (Miltenyi Biotec,

Bergisch Gladbach, Germany). Peripheral mature naive B cells were further

sorted to exclude the presence of CD31 T cells, which represent the majority

of circulating lymphocytes. Total RNAwas then extracted with the Absolutely

RNA Microprep Kit (Agilent Technologies), and 150-ng RNA samples were

reverse transcribed by using random hexamers (Applied Biosystems, Santa

Clara, Calif) and the SuperScript III Reverse Transcriptase kit (Invitrogen,

San Diego, Calif). For mRNA gene expression assays, probes were purchased

from Applied Biosystems (Foster City, Calif; SH2D1A [SAP]:

Hs00158978_m1, CD3E: Hs01062241_m1, and HPRT1: Hs02800695_m1),

and reactions were run on a 7500 Real-Time PCR system (Applied

Biosystems) in duplicate. Values are represented as the difference in cycle

threshold values normalized to HPRT1 for each sample before comparisons

between fetal samples and peripheral B and T cells.

Immunofluorescence
PBMCs depleted from CD201 B cells, purified naive B cells (EasySep

Naive B cell isolation kit), or pre-enriched CD342CD191 bone marrow B

cells were washed in PBS 13 and deposited on poly-L-lysine–coated glass

slides (Sigma-Aldrich, St Louis, Mo) in a cytospin centrifuge (Thermo,

Waltham, Mass). Acetone-fixed cells were stained with mouse anti-IgM

(Santa Cruz Biotechnology, Santa Cruz, Calif), anti-Igk (BD Biosciences),

anti-Igl (BD Biosciences), VpreB (BioLegend), or anti-SLAMF6/CD352

(BioLegend); rat anti-SAP–PE (clone 1D12, Santa Cruz Biotechnology) or

rat isotype control–PE (eBioscience); or 49-6-diamidino-2-phenylindole

dihydrochloride or rabbit anti-Igk and anti-Igl (DAKO, Glostrup, Denmark).

Primary antibodies were revealed with donkey anti-mouse Alexa Fluor 488
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(Invitrogen,Molecular Probes); goat anti-rat–PE (Santa Cruz Biotechnology),

followed by donkey anti-goat PE (Jackson ImmunoResearch, West Grove,

Pa); and donkey anti-rabbit Alexa Fluor 350 (Invitrogen, Molecular Probes).

The percentage of cells presenting a clustered pattern of either IgM or Igk/Igl

was estimated by counting the number of cells with clustered versus

diffuse/nonclustered IgM or Igk/Igl cells in the SAP1 and SAP2 cells. Slides

were visualized under a Zeiss AxioObserver.Z1 microscope (Carl Zeiss,

Oberkochen, Germany).

In vitro Treg cell suppression assay
CD41 T cells were enriched with the EasySep Human CD41T cells kit

(STEMCELLTechnologies, Vancouver, British Columbia, Canada) and either

stained for fluorescence-activated cell sorting of CD41CD25hiCD127lo/2

Treg cells or depleted from CD251 cells with anti-human CD25 microbeads

(Miltenyi Biotec) to obtain the Tresp cell fraction. CD41CD252 Tresp

cells were labeled with CellTrace carboxyfluorescein succinimidyl ester

(CFSE; InvivoGen, San Diego, Calif). Cocultures of Treg and Tresp cells at

a 1:1 ratio with or without the addition of cytokines at 50 ng/mL concentration

(PeproTech, Rocky Hills, NJ) were stimulated with the Treg Suppression

Inspector Human kit (Miltenyi Biotec). Proliferation of the viable Tresp cells

was analyzed by means of CFSE dilution at day 4.5.

Cytokine detection
Serum B cell–activating factor of the TNF family (BAFF) concentrations

were determined by using ELISA, according to the manufacturer’s instruction

(R&DSystems,Minneapolis, Minn). Cytokines (IL-2, IL-4, IL-6, IL-7, IL-10,

IL-13, IFN-g, TNF-a, and GM-CSF) in plasma or culture supernatants were

measured with the High Sensitivity Human Cytokine Magnetic Bead kit

(Millipore, Temecula, Calif) by using a Luminex200. IL-21 was measured

with the Human IL-21 ELISA Ready-Set-Go kit (eBioscience).

k-Deleting recombination excision circle assay
The ratio of k-deleting recombination excision circle joints (signal joint) to

the Jk-Ck recombination genomic joints (coding joint) was determined, as

previously described.18,19 The number of cell divisions was calculated by

subtracting the cycle threshold of the PCR detecting the coding joint from

that of the PCR detecting the signal joint.

Statistical analysis
Differences between patients and healthy donors were analyzed for

statistical significance with unpaired Student t tests by using GraphPad Prism

(GraphPad Software, La Jolla, Calif).

RESULTS

Defective central B-cell tolerance checkpoint in

patients with XLP
Most developing B cells that express polyreactive and

anti-nuclear antibodies (ANAs) are removed at a central
B-cell tolerance checkpoint in the bone marrow. To assess
whether central tolerance is functional in SAP-deficient
patients with XLP, we cloned antibodies expressed by single
CD191CD1011CD21loIgMhiCD272 new emigrant/transitional
B cells from 8 patients with XLP (see Tables E1-E9 in this
article’s Online Repository at www.jacionline.org) and analyzed
their immunoglobulin gene repertoire. Although the immuno-
globulin heavy chain gene segment repertoires showed no
differences between healthy donors and patients with XLP (see
Fig E1 in this article’s Online Repository at www.jacionline.
org), we found that both Igk and Igl variable gene uses were
biased in new emigrant/transitional B cells from patients with

XLP (see Fig E2 in this article’s Online Repository at www.
jacionline.org). D reading frames favoring hydrophobic amino
acids have been suggested to favor self-reactivity.10,20 Remark-
ably, the D6-6 gene is the only D gene that was virtually never
found using its hydrophobic reading frame in new emigrant B
cells from 11 healthy donors (see Fig E3 in this article’s Online
Repository at www.jacionline.org). In contrast, D6-6 was used
as frequently in its hydrophobic and hydrophilic reading frame
in B-cell counterparts from patients with XLP, a feature that we
previously observed in other patients with defective central
B-cell tolerance.10,21 In addition, antibodies with long immuno-
globulin heavy chain and Igl but not Igk CDR3s were frequently
expressed in new emigrant/transitional B cells from patients with
XLP, another feature that favors self-reactivity normally
counterselected in the bone marrow, suggesting an altered central
B-cell tolerance checkpoint in these patients (Fig 1, A-C).9 In
agreement with these observations, we found that the frequency
of polyreactive clones was significantly higher in all SAP-
deficient patients with XLP (average of 26.3%) compared
with that seen in healthy control subjects (average of 7.3%,
P <.0001; Fig 1,D andE). However, the frequency of ANA clones
was not increased, which suggests that ANA-expressing B cells
are properly removed in the bone marrow of patients with XLP
(Fig 1, F). In conclusion, we found that the central B-cell
tolerance checkpoint is impaired in the absence of functional SAP.

SAP is expressed in a discrete population of

immature B cells
Central B-cell tolerance is believed to be regulated by intrinsic

B-cell factors, including BCRs and TLRs, which sense and bind
to self-antigens at the immature B-cell stage in bone marrow.11

SAP expression in B cells is controversial and might be restricted
to a subset of activated germinal center B cells.22-24 However,
SAP expression in bone marrow B cells has not been
characterized. Purified CD191 precursor B cells from fetal or
adult bone marrow showed SAP expression in approximately
10% of IgM1 cells, whereas SAP expression was not detected
in peripheral blood B cells and only found in CD31 T cells
(Fig 2, A and B, and see Fig E4, A, in this article’s Online
Repository at www.jacionline.org).23,24 SAP expression was
restricted to Igk1/Igl1 immature B cells and not found in
VpreB1 pre-B cells (Fig 2, B, and see Fig E4, B and C). In
addition, SAP1 immature B cells from fetal and adult bone
marrow preferentially showed a pattern of clustered IgM or
Igk/Igl, suggesting that these BCRs were cross-linked by
self-antigens (Fig 2, C, and see Fig E4, B and C). In contrast,
SAP2 immature B cells displayed nonclustered BCRs, suggesting
that these B cells do not bind self-antigens (Fig 2, C, and see
Fig E4, B and C). To further identify SAP expression in human
B-cell precursors, we assessed the presence of SAP transcripts
in fetal liver and fetal bone marrow CD191 B-cell precursors
and mature naive B cells that were further sorted to exclude any
T-cell contamination (Fig 2, D). We found that SAP transcripts
could be detected in CD191 B-cell precursors from fetal liver
and bone marrow but not in peripheral mature naive B cells
(Fig 2, E). The absence of CD3E transcripts in all these CD191

fractions further attested to the absence of T-cell contamination
(Fig 2, F). SAP expression was 100-fold less in CD191 fetal liver
and bone marrow cells than in T cells but is consistent with
SAP being only expressed in a discrete population (10%) of
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CD191IgM1Igk1/Igl1 immature B cells, which itself only
represents approximately 20% to 30% of CD191 cells (Fig 2,
E, and see Fig E4,D). Hence SAP is expressed by a discrete subset
of developing immature B cells, which are likely autoreactive and
undergoing central selection.

SLAMF6 colocalizes with SAP when segregating

with autoreactive BCRs
We assessed the expression during B-cell differentiation of

SLAM family members that might require SAP to mediate their
function.4 SLAMF1/CD150, SLAMF2/CD48, and SLAMF6/
CD352 (human NTB-A/mouse Ly108) expression increased
with B-cell maturation (low in pre-B cells, intermediate in
immature B cells in the bone marrow, and high in mature naive
B cells in peripheral blood), whereas SLAMF5/CD84 expression
seems to be increased at the immature B-cell stage (Fig 3, A).
SLAMF4/CD244 and SLAMF7/CD319 (CRACC) are not
expressed or expressed at very low levels, respectively, suggesting
that these SLAM members are unlikely to play a role in central
B-cell selection (Fig 3, A). Because Slamf6 (mouse Ly108) is
required for proper central B-cell tolerance mechanisms in
mice6 and because SLAMF6 (human NTB-A) seems to be one
of the SLAM family members expressed at the highest level on

immature B cells, we analyzed its expression using immunofluo-
rescence in SAP1Igk/Igl1 immature B cells. We found in all
analyzed cells that SLAMF6/CD352 and SAP only associated
with each other when cosegregating with clustered BCRs
(Fig 3, B, middle and bottom). In contrast, SLAMF6/CD352
and SAP never colocalized in immature B cells with diffuse
Igk/Igl expression (Fig 3, B, top). We conclude that SAP might
be recruited by SLAMF6/CD352 to BCR clusters in autoreactive
immature B cells and might regulate BCR signaling and the
induction of central B-cell tolerance mechanisms in human
bone marrow.

Defective peripheral B-cell tolerance checkpoint in

patients with XLP
To analyze the effect of SAP deficiency on the peripheral

B-cell tolerance checkpoint, using ELISA, we tested the
reactivity of recombinant antibodies from CD191CD102

CD211IgM1CD272 mature naive B cells from patients with
XLP (see Tables E10-E13 in this article’s Online Repository
at www.jacionline.org) against HEp-2 cell lysates (Fig 4, A).
We found that the frequency of mature naive B cells that ex-
pressed HEp-2–reactive antibodies was significantly increased
in all 4 patients with XLP tested (38% to 64%) compared with

FIG 1. The central B-cell tolerance checkpoint is not functional in patients with XLP. The frequencies of long

IgH (>_15 amino acids; A) or long Igk (B) or Igl (C; >_11 amino acids) in new emigrant/transitional B cells are

represented for 11 healthy donors and 8 patients with XLP. Each diamond represents a subject. The average

is shown with a bar. D-F, Antibodies from new emigrant/transitional B cells from patients with XLP were

tested by means of ELISA for reactivity against single-stranded DNA (ssDNA), double-stranded DNA

(dsDNA), insulin, and LPS (Fig 1,D), and the frequencies of polyreactive andanti-nuclear clones are displayed

in Fig 1,E and F, respectively.Dotted line, ED38 positive control;horizontal line, cutoffOD405 for positive reac-

tivity. For each subject, the frequency of polyreactive (solid area) and nonpolyreactive (open area) clones is

summarized in pie charts, with the total number of clones tested indicated in the center.
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that seen in healthy donors (17% to 26%, P < .0001; Fig 4, B).
Consistent with these data, the frequency of mature naive
polyreactive B cells was higher in patients with XLP than in
healthy donors (P < .0001; Fig 4, C). However, there was no
increase in ANA clones in the mature naive B-cell compart-
ment of patients with XLP (Fig 4, D). Thus the high
frequencies of HEp-2–reactive and polyreactive mature naive
B cells in patients with XLP reveal a defective peripheral
B-cell tolerance checkpoint in the absence of functional SAP
expression.

Patients with XLP display normal serum BAFF

concentration and Treg cell frequency
Defects in the human peripheral B-cell tolerance checkpoint

seem to correlate with increased serum BAFF concentrations and

decreased Treg cell frequencies.11 However, more recent analyses
revealed that these defects can occur in the absence of BAFF
dysregulation.15,16 Indeed, we found that patients with XLP
displayed normal serum BAFF concentrations comparable with
those of healthy donors, revealing that BAFF does not account
for the defective peripheral B-cell tolerance checkpoint in
patients with XLP (Fig 5, A). Treg cells play an essential role
in preventing the accumulation of autoreactive mature naive
B cells in the periphery and might control their homeostatic
expansion, as is demonstrated by FOXP3-deficient patients
with IPEX syndrome who display a defective peripheral B-cell
tolerance checkpoint.16 SAP-deficient naive B-cell subsets
showed a normal proliferative history, suggesting normal Treg
cell functions in patients with XLP (Fig 5, B). In agreement
with this observation, normal Treg cell frequencies and
phenotypes were found in patients with XLP, as evidenced

FIG 2. SAP is expressed by some immature B cells. A, PBMCs depleted from CD201 B cells or purified naive

B cells were stained for CD3 or IgM (green) or SAP or isotype control (red).B, CD191 adult bonemarrow cells

were stained for IgM, Igk and Igl, or VpreB (green) and SAP or isotype control (red). C, Proportion of cells in

SAP1 versus SAP2 cells that displayed a clustered versus not clustered IgM and Igk/Igl staining pattern.

*P < .05, **P < .01, and ***P < .001. D, Dot plots show the proportion of CD31 T cells in PBMCs from healthy

donors (HD PBMC), CD20-enriched B cells using magnetic beads, sorted mature naive (MN) B cells, and

CD191 fetal liver cells. E and F, SAP (Fig 2, E) and CD3E (Fig 2, F) gene expression was assessed by using

quantitative RT-PCR in mature naive B cells, CD191 fetal liver and bone marrow cells, and EBV cell lines.

Jurkat and healthy donor (HD) CD41 T cells were used as positive controls for both SAP and CD3E
expression.
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by the normal expression of Helios, CD25/IL-2 receptor a,
CD127/IL-7 receptor a, and CD45RO (Fig 5, C-I). In contrast,
non–Treg cell FOXP32Helios2CD41 populations from patients
with XLP displayed a dysregulated phenotype characterized by
an increased expression of CD127/IL-7 receptor a (patients
with XLP: mean fluorescence intensity5 1012 vs healthy donors:
mean fluorescence intensity 5 744; P 5 .0006) and increased
frequencies of CD45RO1 memory cells (Fig 5, F-I). Hence
SAP-deficient Treg cells display a normal phenotype, suggesting
that these T cells might be functional in patients with XLP,

whereas non-Treg CD41 T cells show an altered phenotype in
these patients.

SAP-deficient T cells are resistant to in vitro
suppression by Treg cells

Control and SAP-deficient Treg cells were then tested
in vitro for their ability to suppress Tresp cell prolifera-
tion. CD31CD41CD25hiCD1272/lo Treg cells were sorted
by using flow cytometry and cultured with CFSE-labeled

FIG 3. SAP and SLAMF6 colocalize in B cells with aggregated BCRs. A, Overlays display the expression of

SLAM family members by CD191CD272CD101IgM2 pre-B cells (dotted line) and CD191CD272CD101IgM1

immature B cells (bold line) from bone marrow (BM) and peripheral CD191CD272CD102IgM1 mature naive

B cells (thin line). B, CD191 enriched bone marrow B cells were stained for SLAMF6 (green), Igk/Igl (blue),
and SAP (red). Representative cells without (top row) or with (middle and bottom rows) costaining

of SLAMF6, Igk/Igl, and SAP are shown. Costaining of clustered Igk/Igl, SLAMF6, and SAP appears white

as the superposition of green, red, and blue and is indicated by an arrow.
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CD31CD41CD252 Tresp cells in the presence of anti-CD2–,
anti-CD3–, and anti-CD28–coated beads. The proliferation of
healthy donor Tresp cells was inhibited by the addition of Treg
cells, either from healthy control subjects or patients with XLP
(Fig 6, A and C). Thus SAP-deficient Treg cells have normal
suppressive functions. However, the proliferation of XLP Tresp
cells was not inhibited by either Treg cells from healthy donors
or patients with XLP, thereby showing that Tresp cells from
patients with XLP are resistant to in vitro suppression by Treg
cells (Fig 6, A and C). Tresp cells from patients with XLP were
hyperresponsive to stimulation because 47% of Tresp cells from
patients with XLP had undergone 4 divisions after 4.5 days in
culture versus only 17% of Tresp cells from healthy control
subjects (Fig 6, B). This increased proliferation of SAP-
deficient Tresp cells was linked to increased concentrations of
cytokines, such as IL-2, IFN-g, TNF-a, and GM-CSF, which
were detected in the supernatants of these in vitro cultures in
the presence of Treg cells from either healthy donors or patients
with XLP (Fig 6, D). These cytokines originate from Tresp cells
themselves, as shown by the increased production of the TH1
cytokines IL-2, IFN-g, TNF-a, and GM-CSF, as well as the

TH2 cytokine IL-13, by in vitro–stimulated Tresp cells from
patients with XLP compared with healthy donor control cells
(Fig 6, E). Increased production of IFN-g and TNF-a by Tresp
cells from patients with XLP activated for 4.5 days in vitro was
further evidenced by intracytoplasmic detection of these
cytokines by means of flow cytometry (see Fig E5 in this article’s
Online Repository at www.jacionline.org). Sera of patients with
XLP displayed increased concentrations of several cytokines,
further reflecting the hyperactive T-cell phenotype of SAP
deficiency. Although we did not detect increased serum IL-2
and IFN-g levels, TNF-a and IL-7 concentrations were higher
in patients with XLP (Fig 7). In addition, the sera of patients
with XLP were especially enriched in IL-4, IL-6, IL-10, and
IL-21, which favor B-cell survival and activation (Fig 7, A).
Moreover, we found that IL-4, IL-7, and IL-21 and, to a lesser
extent, IL-6 and TNF-a blocked in vitro Treg cell suppression
by themselves (Fig 7,B andC).When all the cytokines with levels
found to be increased in patients with XLP (XLP cytokine mix)
were added to the Treg cell assay, we observed an inability
for Treg cells to suppress refractory Tresp cell proliferation
similarly to Treg-Tresp cells isolated from patients with XLP

FIG 4. Defective peripheral B-cell tolerance checkpoint in patients with XLP. A, Antibodies from

mature naive B cells from patients with XLP were tested by using ELISA for anti–HEp-2 cell reactivity.

B-D, Frequencies of HEp-2–reactive (Fig 4, B), polyreactive (Fig 4, C), and anti-nuclear mature (Fig 4, D) naive
B cells. Dotted line, ED38 positive control; horizontal lines, cutoff OD405 for positive reactivity. For each

subject, the frequency of HEp-2–reactive (solid area) and non–HEp-2–reactive (open area) clones is summa-

rized in pie charts, with the total number of clones tested indicated in the centers. HD, Healthy donors.
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FIG 5. Normal serum BAFF concentrations and Treg cell frequencies in patients with XLP. A, Serum BAFF

concentrations (in picograms per milliliter) in healthy donors (n 5 73) and patients with XLP (n 5 5).

B, Evaluation of the number of cell divisions undergone in vivo by using k-deleting recombination excision

circle analysis on new emigrant andmature naive B cells of healthy donors (n5 28 and n5 32, respectively)

J ALLERGY CLIN IMMUNOL

nnn 2013

8 MENARD ET AL



(Figs 6, C, and 7, C). Hence SAP deficiency affects peripheral
CD41 T cells, which are hyperresponsive to T-cell receptor
(TCR) stimulation and prone to secrete many TH1 and TH2/TFH

cytokines, rendering these T cells resistant to Treg cell
suppression.

DISCUSSION
We report here that SAP/SLAMs play a major role in the

establishment of central and peripheral B-cell tolerance in human
subjects. Many transitional B cells that recently emigrated from
the bone marrow of patients with XLP expressed BCRs
characterized by an abnormal immunoglobulin repertoire
associated with self-reactivity, thereby demonstrating a defective
central B-cell tolerance checkpoint in the absence of functional
SAP. Central B-cell tolerance is normally regulated by intrinsic
B-cell pathways involved in sensing the binding of self-antigens
and inducing tolerance mechanisms, such as receptor editing,
anergy, or deletion.11 Defective BCR and TLR signaling and
function result in a failure to remove developing autoreactive B
cells in the bone marrow.10-12 We identified SAP expression in
a discrete population of B-cell precursors that expressed both
heavy and light chains and therefore belonged to the immature
B-cell compartment in which the reactivity of newly synthesized
BCRs is assessed for binding to self-antigens. In addition, the
preferential expression of SAP in immature B cells displaying
aggregated BCRs likely binding self-antigens suggests that SAP
expression might be mostly restricted to autoreactive clones.
SAP expression in immature B cells might therefore be important
for the establishment of central B-cell tolerance by potentially
regulating the BCR signaling threshold and modifying SLAM
functions. In T cells the SAP/Ly108 pathway enhances the
signaling strength of the TCR to reach the threshold required
for restimulation-induced apoptosis and cytolytic function.25,26

Indeed, in the absence of SAP, many SLAMs bind SHP-1, which
is a negative regulator of TCR signaling.27 When SAP is
expressed, SAP competes with and displaces SHP-1 binding
to SLAMs and switches off Ly108/SLAMF6 inhibitory
function.27,28 Interestingly, we found that SLAMF6 is expressed
in immature B cells and colocalized with SAP in BCR clusters.
Moreover, Ly108, the mouse homologue to SLAMF6, regulates
mechanisms of central B-cell tolerance by modulating the
strength of the BCR signaling.6 Hence SAP expression at the
immature B-cell stage might allow SLAM proteins, including
SLAMF6, to modulate BCR signaling strength and thereby
participate in the counterselection of autoreactive B cells. We
conclude that SLAM/SAP play an essential role in mediating
central B-cell tolerance in human subjects, potentially by
favoring the induction of apoptosis in immature autoreactive
B cells, as reported in B cell–derived cell lines.29

In contrast to central tolerance, the establishment of peripheral
B-cell tolerance seems to rely on B cell–extrinsic factors. Indeed,
defects in the expression of functional CD40L and FOXP3mostly
restricted to the T-cell lineage result in a specific abnormal
peripheral B-cell tolerance checkpoint.15,16 The failure in patients
with XLP to counterselect autoreactive B cells between the new
emigrant/transitional and mature naive B-cell stages at which
SAP is no longer expressed in B cells further supports the B
cell–extrinsic regulation of peripheral B-cell tolerance. Defects
in the peripheral B-cell tolerance checkpoint often correlate
with decreased Treg cell frequencies and increased serum
BAFF concentrations.15 Recently, we identified similar peripheral
B-cell tolerance abnormalities in FOXP3-deficient patients with
IPEX syndrome, who do not have functional Treg cells and
display normal serum BAFF concentrations. This observation
further suggests that defective Treg cell functions in these
patients, but not serum BAFF concentrations, are responsible
for the impairment in preventing the accumulation of autoreactive
B cells in the mature naive B-cell compartment.16 The normal
serum BAFF concentrations in most patients with XLP who
display defective peripheral B-cell tolerance also suggest that
BAFF is not responsible for the impaired peripheral selection of
autoreactive B cells. However, we did not observe any decrease
in Treg cell frequencies in SAP-deficient patients or any unusual
phenotype of these T cells that could infer compromised
functions. In addition, we found that Treg cells retained their
in vitro suppressive function in the absence of functional SAP.
It has been proposed that Treg cells can directly interact with
autoreactive B cells by recognizing self-antigens presented by
these B cells throughMHC class II, leading to their elimination.30

Interestingly, examination of SAP-deficient mice revealed that
functional interactions between B and T cells do not form in the
absence of SAP, whereas T cell–dendritic cell interactions are
not affected.27,31-33 Hence the defective peripheral B-cell
tolerance checkpoint in patients with XLP might be due to the
inability of T cells and potentially Treg cells to interact directly
with autoreactive B cells andmediate their removal in the absence
of functional SAP independently of dendritic cells and other
antigen-presenting cells.

Alternatively, increased cytokine secretion by SAP-deficient
T cells might be responsible for a break in peripheral
B-cell tolerance. Enhanced cytokine secretion in the absence of
functional SAP detected in vitro in activation experiments, as well
as in vivo directly in the patients’ sera, contrasted with the
hyporesponsive phenotype reported in SAP-deficient T-cell lines
obtained from 2 patients with XLP or in engineered Jurkat
cells.34,35 However, these artificial models might not be
representative of polyclonal responses induced in freshly isolated
T cells from patients with XLP. Indeed, enhanced T-cell responses
in patients with XLP were recently reported in 2 asymptomatic

=

and patients with XLP (n5 5). C, Representative CD25 and CD127 (left) and Helios and FOXP3 (right) staining
on CD31CD41 T cells from a healthy donor and a patient with XLP. D, CD31CD41CD25hiCD127loFOXP31

Treg cell frequencies in 35 healthy donors and 6 patients with XLP. E, Frequencies of FOXP31Helios1 cells

in the CD31CD41CD25hiCD127loFOXP31 population in 35 healthy donors and 6 patients with XLP.

F, Representative staining of CD25, CD127, and CD45RO expression in a patient with XLP (bold line) and
a healthy donor (thin line) for FOXP31Helios1 Treg cells and FOXP32Helios2 CD41 T cells. G-I, Mean

fluorescence intensity (MFI) of CD25 (Fig 5, G) and CD127 (Fig 5, H) and frequency of CD45RO1 cells

(Fig 5, I) for Helios1FOXP31 Treg cells and Helios2FOXP32CD41 non–Treg cells from healthy donors and

patients with XLP. HD, Healthy donors.
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patients with XLP.36 In addition, increased IFN-g secretion has
been reported during acute EBV infection in patients with
XLP and in SAP-deficient mice infected with lymphocytic
choriomeningitis virus or Toxoplasma gondii.37-39 The increased
IL-2, IFN-g, and TNF-a secretion might account for the
ineffective suppression of Tresp cell proliferation by Treg cells,

as suggested by several reports.40-42 In agreement with this
hypothesis, we found that cytokines, such as IL-4, IL-7, and
IL-21 and, to a lesser extent, IL-6 and TNF-a, were able to inhibit
by themselves in vitro Treg cell suppression. SAP deficiency
recapitulates defective suppressive scenarios observed in patients
with type 1 diabetes and multiple sclerosis. Indeed, patients with

FIG 6. Increased resistance of SAP-deficient responder CD41 T cells to suppression by Treg cells.

A, Representative histograms of Treg cell–mediated suppression of autologous and heterologous

CFSE-labeled Tresp cells on day 4.5 from a patient with XLP compared with a healthy donor. The dashed
line displays nonstimulated Tresp cells. B, Increased percentage of Tresp cells that divided 4 times

or more in patients with XLP compared with healthy donors in the ‘‘Tresp only’’ culture after 4.5 days.

C, Autologous and heterologous suppressive activities of Treg cells from healthy donors and patients

with XLP. D, Increased concentrations of IL-2, IFN-g, TNF-a, and GM-CSF in supernatants of XLP

‘‘Tresp1Treg’’ cocultures. The dotted line represents the level of each cytokine in the supernatant of the

stimulated ‘‘HD Tresp only’’ well. E, Concentrations of the indicated cytokines in stimulated healthy donors

or patients with XLP CD41 T-cell monocultures after 4 days. *P < .05 and **P < .01. HD, Healthy donors.
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type 1 diabetes also display Tresp cells that are refractory to
Treg cell suppression in vitro associated with a defective
peripheral B-cell tolerance checkpoint.12,43 IFN-g secretion by
Treg cells from patients with multiple sclerosis results in a loss
of in vitro suppressive activity and correlates with an abnormal
peripheral B-cell tolerance checkpoint in these patients.19,40

A defective suppression of T cells by Treg cell is also consistent
with the overwhelming and uncontrolled B-cell and T-cell
responses to EBV infection in patients with XLP.39 In addition
to rendering Tresp cells refractory to Treg cells and perhaps
directly affecting Treg cell suppressive function, TH2/TFH

cytokines, including IL-4, IL-6, IL-10, and IL-21, favor B-cell
activation, isotype switch, and plasma cell development.42,44

Paradoxically, patients with XLP display severely decreased
isotype-switched B-cell frequencies, likely resulting from
defective interactions with CD41 T cells.23,24,45 Nonetheless,
SAP deficiency could also interfere with the establishment
of peripheral B-cell tolerance by favoring the survival of
autoreactive B cells through enhanced serum cytokine
concentrations.

SAP is essential for natural killer T (NKT) cell develop-
ment.46,47 Consequently, patients with XLP lack NKT cells.
NKT cells express an invariant TCR that recognizes lipid
self-antigens and are able to provide cognate help to B cells in
a SAP-dependent manner potentially, preventing the activation
of autoreactive B cells.48 Lower NKT numbers and function
have been linked to the development of type 1 diabetes and
lupus in NOD mice with genetic defects of slamf1 and slamf6
combined with altered SLAM expression.49 Therefore we cannot
exclude the involvement of NKT cells in the control of human
peripheral B-cell tolerance. The absence of NKT cells might
contribute to the improper removal of autoreactive clones from
the mature naive B-cell compartment of SAP-deficient patients
with XLP.

In conclusion, we found that SAP is required for the
establishment of B-cell tolerance in human subjects. Transient
SAP expression in bone marrow–developing B cells is required
for functional central B-cell tolerance, whereas in the periphery
SAP expression in T cells is likely necessary for preventing the
accumulation of autoreactive mature naive B cells by ensuring

FIG 7. Increased TH2/TFH cytokine concentrations in sera of patients with XLP.A, IL-2, IFN-g, TNF-a, IL-7, IL-4,

IL-6, IL-10, and IL-21 cytokine concentrations in sera of 5 patients with XLP and 29 healthy donors were

measured by using Luminex or ELISA. *P < .05, **P < .01, and ***P < .0001. B, Representative histograms

of Treg cell–mediated suppression of autologous CFSE-labeled Tresp cells on day 4.5 from a healthy

donor in the presence of the indicated cytokines. The dashed line displays nonstimulated Tresp

cells. C, Suppressive activities of Treg cells in the presence of diverse cytokines. The XLP cytokine mix

includes IL-4, IL-6, IL-7, IL-10, IL-21, and TNF-a, levels of which were found to be increased in patients

with XLP.
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stable B-cell/T-cell interactions and repressing uncontrolled
cytokine secretion by human T cells.

We thank Dr S. Rudchenko, L. Devine, and C. Wang for cell sorting.

Key messages

d SAP expression in human autoreactive immature B cells
is required for the establishment of central B-cell
tolerance in bone marrow.

d SAP expression by T cells prevents the accumulation of
autoreactive mature naive B cells in the periphery.
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Figure E1. New emigrant/transitional B cells from XLP patients display a heavy27
chain gene segment repertoire similar to their counterparts in healthy donors28
(HD). (A) Usage frequencies of VH genes in HD and XLP patients. (B) Usage29
frequencies of VH, D and JH family genes in HD and XLP patients. 36230
sequences from 11 HD and 265 sequences from 8 XLP patients were analyzed.313233
Figure E2. New emigrant/transitional B cells from XLP patients display a different34
Variable (V) light chain gene repertoire compared to their counterparts in healthy35
donors (HD). (A) Usage frequencies of V genes in HD and XLP patients. (B)36
Usage frequencies of V and J family genes in HD and XLP patients. (C) Usage37
frequencies of V genes in HD and XLP patients. (D) Usage frequencies of V38
and J family genes in HD and XLP patients. 362 sequences from 11 HD and39
265 sequences from 8 XLP patients were analyzed. *: p-value <0.05, **: p-value40
<0.01414243
Figure E3 . Reading frame usages for frequently used D genes44
in new emigrant/transitional B cells from healthy donors (HD)45
and XLP patients. 362 sequences from 11 HD and 265 sequences46
from 8 XLP patients were analyzed. The abnormal hydrophobic reading47
frame usage of D6-6 in XLP patients suggests a defective central B cell48
tolerance checkpoint.495051
Figure E4: SAP is expressed by some developing immature fetal B cells. (A), (B)52
CD19+ fetal bone marrow B cell precursors were stained for IgM, Ig and Ig ,53
VpreB (green) and SAP (red). Arrow in (A) points to a SAP+IgM+ cell. (C) % of54
cells in SAP+ vs SAP- cells from staining in (B) that displayed a clustered vs not55
clustered IgM and Ig/Ig staining pattern. *:p-value<0.05; **: p-value<0.01. (D)56
Representative CD10 and IgM staining on CD19+ gated cells from fetal liver and57
bone marrow samples.58596061
Figure E5: SAP-deficient CD4+T cells express more IFN and TNF cytokines.62

(A) Representative dot-plots of IFN and TNF expression measured by63
intracellular cytokine staining in HD and XLP CD4+ T cells stimulated for 4.564
days. Percentage of IFN+ (B) and TNF+ (C)T cells after 4.5 days of65
stimulation.6667



Supplemental Table 1: XLP patients

patients age clinical phenotype current status infected by EBV mutation ref. 

XLP2* 41 FIM, Hypog Stable, on IV-Ig Yes Missense F87S, reduced protein stability and 
reduced affinity for SLAMF1 and FYN

Ma et al, J Clin Invest, 2005 

XLP3* 46 FIM, Hypog Stable, on IV-Ig Yes Missense F87S, reduced protein stability and 
reduced affinity for SLAMF1 and FYN

Ma et al, J Clin Invest, 2005 

XLP4 17 CNS Vasculitis Stable No Deletion of SH2D1A, no SAP C. Cunningham-Rundles

XLP5 31 Psoriasis, Hypog Splenectomy Stable, no treatment Yes Deletion of SH2D1A, no SAP Milone et al, Blood, 2005

XLP6 31 Eosinophilia, Vasculitis 
Splenectomy

Stable, no treatment No Missense C163T Talaat et al, Pediatr Blood 
Cancer, 2009

XLP7 30 Pulmonary lymphoma vs 
lymphomatoid granulomatosis

Stable, no treatment EBV-negative at 10 yo STOP codon, truncated SAP J. Church, unpublished

XLP8# 37 Asymptomatic Stable, no treatment Deletion of SH2D1A exon2, no SAP J. Church, unpublished

XLP9# 22 Abdominal non-Burkitt's 
lymphoma

Stable, no treatment Yes Deletion of SH2D1A exon2, no SAP J. Church, unpublished

XLP10 26 FIM Unknown yes (3 yo) Missense T53I, loss of interaction with CD48, 
reduced affinity for SLAMF1, loss of interaction 

with nonphosphorylated SLAMF1

K. Nichols

* and #: brothers
None of the patients developped an accelerated phase
FIM : fulminant infectious mononucleosis
 Hypog: hypogammaglobulinemia

 



Supplemental Table 2: Repertoire and reactivity of antibodies from new emigrant B cells of XLP2

Ig HEAVY LIGHT REACTIVITY
VH D RF JH CDR3 (aa) Length Vκ Jκ CDR3 (aa) Length Poly HEp-2 Staining

neXLP2 01 4-39 3-9 2 2 VLRGVNYDILTGYYHDYWYFDL 22 1-5 4 QQYNSYPLT 9 + + +(F)
neXLP2 02 4-39 3-22 2 4 QKGKDYDSSGYLPYYFDY 18 4-1 2 QQYYSTPYT 9 - - -
neXLP2 04 4-34 3-22 2 6 ARGHYYDSSGYFPLGYYYMDV 21 1-5 4 QQYNSYPLT 9 + + -
neXLP2 06 3-23 3-10 2 4 DGHGSGSYYRPKYFDY 16 1-33 4 QQYDNLPLT 9 - - -
neXLP2 07 4-4 1-26 2 4 SSGSYYNFDY 10 3-20 3 QQYGSSPLFT 10 - + -
neXLP2 08 4-59 3-10 2 4 AWANYYGSGVGTYYFDY 17 1-5 4 QQYNSYRLT 9 - + -
neXLP2 10 3-30-3 2-2 3 5 GADIVVVPAASPSASWFDP 19 1-12 3 QQANSFPHT 9 - - -
neXLP2 12 3-30-3 2-2 2 5 DHAYCSSTSCYFEGDNWFDP 20 1-12 4 QQANSFPLT 9 - - -
neXLP2 13 3-33 5-24 3 4 DSVEMATILDFFDY 14 3-15 1 QQYNNWPPWT 10 - - -
neXLP2 14 4-39 2-2 2 6 HGCSSTSCYSVYYYYMDV 18 3-11 1 QQRSNWWT 8 + + -
neXLP2 17 3-33 6-13 2 6 DRGYSSSWYSYYYYYYMDV 19 1-13 4 QQFNSYLLT 9 + + -
neXLP2 18 3-23 3-9 2 5 DCANGGYYDILTGYYNGFYPPEGWFDP 27 3-20 1 QQYGSSPPVWT 11 + + -
neXLP2 20 3-9 3-22 2 3 GLVTYYYDSSGYYPV 15 3-20 2 QQYGSSPT 8 - + -
neXLP2 21 3-30-3 3-22 2 4 DGGYYYDSSGPVDY 14 3-20 3 QQYGSSPLFT 10 - - -
neXLP2 23 4-31 6-6 3 4 TPGYRAARPFDY 12 2-28 1 MQALQTWT 8 + + -
neXLP2 28 3-30-3 5-12 2 6 VFIEKGSDGGYDLDYYYYYMDV 22 3-11 3 QQRSNWPPLFT 11 - - -
neXLP2 36 3-23 3-9 1 4 GYFDWLYTDLDY 12 1-5 2 QQYNSYSYT 9 + + +(M)
neXLP2 37 3-9 3-22 2 4 DIGINYYDSSGYYYDEVGIDY 21 3-20 4 QQYGSSLT 8 - - -
neXLP2 38 4-30-4 2-2 3 4 GIVVVPAATLTYFDY 15 1-5 1 QQYNSYSWT 9 - - -
neXLP2 41 4-30-4 3-9 2 6 GSYDILTGYYSVVRTPLSFYMDV 23 1-5 1 QQYNSYSGT 9 + + +(C)
neXLP2 43 3-33 3-22 3 4 EGPRGTMIDIRAGDFDY 17 1-8 2 QQYYSYPYT 9 + + -
neXLP2 44 4-61 4-17 2 4 DRYGDYFFDY 10 3-20 4 QQYGSSPRLT 10 - + -
neXLP2 45# 3-11 7-27 3 6 LPLTGEDVYYYYYYMDV 17 2-24 4 MQATQFPLT 9
neXLP2 48 4-34 / / 5 GKSRGNWFDP 10 1-8 4 QQYYSYPQLT 10 - + +(N)

 VH D RF JH CDR3 (aa) Length Vλ Jλ CDR3 (aa) Length Poly HEp-2 Staining

neXLP2 19 3-7 5-5 3 3 DRVVTYDI 8 1-51 3 GTWDSSLSAGV 11 - - -
neXLP2 30 3-30-3 6-19 2 4 GAAYSSGWYYFDY 13 3-21 2 QVWDSSSDHVV 11 - - -
neXLP2 31# 1-2 5-5 1 5 EQLWHMFDP 9 1-44 3 AAWDDSLNGWV 11
neXLP2 33 1-8 3-22 2 6 RGTYDSSGYYYPYYYYYMDV 20 1-44 3 AAWDDSLNGPV 11 - + -
neXLP2 35 4-34 2-2 2 6 VAYGYCSSTSCPNYYYYYMDV 21 1-51 2 GTWDSSLSAGV 11 - + -
neXLP2 47 4-34 / / 5 EMKARNWFDP 10 1-51 1 GTWDSSLSVYV 11 - - -

 VH D RF JH CDR3 (aa) Length

neXLP2 34 4-34 3-3 2 5 GYSGNENQTYYDFWSGYYPSGFGWFDP 27

RF, reading frame; #, antibody failed to be expressed
-, non-reactive; +, reactive; +2, highly reactive
C, diffuse cytoplasmic staining; A, actin staining; G, Golgi staining; M, mitochondria staining; MS, mitotic spindle staining; N, nuclear staining; F, cytoplasmic fibers



Supplemental Table 3: Repertoire and reactivity of antibodies from new emigrant B cells of XLP3

Ig HEAVY LIGHT REACTIVITY
VH D RF JH CDR3 (aa) Length Vκ Jκ CDR3 (aa) Length Poly HEp-2 Staining

neXLP3 08 3-21 3-10 1 3 IAQLLWFGEYAFDI 14 1-6 4 LQDYNYPLT 9 - + -

neXLP3 10 4-59 5-5 3 6 DTAMAKTYYYYYMDV 15 2-28 1 MQALQTPKT 9 - - -

neXLP3 12 1-58 6-13 3 5 EIPAAAGTGWFDP 13 1-39 4 QQSYSTPRT 9 - + -

neXLP3 13 3-7 6-13 3 5 DTPPVLNLVPRRNIAAAGTGWFDP 24 1-8 1 QQYYSYPQT 9 - - -

neXLP3 19 4-34 3-3 2 6 GPRDDFWSGYYGDSEYYYYYYYMDV 25 1-39 2 QQSYSTPT 8 + + -

neXLP3 20 3-23 3-10 2 4 GPYGSGEDY 9 1-16 2 QQYNSYPYT 9 - - -

neXLP3 23 1-69 5-24 2 4 SRRVGYNCLDY 11 1-33 1 QQYDNLPPWT 10 - + -

neXLP3 29 3-30 6-13 3 4 VDSKAAAGTSKY 12 1-27 4 QKYNSAPLT 9 - - -

neXLP3 30 3-20 3-16 3 3 GAMITFGGVIVIQEGDAFDI 20 1-27 4 QKYNSALRT 9 - - -

neXLP3 32 4-34 2-2 3 6 GRGLGRRAAIGLYYYMDV 18 4-1 4 QQYYSTPLT 9 + + -

neXLP3 39 4-34 3-22 2 4 YYYDSSGYRY 10 2-28 4 MQALQTPLT 9 - - -

neXLP3 52# 3-30 6-19 2 4 ANSSGWYTLDY 11 1-8 2 QQYYSYPYT 9

neXLP3 54 4-34 1-26 3 6 GPSIVGAKKDYYYGMDV 17 3-20 2 QQYGSSPYT 9 - - -

neXLP3 59 1-69 2-2 3 3 VGFVVPAATTLYAFDI 16 3-20 1 QQYGSSPPNPTWT 13 + + -

neXLP3 61 1-69 3-22 2 6 GIYDPIYYYYYYGMDV 16 3-20 3 QQYGSSQFT 9 + + -

neXLP3 63 3-30 3-10 1 3 GDKLWFGELWVAFDI 15 3-20 1 QQYRT 5 - - -

neXLP3 65 3-30 6-19 3 6 DMSGRAVAGTLDWYYYYGMDV 21 1-33 4 QQYDNLPLT 9 - - -

neXLP3 66 3-30 5-5 3 4 DLRRAAMVTPYYFDY 15 2-29 4 MQSIQLPLT 9 - - -

neXLP3 70 3-48 3-22 2 6 VTYYYDSSGYSQYMDV 16 3-20 1 QQYGSSPWTWT 11 - - -

neXLP3 72 4-34 / / 5 GIPHVRVDTARGTNWFDP 18 3-11 2 QQRSNWPPYT 10 - - -

neXLP3 84 5-51 3-10 2 6 HFYGSGTVTPHYYYYYGMDV 20 2-28 2 MQALQTPPEYT 11 - + -

neXLP3 35 2-28 5 MQALQTPVT 9

neXLP3 51 3-11 2 QQRSNWPPYT 10

neXLP3 55 1-5 2 QQYNSYLYT 9

neXLP3 62 1-9 4 QQLNSYPPLT 10

neXLP3 89 3-11 5 QQRSNWPPIT 10

neXLP3 90 1-33 5 QQYDNLPPIT 10

neXLP3 93 3-11 2 QQRSNWPSYT 10

neXLP3 94 1-5 2 QQYNSLMYT 9

neXLP3 95 1-39 2 QQSYSTSRNT 10
 VH D RF JH CDR3 (aa) Length Vλ Jλ CDR3 (aa) Length Poly HEp-2 Staining

neXLP3 07 4-39 4-17 2 4 LYGSLNYFDF 10 1-40 1 QSYDSSLSGSV 11 - - -

neXLP3 09# 3-38 4-4 2 4 ETNGPDYKVMRSYFDY 16 1-44 3 AAWDDSLNGWV 11

neXLP3 16# 4-39 1-1 2 5 PGYNWNDDEYNWFDP 15 3-21 1 QVWDSSSDHYV 11

neXLP3 21 1-69 3-10 1 5 ETPLWFGELLMWRGNWFDP 19 1-44 2 AAWDDSLNGVV 11 + + -

neXLP3 22# 1-69 3-22 2 5 DRYYYDSSGGGWFDP 15 1-44 1 AAWDDSLNGFYV 12

neXLP3 28 1-69 3-22 2 5 DKISYDSSGYYYGWFDP 17 3-21 3 QVWDSSSDQGV 11 - + -

neXLP3 36# 1-24 2-2 3 5 IVVVPAAINQNDWFDP 16 3-9 3 QVWDSSTAWV 10

neXLP3 38# 1-69 2-15 3 5 DLVVVVAATRWFDP 14 3-25 2 QSADSSVV 8

neXLP3 57 3-23 5-12 2 4 APTASGYDYFDY 12 3-25 2 QSADSSGTYVV 11 - - -

neXLP3 92 3-9 4-17 2 6 GDYGDYSYYYGMDV 14 3-1 2 QAWDSSTVV 9 - - -

neXLP3 02 3-1 2 QAWDSSTSVV 10

neXLP3 36 3-9 3 QVWDSSTAWV 10

neXLP3 46 1-44 2 AAWDDSLNGPV 11

neXLP3 53 2-8 3 SSYAGSNNLV 10

neXLP3 60 2-14 2 SSYTSSSTLL 10

neXLP3 74 3-25 1 QSADSSGTYHYV 12

neXLP3 79 2-8 2 SSYAGSNNFVV 11

 VH D RF JH CDR3 (aa) Length

neXLP3 05 1-18 2-2 2 6 SHCSSTSCYVGENYYYYGMDV 21

neXLP3 06 3-21 5-24 3 4 VSIEMATDDRTGGGY 15

neXLP3 27 1-18 6-13 3 4 GIAAAGTSGY 10

neXLP3 49 3-23 2-2 3 4 DRDIVVVPAAIAYYFDY 17

neXLP3 77 4-61 / / 5 FTAPIWEGWFDP 12

neXLP3 85 4-59 6-13 2 4 LAPYSSSWARGLDY 14

neXLP3 96 3-11 6-13 3 4 VSRSAGFVYYFDY 13

RF, reading frame; #, antibody failed to be expressed

-, non-reactive; +, reactive; +2, highly reactive

C, diffuse cytoplasmic staining; A, actin staining; G, Golgi staining; M, mitochondria staining; MS, mitotic spindle staining; N, nuclear staining; F, cytoplasmic fibers



Supplemental Table 4: Repertoire and reactivity of antibodies from new emigrant B cells of XLP4

Ig HEAVY LIGHT REACTIVITY
VH D RF JH CDR3 (aa) Length Vκ Jκ CDR3 (aa) Length Poly HEp-2 Staining

neXLP4 02 3-23 6-13 3 4 AAAAGTGSFDY 11 4-1 2 QQYYSTLYS 9 - - -
neXLP4 04 3-30-3 2-15 3 6 EKVVGDYYYYYGMDV 15 3-15 3 QQYNNWPPGIT 11 + + -
neXLP4 06 3-15 / / 6 DHTSGFNYYYYYGMDV 16 3-11 1 QQRSNWPPWT 10 + - -
neXLP4 08 4-31 6-13 1 4 EPEKQLGADY 10 1-27 1 QKYNSAPRT 9 - + -
neXLP4 13 4-39 3-16 1 4 DKDGRLRLGELSLSF 15 3-11 4 QQRSNWPGALT 11 + + -
neXLP4 17 4-39 3-22 2 3 DRGYYDSSGYPDAFDI 16 1-5 3 QQYNSYSGT 9 - - -
neXLP4 20# 1-69 4-17 1 5 DLGYQVRTLRFANWFDP 17 3-15 4 QQYNNWPLT 9
neXLP4 22 4-4 3-10 2 4 GVGRTYGSGSYYLDY 15 3-20 1 QQYGSSPKT 9 - + -
neXLP4 23 3-74 2-21 3 6 DHSPQIVVVTAIPEDYYYYYGMDV 24 2-28 1 MQALQTPWT 9 - - -
neXLP4 26 4-59 1-26 3 4 ASRIVGATTFDY 12 1-8 1 QQYYSYPWT 9 + + -
neXLP4 27 3-7 5-5 2 4 GGYSYGYSHFDY 12 1-5 2 QQYNSYSGS 9 - - -
neXLP4 31 3-30 1-26 2 4 EPPGGSYGYYFDY 13 3-15 1 QQYNNWPPWT 10 - - -
neXLP4 33# 1-69 / / 6 PDTEWGDYYYYGMDV 15 3-20 1 QQYGSSPPWT 10
neXLP4 35 3-23 6-19 2 5 EYSSGWYVSGWFDP 14 3-11 4 QQRSNWPRT 9 + - -
neXLP4 38# 4-39 6-13 2 4 DYHPSSSWYVFGLTILDY 18 1-33 5 QQYDNLRIT 9
neXLP4 39 3-15 4-17 3 3 GFPTTVTTAGVHAFDI 16 3-15 3 QQYNNWPL 8 - - -
neXLP4 41 3-21 5-12 3 4 ESIVATAGIFDY 12 3-11 4 QQHSNWPPLT 10 - - -
neXLP4 42 3-20 1-26 2 2 DTASGSYPNWYFDL 14 3-15 1 QQYNNWPRT 9 - - -
neXLP4 44 1-2 5-12 2 6 YGGYDFRFSTSSYGMDV 17 3-11 5 QQHSNWAIT 9 + + -
neXLP4 47# 4-39 2-15 3 3 GDVVVVAATVAFDI 14 1-12 3 QQANSFPGT 9
neXLP4 48# 1-3 3-10 3 4 DRITMVQGVIIRVTAFDY 18 3-20 5 QQYGSSPPGIT 11
neXLP4 11 1-5 2 QQYNSYYS 8
neXLP4 40 1-39 1 QQSYSTPLT 9
neXLP4 45 3-20 3 QQYGSSPIFT 10

 VH D RF JH CDR3 (aa) Length Vλ Jλ CDR3 (aa) Length Poly HEp-2 Staining

neXLP4 01 4-39 2-15 2 4 DPIYCSGGSCYYGGEKNSYYFDY 23 6-57 2 QSYDSSNHVVV 11 - - -
neXLP4 10# 1-69 2-2 2 6 VFSDCSSTSCLYYYYGMDV 19 3-21 1 QVWDSSSDHYV 11
neXLP4 15 4-39 2-21 2 5 LYCGGDCYLFLHFDP 15 1-40 1 QSYDSSLSGFYV 12 - - -
neXLP4 18 4-59 2-15 3 3 GGTMVVQGSFDI 12 3-21 1 QVWDSSSDHYV 11 - - -
neXLP4 25 4-59 2-15 2 4 LDGYCSGGSCAWGVDY 16 1-44 3 AAWDDSLNGHWV 12 - - -
neXLP4 29# 3-7 3-3 2 5 EYYDFWSGSQHTGGWFDP 18 1-40 1 QSYDSSLSGSV 11
neXLP4 30 3-74 3-22 3 6 DMVITLGVGSHNYYLYYYGMDV 22 2-14 1 SSYTSSSTLV 10 + + -
neXLP4 32 1-8 6-13 3 6 GQKAAVENYYYGMDV 15 3-1 2 QAWDSSLVV 9 - - -
neXLP4 36 3-15 / / 6 AYLVYYYYGMDV 12 1-51 3 GTWDSSLSADVV 12 - - -
neXLP4 46 1-2 / / 6 GVSGTLGYYGMDV 13 2-23 2 CSYAGSSTLV 10 - + +(M)
neXLP4 16   1-51 2 GTWDSSLSAVV 11

 VH D RF JH CDR3 (aa) Length

neXLP4 07 3-21 4-17 2 4 DYGETYYFDY 10
neXLP4 21 5-51 / / 4 RRDRISPVDY 10
neXLP4 34 4-59 / / 3 RQYAPWAFDI 10

RF, reading frame; #, antibody failed to be expressed
-, non-reactive; +, reactive; +2, highly reactive
C, diffuse cytoplasmic staining; A, actin staining; G, Golgi staining; M, mitochondria staining; MS, mitotic spindle staining; N, nuclear staining; F, cytoplasmic fibers



Supplemental Table 5:  Repertoire and reactivity of antibodies from new emigrant B cells of XLP5

Ig HEAVY LIGHT
VH D RF JH CDR3(aa) Length Vk Jk CDR3(aa) Length

neXLP5 04 3-30-3 2-2 2 4 DLMSSSTSCYANY 13 4-1 1 QQYYSTPPT 9
neXLP5 15 3-15 3-22 2 4 DYYYGSSGYYTGPSDY 16 3-15 2 QQYNNWPL 8
neXLP5 17 3-21 2-15 2 4 DGQYCSGGSCYSDY 14 1D-8 1 QQYYSFPRT 9
neXLP5 22 5-51 / / 4 PSVDYFDY 8 3-15 1 QQYNNWPRWT 10
neXLP5 26 3-11 3-10 2 4 DRRGPYMGSGSYPRDYFDY 19 1-5 1 QQYNSYGT 8
neXLP5 27 3-15 / / 4 GSPQTPNGHEAY 12 4-1 1 QQYYSTLS 8
neXLP5 29 3-21 / / 3 SWSDDAFDI 9 4-1 1 QQYYSTPPWT 10
neXLP5 30 1-24 2-2 2 4 EGPGPYCSSTSCRKPLDY 18 3-20 4 QQYGSSPPT 9
neXLP5 32 3-33 2-21 3 4 DGPIVVVTAPSFVFDY 16 4-1 2 QQYYSTPYT 9
neXLP5 33 4-4 3-10 3 4 DRGVTPYFDY 10 3-11 1 QQRSNWPRT 9
neXLP5 34 3-30-3 5-12 2 4 QPMMLNSGYGGNYFDY 16 3-20 4 QQYGSSLT 8
neXLP5 39 3-30 1-26 3 3 SSEAGATKDAFDI 13 1-5 1 QQYNSYWT 8
neXLP5 40 3-20 6-13 2 4 DWVGYSSSWSATPHFDY 17 1-13 5 QQFNSYPIT 9
neXLP5 43 3-11 2-15 3 6 GSVVVAATDYYYYGMDV 17 3-15 1 QQYNNWPWT 9
neXLP5 46 4-59 2-21 3 6 VDVVVTATPPLGYGMDV 17 2-28 3 MQALQTTFT 9
neXLP5 48 4-1 4 QQYYSTPLT 9
neXLP5 06 4-1 1 QQYYSTPWT 9
neXLP5 07 3-20 3 QQYGSSPRGFT 11
neXLP5 08 3-15 2 QQYNNWPRYT 10
neXLP5 16 3D-15 2 QQYNNWPPYT 10
neXLP5 19 1-5 1 QQYNSYPS 8
neXLP5 28 1-33 4 QQYDNLPQVT 10
neXLP5 31 3-11 1 QQRSNWRGT 9
neXLP5 35 1-12 4 QQANSPAT 8
neXLP5 36 3-11 2 QQRSNWPYT 9
neXLP5 37 4-1 1 QQYYSTPLT 9
neXLP5 41 1-17 4 LQHNSYPR 8
neXLP5 44 1-17 1 LQHNSYPRT 9

VH D RF JH CDR3(aa) Length Vλ Jλ CDR3(aa) Length

neXLP5 13 3-30 6-13 2 4 SDGSSWLFDY 10 4-69 2 QTWGTGIGV 9
neXLP5 20 3-7 3-10 2 6 DPRKYYYGSGSPAAYYYYGMDV 22 1-51 2 GTWDSSLSAVV 11
neXLP5 21 3-53 3-10 1 5 VWFGGGWFDP 10 3-21 2 QVWDSSSDHPRTV 13
neXLP5 12 2-11 3 CSYAGSYTFWV 11
neXLP5 41 1-47 1 AAWDDSLSGPNYV 13
neXLP5 45 1-51 3 GTWDSSLSAWV 11

VH D RF JH CDR3(aa) Length

neXLP5 02 4-34 6-6 3 5 ALPIAAREGWFDP 13
neXLP5 05 3-33 4-17 3 6 DHLLMTTVSHYYYYYGMDV 19
neXLP5 14 3-21 2-15 2 6 PPDCSGGSCPLLLGGMDV 18

3-10 2
1-26 2

neXLP5 18 1-46 3-22 2 6 DHVPNKITYYYDSSGFYYGMDV 22
neXLP5 23 3-33 3-16 1 4 GEDGRSDY 8
neXLP5 24 3-53 / / 6 DSGGFSGYYYGMDV 14
neXLP5 42 3-64 / / 4 WVPTAYYFDY 10
neXLP5 45 3-30-3 1-26 3 6 EPLGMGASYYYYYGMDV 17

 
RF, reading frame; #, antibody failed to be expressed
-, non-reactive; +, reactive; +2, highly reactive
C, diffuse cytoplasmic staining; A, actin staining; G, Golgi staining; M, mitochondria staining; MS, mitotic spindle staining; N, nuclear staining; F, cytoplasmic fibers

13neXLP5 11 3-15 4 GAGSSGSYPDFDY



Supplemental Table 6:  Repertoire and reactivity of antibodies from new emigrant B cells of XLP6

Ig HEAVY LIGHT REACTIVITY
VH D RF JH CDR3 (aa) Length Vκ Jκ CDR3 (aa) Length Poly HEp-2 Staining

neXLP6 03 3-9 3-10 2 4 GVSGGGDFDY 10 3-11 5 QQRSNWPLT 9 - - -
neXLP6 06 3-66 3-22 2 5 DPNYYDSSGAP 11 3-20 1 QQYGSSRWT 9 - + -
neXLP6 08 3-74 4-17 2 2 AFYGDYWYFDL 11 3-20 5 QQYGSSPPIT 10 - - -
neXLP6 10 3-23 / / 4 EGWDFDY 7 2-24 2 MQATQFPYT 9 - - -
neXLP6 14 3-30 6-13 3 4 GETIAAADTLDY 12 1-8 4 QQYYSYPLT 9 - - -
neXLP6 18 3-74 1-26 3 4 VPTRGIVGATLDY 13 1-5 1 QQYNSYPWT 9 + + -
neXLP6 19 3-48 6-13 3 4 GPTEFGIAAAGTDY 14 3-11 5 QQRSNWPPIT 10 - - -
neXLP6 21 3-11 3-22 2 6 DLTGYYDSSGYLRGYYGMDV 20 1-33 4 QQYDNLTLT 9 - - -
neXLP6 22 3-48 6-19 3 4 QALAGTSVDY 10 1D-8 1 QQYYSFPRT 9 - - -
neXLP6 23# 1-8 3-10 2 4 YIGSGSYHLNQYYFDY 16 1-13 4 QQFNNYT 7
neXLP6 26 3-23 / / 4 DVDY 4 1-5 1 QQYNSYSRT 9 - - -
neXLP6 29# 3-21 1-26 2 3 VEGRGSAGSYYGKGAFDI 18 1-5 1 QQYNSYSWT 9
neXLP6 30# 3-48 2-21 2 3 YTPTYCGGDCPPESGAFDI 19 1-27 4 QKYNSAPLT 9
neXLP6 31 3-49 3-22 3 4 DFPFTMIVVVRYIRDY 16 1-9 3 QQLNSYPLFT 10 + + +(N)
neXLP6 36κ 3-11 3-22 2 3 VRYDSSGYYPYDAFDI 16 3-20 2 QQYGSSSYT 9 - - -

neXLP6 38 4-39 6-19 3 1 RVIAVADPRAEYFQH 15 3-11 5 QQRSNWPIT 9 + + -
neXLP6 39 1-24 3-3 2 4 SPGRSGYYTSFGPVSGFYFDY 21 1-13 4 QQFNSYPLT 9 - - -
neXLP6 40 4-39 3-10 3 4 HGPITMVRGVFDY 13 2D-29 4 MQSIQLPLT 9 - - -
neXLP6 41# 4-61 3-10 3 3 ADHPIMVRGVIVDAFDI 17 4-1 4 QQYYSTPLT 9
neXLP6 42 3-30 3-10 1 4 DPGEATWDPWYFDY 14 3-11 4 QQRSNWPLT 9 - - -
neXLP6 45# 3-43 5-5 3 4 DIRGTAMVGYFDY 13 3-15 1 QQYNNWWT 8
neXLP6 48# 3-23 3-22 2 4 DFEVVWGPTYYDSSGYYSDY 20 1-8 3 QQYYSYPLT 9
neXLP6 17 1-5 4 QQYNSYWLT 9

 VH D RF JH CDR3 (aa) Length Vλ Jλ CDR3 (aa) Length Poly HEp-2 Staining

neXLP6 07 3-13 5-12 1 2 ELRSAWYFDL 10 2-14 2 SSYTSSSTPHVV 12 - - -
neXLP6 12 3-23 2-21 3 4 NLRENGVTALSSWERPYYFDY 21 3-21 2 QVWDSSSDHVV 11 - - -
neXLP6 13 4-61 3-3 3 6 GITIFGVVIIAPLDV 15 1-44 3 AAWDDSLNGEV 11 + + -
neXLP6 20# 4-39 6-19 3 3 QIWGFTDVIAVAGINAFDI 19 2-8 1 SSYAGSTFYV 10
neXLP6 24 1-18 3-22 2 3 RAPYYYDSSGYSSQEAFDI 19 2-23 2 CSYAGSSTSYVV 12 + + -
neXLP6 28 3-9 1-26 3 4 DIGAMGATIPDY 12 2-14 2 SSYTSSSTLV 10 - - -
neXLP6 35# 4-39 / / 4 GPPGAATDHY 10 1-44 3 AAWDDSLNAWV 11

neXLP6 36λ# see kappa 1-44 1 AAWDDSLNGYV 11

neXLP6 37# 3-13 6-13 3 4  GPGAAAGERGGFVDY 15 6-57 2 QSYDSSNVV 9
 VH D RF JH CDR3 (aa) Length

neXLP6 15 3-23 2-15 3 4 DILYFGASGQDIVVVVAARPYYFDY 25
neXLP6 44 3-30 5-12 2 4 DFSGYSGYFLDYFDY 15
neXLP6 46 4-61 / / 5 APSKYNWFDP 10

RF, reading frame; #, antibody failed to be expressed
-, non-reactive; +, reactive; +2, highly reactive
C, diffuse cytoplasmic staining; A, actin staining; G, Golgi staining; M, mitochondria staining; MS, mitotic spindle staining; N, nuclear staining; F, cytoplasmic fibers



Supplemental Table 7: Repertoire and reactivity of antibodies from new emigrant B cells of XLP7

Ig HEAVY LIGHT
VH D RF JH CDR3(aa) Length Vκ Jκ CDR3(aa) Length

neXLP7 02 1-18 2-2 3 6 DGSVQVVDSPAAITIHYYGMDV 22 1-39 1 QQSYSTPRT 9
neXLP7 03 3-11 3-10 1 6 GRGWFGEFIYYYYGMDV 17 1-39 2 QQSYSTPRT 9
neXLP7 09 1-3 1-26 3 4 DGEVGATRYFDYFDY 15 4-1 4 QQYYSTPLT 9
neXLP7 10 3-7 6-19 3 6 PAQSIAVAGFHHYGMDV 17 1-5 3 QQYNSYSFFT 10
neXLP7 14 3-23 3-3 2 6 DNDFWSGYDGFSDYGMDV 18 3-11 1 QQRSNWSWT 9
neXLP7 16κ 1-2 6-13 3 5 EGSFVIAAAGWDETGWFDP 19 3-20 4 QQYGSSPGT 9

neXLP7 17 4-59 5-24 1 5 VPPLKRWLQLAGWFDP 16 3-15 1 QQYNNWPPWT 10
neXLP7 21 3-23 / / 4 EGSLSMDPPDY 11 1-5 1 QQYNSYSRT 9
neXLP7 23 3-64 6-19 2 4 DVHERRYSSGWYGFDY 16 1-39 3 QQSYSTPPV 9
neXLP7 25 4-34 3-10 3 4 VQRVRGVNPEGFDY 14 1D-8 1 QQYYSFPRT 9
neXLP7 26 3-53 6-19 3 4 MGIAVAEI 8 1-17 1 LQHNSYPWT 9
neXLP7 29 3-30 4-17 2 4 DADYGDYVGKLGFDY 15 1-12 1 QQANSFPQT 9
neXLP7 31 3-15 2-2 2 4 DLVRCSSTGCYNEGAY 16 3-20 1 QQYGSSPRT 9
neXLP7 33 3-23 2-15 2 4 DHLSWGGSCDVFDY 14 1-12 2 QQANSFPPT 9
neXLP7 35 3-66 3-10 2 6 DWVDYYGSGSSHVSFLDV 18 1-39 1 QQSYSTPPR 9
neXLP7 38 3-7 4-4 2 6 KGDYYSNYPNYYYGMDV 17 1-8 3 QQYYSYPVT 9
neXLP7 40κ 3-30 2-8 2 6 DQYCTGGVCSEGTYRYYYYGMDV 23 3-20 1 QQYGSSPPQT 10

neXLP7 43 3-48 3-3 2 4 AKDFWSGYLVFDY 13 3-15 5 QQYNNWPRVT 10
neXLP7 44 3-53 4-17 2 6 DKAPIYGELAPYGMDV 16 3-11 3 QQRSNWPPEFT 11
neXLP7 45 1-2 / / 5 DGNKLFDP 8 3-20 3 QQYGSPFT 8
neXLP7 46 4-39 5-5 3 4 YVDTAMAPRAGLDY 14 2-28 1 MQALQTPWT 9
neXLP7 47κ 3-30 3-22 2 1 DESYWDYYDSSGPEYFQH 18 1-39 1 QQSYSTPWT 9

neXLP7 48 3-13 6-13 1 6 VLRQQLALYYYYGMDV 16 2-28 5 MQALQTPST 9
neXLP7 42 3-11 3 QQRSNWPS 8

VH D RF JH CDR3(aa) Length Vλ Jλ CDR3(aa) Length

neXLP7 06 4-59 5-12 2 4 GRGYDSSFDY 10 1-44 1 AAWDDSLNGRYV 12
neXLP7 07 3-15 4-17 3 4 PMTTVTTSGY 10 1-47 3 AAWDDSLSGWV 11
neXLP7 08 1-69 3-22 2 6 HPHYYDSSGGMDV 13 2-14 2 SSYTSSSTLV 10
neXLP7 11 1-8 5-24 1 2 PVTRWPFPAWYFDL 14 2-23 2 CSYAGSSTLV 10
neXLP7 12 4-39 1-26 2 4 HHFSGSYYVRN 11 1-40 2 QSYDSSLSGSVV 12
neXLP7 16λ see kappa 1-44 2 AAWDDSLNGPV 11

neXLP7 18 3-15 3-22 2 4 GWTYYYDSSGYYSPFDY 17 2-23 3 CSYAGSSTPYWV 12
neXLP7 19 3-49 1-26 3 4 IVGATAGPFDY 11 3-21 3 QVWDSSSDHPV 11
neXLP7 22 3-30 2-2 2 4 ELLGYCSSTSCFPAPQGPSDY 21 2-23 3 CSYAGPWV 8
neXLP7 24 1-46 6-6 2 6 DLYSSSSYYYYGMDV 15 6-57 2 QSYDSSNHVV 10
neXLP7 27 4-39 4-17 2 4 RIYGDYPFDY 10 2-23 2 CSYAGSSTLV 10
neXLP7 28 3-43 3-3 2 5 SYYDFWSGYLYWFDP 15 2-14 2 SSYTSSSTHVV 11
neXLP7 32 3-11 3-22 2 5 DGGYYYDSSGYWDYGLTRPLFDP 23 1-47 3 AAWDDSLSGPGV 12
neXLP7 34 1-18 4-17 2 6 DAPPLSPGDYESIYYYGMDV 20 2-14 2 SSYTSSSTI 9
neXLP7 36 3-7 5-5 1 6 AGPIQLWLTFVYYGMDV 17 1-51 2 GTWDSSLSVGV 11
neXLP7 37 5-a 6-13 1 4 HKALWQLELFDY 12 2-23 3 CSYAGSSTWV 10
neXLP7 39 3-7 6-13 2 6 DHYKYSSSWGSQPGRRTYGMDV 22 2-8 2 SSYAGSNNLV 10
neXLP7 40λ see kappa 3-1 1 QAWDSSTVV 9

neXLP7 41 1-18 2-8 3 4 DHEQIVLVVYASEGYFDY 18 1-51 2 GTWDSSLSAVV 11
neXLP7 47λ see kappa 2-14 2 SSYTSSSTPHVV 12

neXLP7 15 3-21 2 QVWDSSSDHVV 11
VH D RF JH CDR3(aa) Length

neXLP7 04 4-4 4-17 3 4 IASTTVTTDYFDY 13
neXLP7 30 1-2 / / 6 DDPPDDYYYYGMDV 14

RF, reading frame; #, antibody failed to be expressed
-, non-reactive; +, reactive; +2, highly reactive
C, diffuse cytoplasmic staining; A, actin staining; G, Golgi staining; M, mitochondria staining; MS, mitotic spindle staining; N, nuclear staining; F, cytoplasmic fibers



Supplemental Table 8: Repertoire and reactivity of antibodies from new emigrant B cells of XLP9

Ig HEAVY LIGHT
VH D RF JH CDR3 (aa) Length Vκ Jκ CDR3(aa) Length

neXLP9 49 1-69 6-25 3 6 GVAALPGYYYY MDV 15 3-15 2 QQYNNWPHT 9
neXLP9 53 4-59 2-15 2 4 VRGAGARYCSGGSCYSPGYFDY 22 1-5 1 QQYNSISDET 10
neXLP9 57 3-15 4-4 2 4 APGDDYSNYDRSPSC 15 1-16 2 QQYNSYPYT 9
neXLP9 60 4-30-2 5-5 2 3 GLLGGYTRGDDAFDI 15 1-39 5 QQSYSTPLIT 10
neXLP9 61 3-23 3-22 2 3 PKSPPSWDSSGYYLRFDAFDI 21 1-8 4 QQYYSLSLT 9
neXLP9 66 3-23 2-21 2 3 CGDLDAFDI 9 1-5 1 QQYNSYPWT 9
neXLP9 67 1-69 1-7 3 6 GLTGTTSNGPDYYYYYMDV 19 3-11 3 QQRSNWPPT 9
neXLP9 74 3-64 3-3 3 4 QLAVPVDY 8 3-11 4 QQRSNFYT 8
neXLP9 75 3-23 3-10 2 4 YYGSGSARFDY 12 3-11 5 QQRSNWPPIT 10
neXLP9 79 4-34 2-2 3 5 GLKRAPSVVPAAYNWFDP 18 3-20 2 QQYGSSPYT 9
neXLP9 80 3-64 3-22 2 4 VEDQYYDSSGYHFDY 15 3-11 1 QQRSNWPPWT 10
neXLP9 83 3-48 6-13 3 6 DGIAAADTSPKYYYYYYYMDV 21 3-11 4 QQRSNWPLT 9
neXLP9 84 4-34 2-8 2 6 GKHSIRYCTNGVCSPIQIPNYYYYMDV 27 1-5 1 QQYNSYSRT 9
neXLP9 86 3-33 6-19 3 6 DLIAVAGNYYYYYMDV 16 1-39 5 QQSYSTPLIT 10
neXLP9 88 4-59 1-26 1 1 AGWELAWIQH 10 4-1 1 QQYYSTPWT 9
neXLP9 91 3-21 2-15 2 6 DSCSGGSCYSASPPKYYYYYMDV 23 3-20 4 QQYGSSPPKIT 11
neXLP9 93 4-39 3-22 2 4 NYYDSSGYYPTFDY 15 1-39 2 QQSYSTPLYT 10
neXLP9 94 4-39 4-17 1 4 HLFVRWLLGPALYYFDY 18 3-11 5 QQRSNWLDIT 10
neXLP9 95 1-3 6-19 2 4 GEILYNIGWGRAAYYFDY 18 3-15 2 QQYNNWPPRYT 11
neXLP9 52 3-11 3 QQRSNWPFT 9
neXLP9 63κ 3-20 2 QQYGSSPGT 9

neXLP9 85 1-39 1 QQSYSTPVT 9
neXLP9 92 1-39 1 QQSYSTPWT 9
neXLP9 96 1-5 2 QQYNSYSYT 9

 VH D RF JH CDR3 (aa) Length Vλ Jλ CDR3(aa) Length

neXLP9 50 4-39 6-19 2 4 HGGGGSGWYWVS 12 1-40 2 QSYDSSLSGPVV 12
neXLP9 51 4-39 4-17 2 5 SYGDYVWGNPWWFDP 15 2-14 2 SSYTSSSTLDVV 12
neXLP9 56 5-51 3-10 2 3 RLGWDYYGSGSYYRGTDAFDI 21 2-14 2 SSYTSSSTPHVV 12
neXLP9 59 5-51 / / 6 SMTNENYYYY MDV 14 1-40 2 QSYDSSLSGSV 11
neXLP9 62 3-15 6-19 3 5 GFSIGVMAGTLWFDP 15 2-8 1 SSYAGSNNYV 10
neXLP9 64 3-23 3-3 1 4 DILRFLEWSPPDY 13 3-21 3 QVWDSSSDHWV 11
neXLP9 65 5-51 2-15 3 5 LVVVAATLEAWWFDP 15 3-1 2 QAWDSSTAV 9
neXLP9 68 3-23 / / 6 DQWEDYYYY MDV 13 1-40 2 QSYDSSLSGPLVV 13
neXLP9 70 4-34 5-5 1 4 RIQLHGFMGY 10 2-14 1 SSYTSSSTLPFV 12
neXLP9 71 3-23 4-4 1 4 MRGTRLHEWFFDH 14 1-40 3 QSYDSSLSGWV 11
neXLP9 73 1-69 3-10 3 4 TVGTMVRGVPEGFDY 15 3-1 2 QAWDSSTSVV 10
neXLP9 76 1-3 3-22 3 4 GHPMIVVVPFDY 12 1-51 2 GTWDSSLSAVV 11
neXLP9 81 3-21 6-13 3 6 DIAAAGSYYYYY MDV 16 3-1 2 QAWDSSTVV 9
neXLP9 87 4-39 1-20 2 5 QGTIDNWNPGRWFDP 15 2-14 1 SSYTSSSTLDV 11
neXLP9 89λ 3-33 6-19 3 4 PGEKVAGSGQFDY 13 3-10 1 YSTDSSGNRGV 11

neXLP9 58 1-51 3 GTWDSSLAYWV 11
neXLP9 63λ 2-23 2 CSYAGSVV 8

neXLP9 72 1-44 2 AAWDDSLNGVV 11
neXLP9 77 2-11 2 CSYAGSYTSV 10

 VH D RF JH CDR3 (aa) Length

neXLP9 54 3-15 3-10 2 2  YYGSGSYYTEYFDL 16
neXLP9 69 4-4 6-19 1 6 APTPQWLVQAYYY MDV 17
neXLP9 90 4-34 6-19 2 4 SSGWYDGIGY 10

RF, reading frame; #, antibody failed to be expressed
-, non-reactive; +, reactive; +2, highly reactive
C,  diffuse cytoplasmic staining; A, actin staining; G, Golgi staining; M, mitochondria staining; MS, mitotic spindle staining; N, nuclear staining; F, cytoplasmic fibers



Supplemental Table 9: Repertoire and reactivity of antibodies from new emigrant B cells of XLP10

Ig HEAVY LIGHT
VH D RF JH CDR3(aa) Length Vκ Jκ CDR3(aa) Length

neXLP10 01 1-3 5-5 3 6 DTAMVNGYYYYGMDV 15 3-11 4 QQRSNWPLT 9

neXLP10 07 4-39 / / 6 QGQGTDTVCGMDV 13 1-33 3 QQYDNLPLT 9

neXLP10 09 1-18 1-7 3 5 GITGTTKTPMGPSEGFDP 18 2-30 1 MQGTHWPLT 9

neXLP10 10 3-49 3-22 3 4 DSMIVVVPRDY 11 1-33 1 QQYDNLPRT 9
3-16 1

6-6 2

neXLP10 17 4-4 6-13 3 4 GAGIAAAGSSVDY 13 1-5 1 QQYISYSKT 9

neXLP10 18 4-39 3-22 2 6 RADYYYDSSGYYYYYGMDV 19 2-28 4 MQALQTLLT 9

neXLP10 21 4-30-4 2-21 2 6 LTYCGGDPMGYYYGMDV 17 1D-13 4 QQFNNYRVT 9

neXLP10 22 3-15 6-19 2 4 DVVWYSSGWYGGY 13 3-20 1 QQYGSSPRT 9

neXLP10 24 3-21 5-5 3 3 IADTAPGAFDI 11 4-1 2 QQYYSTPYS 9

neXLP10 30 4-59 3-22 2 2 KPGYDSSGYYSWYFDL 16 3-11 4 QQRSNWPLT 9

neXLP10 34 3-7 1-26 3 4 VGDEVGATTFDY 12 1-5 1 QQYNSYSRT 9

neXLP10 35 3-30 3-22 2 6 DPGSDSSGYYYYYYGMDV 18 2-29 1 MQGIHLPLT 9

neXLP10 36 3-23 / / 4 DIAAVRDAQPIDY 13 1-16 2 QQYNSYPQS 9

neXLP10 43 3-49 2-15 3 3 GGADIVVVVAATADAFDI 18 2-28 1 MQALQTPWT 9

neXLP10 45 1-18 / / 6 WKTSLGGYYYYGMDV 15 2-28 2 MQALQTLYS 9

neXLP10 33 3-20 4 QQYGSFLT 8

neXLP10 44 2-29 2 MQGIHLLYS 9

neXLP10 47 1-13 3 QQFNSYLRYT 10
VH D RF JH CDR3(aa) Length Vλ Jλ CDR3(aa) Length

neXLP10 11 4-4 2-2 2 6 DQIQGYCSSTSCYKTYYYGMDV 22 1-47 1 AAWDDSLSGLYV 12

neXLP10 23 1-2 3-22 2 4 GYYDSSGYYHAPGDY 15 7-43 3 LLYYGGAWV 9

neXLP10 42 3-30 2-2 2 6 DPSAPYCSSTSCYSYYYYGMDV 22 3-10 1 YSTDSSGNHMGVV 13

neXLP10 48 1-69 3-22 2 6 AYYYDKYHYYYGMDV 15 1-51 2 GTWDSSLSAVV 11

neXLP10 04 1-40 2 QSYDSSLSGPV 11

neXLP10 37 2-8 2 SSYAGSNNFVV 11

neXLP10 41 1-51 3 GTWDSSLSAWV 11

VH D RF JH CDR3(aa) Length

neXLP10 05 5-51 3-16 2 6 QLRFPGDDYVWGSSYYYGMDV 21

neXLP10 27 3-33 3-22 2 4 LPYDSSGYYYSD 12

neXLP10 46 3-49 3-22 2 4 MEYYYDSSGYYPGYYFDY 18

RF, reading frame; #, antibody failed to be expressed

-, non-reactive; +, reactive; +2, highly reactive

C, diffuse cytoplasmic staining; A, actin staining; G, Golgi staining; M, mitochondria staining; MS, mitotic spindle staining; N, nuclear staining; F, cytoplasmic fibers

neXLP10 12 3-30 4 13 1-39 2 QQSYSTPYS 9DRSRELIGSSSDY



Supplemental Table 10: Repertoire and reactivity of antibodies from mature naive B cells of XLP2

Ig HEAVY LIGHT REACTIVITY
VH D RF JH CDR3 (aa) Length Vκ Jκ CDR3 (aa) Length Poly HEp-2 Staining

mXLP2 07# 3-33 6-19 3 5 GLTPKTRAIAVAGP 14 3-15 2 QQYNNWPYT 9
mXLP2 09 3-30-3 1-26 1 4 WELLLDY 7 1-27 1 QKYNSAPWT 9 - + -
mXLP2 10 4-39 6-6 2 5 LSSAGYWFDP 10 2-40 4 MQRIEFPLT 9 - + +(N)
mXLP2 12 3-72 / / 4 VFMGLDY 7 3-20 1 QQYGSSPPGT 10 - - -
mXLP2 13 3-33 / / 4 AGGEGYYFDY 10 1-39 1 QQSYSTLRWT 10 - - -
mXLP2 14 4-34 3-9 2 6 GYFDWLDYYYYYMDV 15 3-15 2 QQYNNWPPYT 10 + + -
mXLP2 15 4-4 6-19 2 4 GRGYSSGWLRGGDFDY 16 1-33 2 QQYDNSGYT 9 - + -
mXLP2 16 3-30-3 3-10 3 3 DFFLVTMGAFDI 12 1-6 3 LQDYNYPG 8 + + -
mXLP2 20 1-8 5-5 2 4 GPGYSYGYAFDY 12 3-20 2 QQYGSSPPYT 10 - - -
mXLP2 25 3-15 3-22 2 4 AYYYDSSGYYLPWAY 15 2-40 2 MQRIEFPYT 9 - - -
mXLP2 26 3-49 1-26 2 6 DRSYLYYYYYYMDV 14 3-15 4 QQYNNWPLT 9 + +  +(C+N)
mXLP2 28 1-69 6-6 3 2 HDMGGAARIYWYFDL 15 1-13 4 QQFNSYPPT 9 + + -
mXLP2 30 4-31 / / 4 EGNTGKFDY 9 1-39 1 QQSYSTPWT 9 - - -
mXLP2 31 3-21 5-5 2 4 DPGYSYGLNWFDP 13 1-5 1 QQYNSYST 8 + + +(M)
mXLP2 36 3-48 1-26 3 4 GLGATFPVAYSDFDY 15 2-30 1 MQGTHWPWT 9 + + -
mXLP2 38 4-61 3-10 2 3 EGKYGSGSGAFDI 13 1-8 1 QQYYSYPRT 9 - + -
mXLP2 41κ 3-33 4-4 2 4 ELGYSNYAIDY 11 1-39 2 QQSYSTPMYT 10 - - -

mXLP2 43 3-15 2-15 2 4 SPTLNCSGGSCYYFDY 16 3-11 2 QQRSNWWYT 9 - - -
mXLP2 46# 4-31 3-10 3 4 AGTMVRGVIITYYFDY 16 1-39 3 QQSYSTLFT 9
mXLP2 48 4-59 4-23 2 4 ALGGNPIFDY 10 3-11 4 QQRSNWPLT 9 - - -
mXLP2 32 3-15 1 QQYNNWPPT 9
mXLP2 42 1-33 3 QQYDNLLFT 9

 VH D RF JH CDR3 (aa) Length Vλ Jλ CDR3 (aa) Length Poly HEp-2 Staining

mXLP2 02 4-39 3-22 2 4 PAYDSSGYRGYYFDY 15 2-14 3 SSYTSSSTWV 10 - + -
mXLP2 04 3-30-3 6-13 2 3 DRGVVEYSSSWYSGGAFDI 19 3-21 1 QVWDSSSDHYV 11 - - -
mXLP2 05 4-61 2-2 3 5 VVVVPAAIGGWFDP 14 1-51 2 GTWDSSLSAVV 11 - - -
mXLP2 06 3-33 3-22 2 4 DGPSSGYYYFDY 12 3-1 2 QAWDSSPVV 9 - +  +(C+N)
mXLP2 17 3-73 1-1 2 3 RGYNWNDDTRLDAFDI 16 3-21 2 QVWDSSSDHEV 11 - - -
mXLP2 18 4-61 4-23 3 6 TVVTLYYMDV 10 1-44 2 AAWDDSLKGV 10 - - -
mXLP2 21 3-30-3 3-3 2 4 GRPSYDFWSGYDY 13 2-14 2 SSYTSSSTVV 10 - + -
mXLP2 23 3-21 1-7 3 4 DQTGTTDFDY 10 3-21 3 QVWDSSSDHWV 11 - - -
mXLP2 27 3-33 6-6 3 4 GFSIAARNLDY 11 2-14 1 SSYTSSSTLYV 11 - + -
mXLP2 33 1-2 5-12 2 4 VRYSGYDYTFDY 12 2-14 2 SSYTSSSTVV 10 - - -
mXLP2 34 3-23 / / 4 AIRHQLGYDY 10 3-21 1 QVWDSSSDHYV 11 - - -
mXLP2 35 3-33 1-26 2 3 DFLDGSYGTDAFDI 14 2-11 2 CSYAGSYTWV 10 - - -
mXLP2 39 4-4 2-2 2 6 EVRCSSTSCYWFPEVRYMDV 20 1-40 2 QSYDSSLSGSHVV 13 + + -

mXLP2 41λ# see kappa 3-1 3 QAWDSSTAV 9

mXLP2 44 3-33 3-3 1 3 ERFLYAFDI 9 3-21 2 QVWDSSSDHPVV 12 - - -
mXLP2 47 3-15 6-13 1 6 DPQQQLVRSYYYYYMDV 17 2-23 2 CSYAGSSTLV 10 - + -
mXLP2 03 1-47 3 AAWDDSLRV 9

 VH D RF JH CDR3 (aa) Length

mXLP2 08 1-69 4-17 2 5 DCYGDYIGWFDP 12
mXLP2 19 1-18 1-26 3 4 AGWMSVVGATRGTFDY 16
mXLP2 37 3-30 6-19 3 4 DSRIAVALYYFDY 13

RF, reading frame; #, antibody failed to be expressed
-, non-reactive; +, reactive; +2, highly reactive
C, diffuse cytoplasmic staining; A, actin staining; G, Golgi staining; M, mitochondria staining; MS, mitotic spindle staining; N, nuclear staining; F, cytoplasmic fibers



Supplemental Table 11: Repertoire and reactivity of antibodies from mature naive B cells of XLP3

Ig HEAVY LIGHT REACTIVITY
VH D RF JH CDR3 (aa) Length Vκ Jκ CDR3 (aa) Length Poly HEp-2 Staining

mXLP3 01 4-34 3-10 2 4 FRPRPYGSGSGGLRGPYYFDY 21 1-39 2 QQSYSTPPYT 10 - + -
mXLP3 13 3-21 6-13 2 4 DLGGSSWYFFDY 12 3-15 2 QQYNNWPPYT 10 - - -
mXLP3 19 4-34 6-6 3 6 CKARRDYYYYYYMDV 15 3-20 2 QQYGSSPPAYT 11 - + +(C)
mXLP3 24 4-4 3-22 2 4 DRGEGYYYDSSGYFDY 16 1-5 1 QQYNSYPWT 9 - - -
mXLP3 28 4-34 6-13 2 4 SSSFFHYFDY 10 2-28 1 MQALQTPKT 9 - - -
mXLP3 37# 5-51 3-10 2 6 RGSGSGYYYYGMDV 14 2-28 5 MQALQTFT 8
mXLP3 41 3-74 5-24 3 4 GMATNK 6 4-1 2 QQYYSTPYT 9 - + -
mXLP3 46# 3-74 3-3 2 4 DPAYYDFWSGYCYFDY 16 1-39 5 QQSYSSIT 8
mXLP3 56 1-69 / / 4 LDY 3 3-20 1 QQYGSSPPWT 10 + + -
mXLP3 64 4-34 2-2 3 5 RVTLVVPAATTNWFDP 16 4-1 4 QQYYSTPLT 9 - - -
mXLP3 68 1-18 4-17 2 4 DKVRGDYGYVSFDY 14 3-15 2 QQYNNWPPYT 10 - - -
mXLP3 70 7-4-1 3-10 2 6 EASRYYGSGSYYTPYYYYGMDV 22 2-28 2 MQALQTPHT 9 - + -
mXLP3 84# 1-2 3-22 2 3 RRTSTYYYDSSGYYSNAFDI 20 3-15 1 QQYNNWPPWT 10
mXLP3 85# 4-34 3-22 2 3 GRGRGHYDSSGYYYASHKNNDAFDI 25 1-8 1 QQYYSYPRT 9
mXLP3 88# 4-34 3-9 2 6 GHYDILTGYYISRKPYYYYGMDV 23 1-39 1 QQSYSTPPT 9
mXLP3 91 3-53 4-23 3 6 GLLTTVDGMDV 11 3-15 1 QQYNNWPPWT 10 - + -
mXLP3 93 3-9 6-6 3 6 DALNIADIYYYYYMDV 16 3-15 2 QQYNNWPMYT 10 - + -
mXLP3 95 7-4-1 6-19 3 6 KSVAGHASSYYYYGMDV 17 1-33 4 QQYDNLPLT 9 - + -
mXLP3 96 7-4-1 2-15 2 6 LSSVWEDCSGGSCYSGPRYYYYGMDV 26 1-9 3 QQLNSYPT 8 - + -

 VH D RF JH CDR3 (aa) Length Vλ Jλ CDR3 (aa) Length Poly HEp-2 Staining

mXLP3 02 1-2 3-10 3 5 VMAMVRGRSHNWFDP 15 1-51 1 GTWDSSLSAGV 11 - + +(N)
mXLP3 07 3-33 3-9 2 4 GGLTGYPY 8 3-1 2 QAWDSSTVV 9 + + -
mXLP3 11 1-46 7-27 2 6 DDWGYRYYYGMDV 13 3-25 2 QSADSSGTYVV 11

mXLP3 25# 7-4-1 3-9 2 4 VGILTALDY 9 3-1 2 QAWDSSTVV 9
mXLP3 26 1-46 / / 2 DRGLPGWYFDL 11 2-8 2 SSYAGSNTLVV 11 - - -
mXLP3 35 4-34 6-13 3 5 DIAAAGRNDWFDP 13 1-47 3 AAWDDSLSGWV 11 - - -
mXLP3 48 4-31 3-22 2 3 SPDYYDSSGYNHDAFDI 17 1-51 1 GTWDSSLSAGPYV 13 - +  +(C)
mXLP3 59 1-58 6-13 2 6 VPYSSSWYGAVIHGMDV 17 3-25 2 QSADSSVV 8
mXLP3 69 4-34 / / 6 DLKGVHPYYYYYYMDV 16 2-23 3 CSYAGSSTFV 10 + + -
mXLP3 82 1-8 3-22 2 5 GQNKAVYYDSSSLRRSGGFDP 21 2-23 1 CSYAGSSTYV 10 - - -
mXLP3 94 1-8 3-9 1 3 GQPLRYFDWLPIGGWEDAFDI 21 2-14 3 SSYTSSSPWV 10 + + -
mXLP3 08 1-51 3 GTWDSSLSAGPV 12
mXLP3 33 2-8 1 SSYAGSNPYV 10
mXLP3 42 1-44 3 AAWDDSLNGWV 11
mXLP3 60 2-14 1 SSYTSSSTLEKV 12
mXLP3 71 3-10 3 YSTDSSGNHPNWV 13
mXLP3 73 2-8 2 SSYAGSNNFGVV 12
mXLP3 78 2-14 2 SSYTSSSTLEVV 12
mXLP3 87 1-47 2 AAWDDSLSAL 10
mXLP3 92 2-11 1 CSYAGSYTYV 10

 VH D RF JH CDR3 (aa) Length

mXLP3 09 3-21 3-22 2 4 TTAAANWYYYDSSGYYDY 18
mXLP3 61 3-33 2-2 3 4 DDGGDIVVVPGYYFDY 16
mXLP3 65 4-59 4-17 2 5 GYGDYWFDP 9
mXLP3 67 4-39 3-3 1 6 VLRFLEWLLPYYYYMDV 17
mXLP3 77 7-4-1 3-10 2 5 DGSGSYYNADNWFDP 15
mXLP3 79 3-15 6-13 2 4 DPLGSSSWYFVDY 13
mXLP3 83 4-34 3-10 2 6 GSYYYGSGSYYKRAYYYYGMDV 22
mXLP3 89 1-2 3-22 2 4 APPYYDSSGYYGKLDY 16

RF, reading frame; #, antibody failed to be expressed
-, non-reactive; +, reactive; +2, highly reactive
C, diffuse cytoplasmic staining; A, actin staining; G, Golgi staining; M, mitochondria staining; MS, mitotic spindle staining; N, nuclear staining; F, cytoplasmic fibers



Supplemental Table 12: Repertoire and reactivity of antibodies from mature naive B cells of XLP4

Ig HEAVY LIGHT REACTIVITY
VH D RF JH CDR3 (aa) Length Vκ Jκ CDR3 (aa) Length Poly HEp-2 Staining

mXLP4 01 2-8 3
6-13 3

mXLP4 07 4-b 2-15 2 3 DLGKLGYCSGGSCSDDAFDI 20 1-12 4 QQANSFPLT 9 + - -
mXLP4 08 4-39 4-17 2 6 PKGYGDSPYYYYGMDV 16 1-5 1 QQYNSYPWT 9 + + -
mXLP4 14 3-23 3-3 2 4 GHYDFWSGSDY 11 1-12 2 QQANSFPPYS 10 +2 + -
mXLP4 16 1-18 6-13 3 3 DRAGAKIAAADINAFDI 17 3-11 5 QQHSNWPPRVT 11 - - -
mXLP4 20 3-21 3-22 2 4 DEGGSSGYYPDFDY 14 1-39 1 QQSYSTPWT 9 - - -
mXLP4 27 4-59 / / 4 GEGYRLLRH 9 3-15 1 QQYNNWPPWT 10 + + -
mXLP4 28 3-30 3-3 2 5 ERADYDFWSGYSDLIRGNWFDP 22 3-15 3 QQYNNWPS 8 + + -

mXLP4 30κ# 4-59 3-3 2 4 EGQGDFWTTNPTYYFDY 17 3-11 4 QQHSNWPP 8

mXLP4 32 3-23 6-19 3 3 DRGAVDAFDI 10 1-5 2 QQYNSYSEYS 10 + + -
mXLP4 33 4-34 3-3 2 4 GFNFWSGYYSIRFDY 15 1-39 1 QQSYSTPRT 9 + + -
mXLP4 34 3-9 6-19 2 4 GRGPYSSGLFDY 12 3-11 4 QQHSNWPL 8 - + -
mXLP4 36 3-23 / / 5 VGRWERGYNWFDP 13 1-5 2 QQYNSYLYT 9 + + -
mXLP4 38 3-30 6-13 1 4 SFSFQQLVLDY 11 3-11 1 QQHSNWPWT 9 - - -
mXLP4 41 1-18 1-26 3 1 VLVGTPPAYFQH 12 3-11 3 QQRSNWRVT 9 - + -
mXLP4 44 3-23 1-26 3 3 LVGATTLDAFDI 12 3-11 4 QQHSNWPLT 9 - - -
mXLP4 48 4-34 3-3 1 4 TLSVLPQSGYFDY 13 1-5 1 QQYNSYPAT 9 - - -

 VH D RF JH CDR3 (aa) Length Vλ Jλ CDR3 (aa) Length Poly HEp-2 Staining

mXLP4 04 4-59 3-22 2 4 QAGDSSGYPIDY 12 3-21 2 QVWDSSSDVV 10 - - -
mXLP4 05 3-30 / / 3 DWDWTHAFDI 10 2-11 1 CSYAGSYNV 9 - - -
mXLP4 06 4-59 3-16 1 6 DTRRLGEFGISYYYYGMDV 19 2-14 3 SSYTSSSIL 9 + + -
mXLP4 18 4-31 6-13 1 4 VIQQQLAHFDY 11 1-51 3 GTWDSSLSAGV 11 - - -
mXLP4 29 4-30-4 5-12 3 5 DRRGVATMFNWFDP 14 2-23 2 CSYAGSSTFVV 11 - - -
mXLP4 30λ see kappa 1-44 3 AAWDDSLNGV 10 + - -

mXLP4 31 3-9 6-13 3 4 DMVGRAGIAAAGMDY 15 2-14 2 SSYTSSSTFVV 11 - - -
mXLP4 45 1-2 / / 3 YATNAFDI 8 1-51 1 GTWDSSLSAEV 11 - - -
mXLP4 47 5-51 6-19 3 5 RGSSAVADLRYNWFDP 16 3-1 2 QAWDSSTAFHVV 12 - + -
mXLP4 24 1-36 2 AAWDDSLNGVV 11

RF, reading frame; #, antibody failed to be expressed
-, non-reactive; +, reactive; +2, highly reactive
C, diffuse cytoplasmic staining; A, actin staining; G, Golgi staining; M, mitochondria staining; MS, mitotic spindle staining; N, nuclear staining; F, cytoplasmic fibers

+1-2 4 EPRGVLMVYAIPSEGAAAGDY 21 -3-20 1 QQYGSSPWWT 10 +



Supplemental Table 13: Repertoire and reactivity of antibodies from mature naive B cells of XLP6

Ig HEAVY LIGHT REACTIVITY
VH D RF JH CDR3 (aa) Length Vκ Jκ CDR3 (aa) Length Poly HEp-2 Staining

mXLP6 02 3-9 3-22 2 3 TLRAYYDSSGYYSDAFDI 18 1-27 2 QKYNSALMYT 10 - - -
mXLP6 03 3-66 6-19 3 4 DVTMAVAES 9 1-39 4 QQSYSTPLT 9 - - -
mXLP6 05 3-30 2-15 2 4 GSEGYCSGGSCYEDY 15 1-33 3 QQYDNLPLA 9 - - -
mXLP6 09 3-53 6-19 3 4 AGPGIAVAGTGYFDY 15 3-15 1 QQYNNWWT 8 - - -

mXLP6 12# 1-8 3-10 1 5 GRLLWFGDNNWFDP 14 1-17 1 LQHNSYPWT 9
mXLP6 14 3-53 / / 4 GTPKLGPLMTY 11 4-1 1 QQYYSTPPWT 10 + + +(N)
mXLP6 15 4-39 3-22 2 6 PYYYDSSGYMDV 12 1-33 4 QQYDNLPQVT 10 - - -
mXLP6 16 3-7 3-22 2 4 SSYYYDPKYYFDY 13 1-5 1 QQYNSYPWT 9 - - -
mXLP6 18 3-21 6-19 3 4 TGIAVAGPRY 10 1-33 4 QQYDNLPLT 9 + + -
mXLP6 19 4-39 3-22 2 2 PMDYYDSSGYHPSQTNWYFDL 21 3-11 2 QQRSNWPPG 9 - - -
mXLP6 20 3-21 4-17 2 4 EHGETPGDSDY 11 1-17 2 LQHNSYPHT 9 - - -
mXLP6 22 4-59 3-22 2 4 GYYDSSGYYY 10 2-28 3 MQALQTPFT 9 - - -
mXLP6 25 3-49 3-22 1 3 VLGLLPVPDAFDI 13 3-15 4 QQYNNWPLT 9 + + -

mXLP6 29# 4-39 2-21 3 3 RNGGPLGAIVVVTATNAFDI 20 1-33 1 QQYDNLSGT 9
mXLP6 30 3-53 3-10 1 6 HTELWFGELPKLSHYYYGMDV 21 1-9 5 QQLNSYPIT 9 + + -

mXLP6 32# 4-4 6-19 3 5 AWGSIAVAGTASWFDP 16 3-15 4 QQYNNWPPLT 10
mXLP6 33 3-21 3-16 2 6 DSSYDYVWGSYPVYYYYGMDV 21 3-11 2 QQGGT 5 + + -
mXLP6 34 4-59 3-16 1 6 HPFEGLRLGELSPPPHYYYYGMDV 24 2-28 3 MQALQTPHGGFT 12 + - -
mXLP6 35 3-23 5-12 3 4 LGGATTFDY 9 1-8 4 QQYYSYPRGLT 11 + + -

mXLP6 40# 4-59 / / 4 DVGSSRDY 8 3-20 2 QQYGSSPLT 9
mXLP6 41# 3-23 3-22 2 4 DPGTHYYDSTGRYFDY 16 3-11 4 QQRSNWPPRA 10
mXLP6 43# 3-15 3-22 2 4 VYYYYDSSGYYPWGY 15 1-33 2 QQYDNLPYT 9
mXLP6 45# 3-23 3-10 2 4 DALPMHHSGRYFDY 14 3-20 4 QQYGSSPLT 9
mXLP6 10 2-28 1 MQALQTWT 8
mXLP6 28 1-39 4 QQSYSTPPT 9
mXLP6 37 1-5 1 QQYNSYSTWT 10
mXLP6 42 1-39 1 QQSYSTPK 8

 VH D RF JH CDR3 (aa) Length Vλ Jλ CDR3 (aa) Length Poly HEp-2 Staining

mXLP6 07 3-30 3-10 2 4 EGGGYGSGSALDY 13 2-14 2 SSYTSSSTQ 9 - - -
mXLP6 11# 3-48 3-10 2 4 APPYYYGSGSYGRFCDY 17 3-1 1 QAWDSSTLYV 10
mXLP6 21 3-30 3-10 3 6 GYMVRGPYYYYGMDV 15 3-1 1 QAWDSSTGGV 10 - + -

mXLP6 24# 3-64 3-10 1 3 DRQEYDLSLGFGPHAPDAFDI 21 3-12 3 QVWDSSSDHPGV 12
mXLP6 38# 3-7 3-22 2 4 DRRTYYYDSSGIPVDY 16 3-21 2 QVWDSSSDHVV 11
mXLP6 39 4-61 3-9 2 6 VTSKYYDILTGYYMDYYYYGMDV 23 1-44 3 AAWDDSLNGPV 11 + + -
mXLP6 44 4-31 3-10 2 4 DYYGSGRHHGLDY 13 3-1 2 QAWDSSTVV 9 - - -
mXLP6 48 4-61 3-10 2 5 EDYYGSNWFDP 11 1-47 3 AAWDDSLSGHWV 12 - - -

 VH D RF JH CDR3 (aa) Length

mXLP6 31 3-21 1-26 2 4 SRPGDSGSYFDY 12

RF, reading frame; #, antibody failed to be expressed
-, non-reactive; +, reactive; +2, highly reactive
C, diffuse cytoplasmic staining; A, actin staining; G, Golgi staining; M, mitochondria staining; MS, mitotic spindle staining; N, nuclear staining; F, cytoplasmic fibers
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Figure E1. New emigrant/transitional B cells from XLP patients display a heavy 
chain gene segment repertoire similar to their counterparts in healthy donors (HD). 
(A)  Usage frequencies of VH genes in HD and XLP patients. (B) Usage frequencies of 
VH, D and JH family genes in HD and XLP patients. 362 sequences from 11 HD and 265 
sequences from 8 XLP patients were analyzed.
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Figure E2. New emigrant/transitional B cells from XLP patients display a different
Variable (V) light chain gene repertoire compared to their counterparts in healthy 
donors (HD).  (A)  Usage frequencies of Vκ genes in HD and XLP   patients.  (B) Usage 
frequencies of Vκ and Jκ family genes in HD and XLP patients. (C)  Usage frequencies 
of Vλ genes in HD and XLP patients.  (D) Usage frequencies of Vλ and Jλ family genes 
in HD and XLP patients. 362 sequences from 11 HD and 265 sequences from 8 XLP 
patients were analyzed. *: p-value <0.05, **: p-value <0.01
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 Figure E3. Reading frame usages for frequently used D genes 
in new emigrant/transitional B cells from healthy donors (HD) 
and XLP patients. 362 sequences from 11 HD and 265 sequences 
from 8 XLP patients were analyzed. The abnormal hydrophobic reading 
frame usage of D6-6 in XLP patients suggests a defective central B cell
tolerance checkpoint. 
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Figure E4: SAP is expressed by some developing immature fetal B cells. (A), (B)  CD19+ 
fetal bone marrow B cell precursors were stained for IgM, Igκ and Igλ , VpreB (green) and 
SAP (red). Arrow in (A) points to a SAP+IgM+ cell. (C) % of cells in SAP+ vs SAP- cells from 
staining in (B) that displayed a clustered vs not clustered IgM and Igκ/Igλ staining pattern. 
*:p-value<0.05; **: p-value<0.01. (D) Representative CD10 and IgM staining  on CD19+ gated 
cells from fetal liver and bone marrow samples. 
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Figure E5: SAP-deficient CD4+T cells express more IFNγ 
and TNFα cytokines. (A) Representative dot-plots of IFNγ 
and TNFα expression measured by intracellular cytokine 
staining in HD and XLP CD4+ T cells stimulated for 4.5 days. 
Percentage of IFNγ+ (B) and TNFα+ (C)T cells after 4.5 days 
of stimulation.
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