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Research article
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X-linked lymphoproliferative disease (XLP) is an often-fatal immunodeficiency characterized by hypogam-
maglobulinemia, fulminant infectious mononucleosis, and/or lymphoma. The genetic lesion in XLP, SH2D1A,
encodes the adaptor protein SAP (signaling lymphocytic activation molecule-associated [SLAM-associated] pro-
tein); however, the mechanism(s) by which mutations in SH2D1A causes hypogammaglobulinemia is unknown.
Our analysis of 14 XLP patients revealed normal B cell development but a marked reduction in the number of
memory B cells. The few memory cells detected were IgM*, revealing deficient isotype switching in vivo. However,
XLP B cells underwent proliferation and differentiation in vitro as efficiently as control B cells, which indicates
that the block in differentiation in vivo is B cell extrinsic. This possibility is supported by the finding that XLP
CD4" T cells did not efficiently differentiate into IL-10* effector cells or provide optimal B cell help in vitro.
Importantly, the B cell help provided by SAP-deficient CD4* T cells was improved by provision of exogenous
IL-10 or ectopic expression of SAP, which resulted in increased IL-10 production by T cells. XLP CD4* T cells also
failed to efficiently upregulate expression of inducible costimulator (ICOS), a potent inducer of IL-10 production
by CD4" T cells. Thus, insufficient IL-10 production may contribute to hypogammaglobulinemia in XLP. This

finding suggests new strategies for treating this immunodeficiency.

Introduction
X-linked lymphoproliferative disease (XLP) is an often-fatal immu-
nodeficiency, characterized by fulminant infectious mononucleo-
sis, hypogammaglobulinemia, and malignant lymphoma (1-3). The
gene mutated in XLP is SH2D1A, which encodes the adapter protein
signaling lymphocytic activation molecule-associated protein (SAP)
(4-6). SAP binds to the cytoplasmic domains of various cell surface
receptors (signaling lymphocytic activation molecule [SLAM], 2B4,
CD84, Ly9, NTB-A) expressed on hematopoietic cells that deliver
activation signals following interactions with their cognate ligands
(4,7-14). Mutations in SH2DIA are believed to compromise the sig-
naling pathways elicited by these SAP-associating receptors (3).
SAP-deficient mice (denoted as SAP”/~ mice) display impaired
humoral immune responses to T cell-dependent Ag, as evidenced
by the absence of germinal centers (GCs) and deficiencies in Ag-spe-
cific memory B cells, plasma cells, and serum antibodies (15-19).
This defect was previously shown to be corrected by adoptively
transferring SAP-sufficient CD4* T cells (18), which suggests an
extrinsic B cell abnormality. However, the mechanism whereby SAP
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plantation; CVID, common variable immunodeficiency; GC, germinal center; ICOS,
inducible costimulator; ICOS-L, ICOS ligand; PB, peripheral blood; PerCp, peridinin
chlorophyll; PHA, phytohemagglutinin; rIL-2, recombinant human IL-2; SAP, signal-
ing lymphocytic activation molecule-associated protein; SA-TC, streptavidin-tricolor;
SLAM, signaling lymphocytic activation molecule; TCL, T cell line; Ty cells, follicular
T helper cells; XLP, X-linked lymphoproliferative disease.
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regulated the helper function of CD4* T cells in this model was not
determined. Although SAP-/~ mice phenocopy many aspects of XLP,
there are some limitations to this model of the human disorder. For
instance, mice are not susceptible to infection with EBV (20), the
main trigger for the onset of XLP (1, 2), and SAP~/~ mice have not
been reported to develop lymphoma, a common clinical manifesta-
tion of XLP (1, 2). Therefore, in order to gain an understanding of
the role of SAP in the human immune system, it is important to
examine cellular and molecular responses directly in XLP patients.

Here we investigated the effect of SH2D1A mutations on the devel-
opment and function of B cells in XLP patients compared to healthy
controls and patients with common variable immunodeficiency
(CVID)who also have unexplained hypogammaglobulinemia (21,22).
Our studies revealed that all patients with XLP, but not those with
CVID, exhibited a severe deficiency in circulating memory B cells.
The few memory B cells that developed in XLP patients were pre-
dominantly IgM*, demonstrating reduced Ig isotype switching in
vivo. XLP B cells responded to T cell-dependent stimuli in vitro
as efficiently as normal B cells. In contrast, activated CD4" T cells
from some XLP patients failed to provide B cell help for Ig produc-
tion by cocultured allogeneic normal B cells, demonstrating that
the defect in Ig production is B cell extrinsic and due to defective T
cell help. We identified, as a possible cause for this defect, reduced
production of IL-10 by CD4" T cells from all XLP patients exam-
ined. In addition, XLP CD4* T cells failed to efficiently upregulate
the expression of inducible costimulator (ICOS), a potent inducer
of IL-10 production (23). These combined abnormalities may con-
tribute to the humoral immune defect in XLP and may be unique
to the human disease because, unlike in human B cells (24), IL-10
Number 4 1049
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Table 1
Features of XLP patients

data not shown) (14, 26), and sev-
eral of these patients have been
described previously (14, 27). A

Patient Clinical phenotype ~ EBV infection Intravenouslg Mutation Effect on SAP mutation in SH2DI1A in XLP no.
No. 1 FIM, hypog, lymphoma, Yes Yes Missense Y54C, reduced SAP 15 could not be detected, which
hemophagocytosis was also the case with some other
No. 2 FIM, hypog Yes Yes Missense F87S, reduced SAP XLP patients (28); however, this
No. 3 FIM, hypog Yes Yes Missense F87S, reduced SAP patient’s MNCs lacked expression
No. 4 Aplastic anemia No No Missense 184T, reduced SAP of SAP (data not shown).
No. 5 Control No No M!ssense 184T, reduced SAP XLP patients have a severe reduction
No. 7 Control No No Missense 184T, reduced SAP in the frequency of memory (CD27%)
No. 8 FIM, hypog Yes Yes Missense 184T, reduced SAP B cells. The B cell
No. 9 FIM, hypog, lymphoma Yes Yes Frameshift V102X, truncated SAP cets. € . cell compartment
No. 10 Eosinophilia No No Missense R55X, truncated SAP of XLP patients was compared
No. 11 Hypog Yes Yes Deletion No SAP to that of controls and CVID
No. 14 Unknown Unknown Unknown Deletion No SAP patients, who are also hypogamma-
No. 15 Hypog No Yes Unknown Reduced SAP globulinemic but SAP sufficient
No. 16 Hypog, lymphoma Unknown Yes Missense 184T, reduced SAP (our unpublished data). In XLP
No. 17 Hemophagocytosis Yes Yes Missense Y76X, truncated SAP patients, the average frequency of B

FIM, fulminant infectious mononucleosis; hypog, hypogammaglobulinemia.

does not support the proliferation and differentiation of murine B
cells (25). These findings may allow the development of new thera-
pies for the treatment of XLP as well as other immunodeficiencies
that present with hypogammaglobulinemia.

Results

XLP patients. In this study, 14 XLP patients, aged 10-49 years,
from 9 different families were investigated. The clinical features
of these patients, as well as SH2D1A mutations and EBV status,
are listed in Table 1. All of these mutations drastically reduced or
eliminated SAP expression by activated mononuclear cells (MNCs;

cells (CD20") within the peripheral

blood (PB) lymphocyte population

was 14.2% + 2.5% (mean + SEM;

n = 14; Figure 1A). A similar fre-
quency was observed for healthy individuals (9.6% + 0.6%; n = 21)
and CVID patients (8.3% + 1.5%; n = 18; Figure 1A). When the num-
ber of B cells per milliliter of blood was enumerated, there was no
statistical difference between XLP patients and healthy individuals
or CVID patients (Figure 1A).

Analysis of the PB B cell compartment of healthy controls and
CVID patients revealed that 29.2% + 2.8% (range 4.5-51.5%; n = 21)
and 20.5% + 4.2% (range 0.3-64.8%; n = 17), respectively, were mem-
ory cells, identified by expression of CD27 (13, 29, 30) (Figure 1B).
The results for controls were consistent with previous findings that
examined CD27" cells within the B cell compartments of healthy
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Figure 1

XLP patients have a severe reduction of memory (CD27+) B cells. (A) PBMCs from 21 healthy donors, 14 XLP patients, and 18 CVID patients
were labeled with anti-CD20 mAb, and the frequency of B cells in the lymphocyte population was determined. The number of B cells per mil-
liliter of blood was then enumerated. (B) PBMCs were labeled with anti-CD20 and anti-CD27 mAbs and the frequency and number of memory
(CD27+) B cells/ml of blood were quantitated. The histogram (A) and dot plots (B) are from 1 representative healthy donor, 1 XLP patient, and 1
CVID patient. The graphs show the data points for all donors and patients examined, with the mean frequency and number of cells per milliliter
represented by the column graphs and horizontal lines, respectively. Significant differences are indicated. *P < 0.05; ***P < 0.001.
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Figure 2

B cells fail to undergo isotype switching in vivo in XLP patients. PBMCs from 18 healthy donors, 12
XLP patients, and 18 CVID patients were labeled with mAbs specific for CD20, CD27, and either
IgM, 1gG, IgA, or an isotype control Ab. (A) Expression of surface Ig isotypes by memory B cells in
healthy donors (solid histogram) and XLP patients (overlay histogram) was determined by gating on
CD20+CD27+ cells. The percentage (B) and number (C) of memory B cells that expressed IgM, 1gG,
or IgA was then calculated. The graphs show the data points for all donors and patients examined,
with the mean frequency and number of cells per milliliter of blood represented by the column graphs
and horizontal lines, respectively. Significant differences are indicated. **P < 0.01; ***P < 0.001.

subjects older than 1 year (i.e., 10-40%; ref. 31). By contrast, a marked
decrease in the frequency of memory B cells was observed in all XLP
patients examined (3.4% = 0.5%; range 0.4-7.0%; n = 14). Enumeration
of the absolute number of memory B cells revealed an approximate-
ly 10-fold decrease when compared to that of controls. Thus, XLP
patients had a statistically significant decrease in both the frequency
and number of memory B cells (P < 0.001; Figure 1B).

A reduction in memory B cells was observed in XLP patients
prior to EBV infection (3.5% + 1.5% in EBV- XLP patients; n = 6)
as well as after infection (2.4% = 0.6%; n = 7), suggesting that the
decrease in memory B cells results from altered SAP expression or
function rather than exposure to EBV. To extend this observation,
the memory B cell compartment of individuals diagnosed with
acute EBV infection was examined. In these patients, the average
frequency of B cells with a memory phenotype was 32.4% + 7.7%
(range 11.5-44.8%; n = 4), which was similar to that in healthy
donors. Samples from XLP no. 11 both before and after EBV infec-
tion demonstrated a greater diminution of the memory B cell
compartment following EBV infection (4.5% before infection; 0.5%
after infection). Thus, although the defect in generating memory
B cells is evident prior to EBV infection, the number of memory B
cells may be further reduced following EBV infection.

Isotype-switched memory B cells do not develop in XLP patients. The human
memory B cell population is heterogenous, comprising cells express-
ing IgM or those that have undergone class switching and express IgG,
IgA, or IgE (Figure 2A and refs. 13, 29-33). In controls, IgM*, IgG*,
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and IgA* B cells were found to account for

IgA

43.9% + 3.4%, 22.1% * 1.6%, and 17.9 + 1.2%,
respectively, of the memory population

(Figure 2B). Although the memory com-
partment was severely reduced in XLP
patients, it remained possible to examine
the different memory cell subsets. A sig-
nificantly greater proportion of XLP mem-

IgA ory B cells were IgM* compared to those in

controls (70.5% + 3.2%; Figure 2, A and B).
Despite this increase in the frequency of
IgM* memory cells, there was a significant
deficiency in the number of these cells
(Figure 2C). Furthermore, the frequency
and absolute number of switched memory
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B cells were reduced by more than 4-fold
and more than 22-fold, respectively, in
XLP patients compared to controls (IgG,
P <0.001; IgA, P < 0.01; Figure 2, B and C).
In contrast to XLP patients, CVID patients
showed a broad range of memory B cell
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—

LY

¥ phenotypes, which were associated with
variable defects in isotype switching
(Figure 2, B and C). These results were con-
sistent with previous observations (21, 22).
Thus, although a mature B cell repertoire
can be generated in XLP patients, as shown
by normal numbers of PB B cells, mutations
in SH2D1A compromise the ability of naive B
cells to undergo differentiation into memory
B cells and to complete Ig isotype switching
in vivo. Indeed, analysis of XLP no. 4 before
and 2 years after bone marrow transplanta-
tion (BMT) revealed a marked improvement
in the frequency (i.e., 4.0% before BMT; 8.8% after BMT) and num-
ber of memory B cells, including those that have undergone isotype
switching (i.e., approximately 9.0% before BMT; approximately 48%
after BMT), thereby demonstrating the requirement for expression of
SAP in hematopoietic cells for normal B cell differentiation.

XLP B cells exhibit normal responses to T cell-dependent stimuli in vitro.
SAP is expressed in human T cells (4-6) and GC B cells (34). Con-
sequently, hypogammaglobulinemia in XLP could result from
an intrinsic B cell defect, an extrinsic defect in events governing
T cell-dependent B cell differentiation, or both. To determine
whether XLP B cells are intrinsically defective, we compared the
ability of normal and XLP naive B cells to undergo proliferation,
isotype switching, and Ig secretion in vitro.

When CFSE profiles of CD40L-stimulated naive B cells from a
healthy donor and an XLP patient were compared after 6 days of
culture, it was found that a similar proportion of cells had under-
gone the same number of cell divisions, demonstrating a similar
rate of proliferation (Figure 3A). Furthermore, proliferation of
CD40L-stimulated naive B cells from the healthy donor and XLP
patient was increased by the addition of IL-4, IL-10, or both, evi-
denced by detection of a greater proportion of cells in later divi-
sions (Figure 3A). When 4 different controls and XLP patients were
examined, the percentage of naive B cells in each division was com-
parable for all culture conditions examined (Figure 3B).

Differentiation of naive B cells into effector cells is linked to cell
division. For example, when stimulated with CD40L and IL-4,

a ees
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respectively; levels comparable to
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4 2

CFSE

CD40L CD40L/IL-4 CD40L/IL-10

CD40L/IL-4/IL-10

3 those of normal naive B cells (ref. 33
and data not shown). Taken togeth-
er, these results demonstrate that
XLP B cells are intrinsically normal,
suggesting that hypogammaglobu-
linemia in XLP is attributable to
defects extrinsic to the B cell.

Naive and memory CD4* T cells
develop normally in XLP patients but
fail to provide B cell help. We next
investigated whether the observed
in vivo defect in B cell function
was associated with a lack of T
cell help, as suggested by previous
studies of SAP~/~ mice (18). The

CD40L/IL-4/IL-10

0123456 012345¢6 01
® Division number

XLP no. 1

23 45

Normal XLP no. 3

6 0123 45¢67

number of CD4" T cells present

XLP no. 8 in XLP patients was first deter-

9.4 4.3 2.9

IgG

Figure 3

Naive B cells from XLP patients and healthy donors exhibit comparable proliferation and differentiation in
response to T cell-dependent stimuli. Naive B cells were purified from healthy donors and XLP patients,
labeled with CFSE, and cultured with CD40L in IL-4, IL-10, or IL-4 and IL-10 combined. (A) CFSE profiles
from a representative healthy donor (solid histograms) and an XLP patient (XLP no. 8; open histograms)
were determined after 6 days of culture. Values indicate the number of times the cells underwent division
(i.e., division number). (B) By setting gates on CFSE peaks, the percentage of cells per division was
determined (triangles, healthy donor; squares, XLP patient). The results represent the mean + SEM of
experiments performed using naive B cells isolated from 4 different healthy donors and 4 XLP patients
(XLP nos. 1, 2, 3, and 8). (C) Naive B cells were labeled with CFSE and then cultured with CD40L and
IL-4. After 6 days, cells were stained with anti-human IgG or an isotype control mAb to establish gates for
1gG expression. The values in the contour plots represent the percentage of IgG+ cells in the CD40L plus
IL-4 cultures. No IgG+ cells were detected in cultures performed in the absence of IL-4.

human and murine naive B cells acquire expression of IgG after 3
divisions (33, 35). Therefore, B cells from XLP patients were exam-
ined for their ability to differentiate in vitro and compared with B
cells from healthy, SAP-sufficient donors. A similar percentage of
IgG* cells was generated from normal and XLP naive B cells fol-
lowing culture with CD40L and IL-4 (Figure 3C). The range of
IgG" cells observed for the stimulated XLP B cells was comparable
to our previous observations using human naive B cells from dif-
ferent tissues (i.e., 3-15%; ref. 33). This process occurred in a divi-
sion-dependent manner, such that an increase in IgG* cells did
not occur until the cells had undergone several rounds of cell
division (Figure 3C). Consistent with the similar rates of differen-
tiation of naive control and XLP B cells into IgG* cells, these cells
secreted comparable amounts of IgM when cultured in vitro with
CD40L alone (normal, 1.66 + 1.1 ug/ml; XLP, 2.3 + 1.25 ug/ml;
mean = SEM, n = 4) or with IL-10 (normal, 10.0 + 5.7 ug/ml; XLP,
7.2 + 3.5 ug/ml). Furthermore, low amounts of IgG (24 + 6 ng/ml) and
IgA (237 + 152 ng/ml; n = 4) were detected when sort-purified naive
XLP B cells were cultured with CD40L and IL-4 or CD40L and IL-10,
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mined. This analysis revealed that
XLP patients had significantly
reduced numbers of total CD4* T
cells compared with healthy SAP-
sufficient individuals (Figure 4A),
confirming previous results (36).
Adult PB CD4* T cells consist of
multiple subsets differing in their
history of antigenic challenge (and
therefore differentiation status).
These subsets can be resolved by
the differential expression of CD27
and CD45RA (37, 38). Expression
of these molecules was used to
determine whether the reduction in
total CD4* T cells in XLP resulted
from a deficiency of either naive T
cells (CD45RA*CD27"), conven-
tional memory T cells (CD45RA-
CD27%), or effector memory T cells
(CD45RACD27") (36, 37). The fre-
quencies of these different subsets
of CD4" T cells were comparable in
healthy donors and XLP patients (Figure 4, B and C), which revealed
that, although SAP deficiency does not impede differentiation of
CD4* T cells, there is a reduction in all CD4* T cell subsets in XLP.

The functionality of XLP CD4" T cells was next investigated by
coculturing anti-CD3 mAb-stimulated normal and XLP CD4* T
cells with naive allogeneic B cells to examine their ability to provide
the necessary signals to induce B cell activation and Ig production
(39). When cocultured with naive allogeneic B cells, activated CD4*
T cells from healthy donors induced high levels of IgM secretion
and low but detectable levels of IgG and IgA. In contrast, when
T cells from XLP no. 2 were cocultured with allogeneic B cells
under the same conditions, up to 20-fold less Ig was produced,
revealing a marked defect in B cell help (Figure 4D). This result
was also observed when CD4* T cells from XLP no. 1 and XLP no.
8 were examined (data not shown). Thus, although CD4* T cells
develop normally in the absence of SAP, their ability to induce T
cell-dependent B cell differentiation is compromised.

XLP CD4* T cells produce reduced amounts of IL-10. Defects in produc-
tion of IL-4 have been previously reported in SAP~- mice (15, 16).

10
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CD4+ T cells develop and differentiate normally in XLP; however, they are impaired in providing help for B cell differentiation. PBMCs from con-
trols and XLP patients were labeled with mAbs specific for CD4, CD45RA, and CD27. (A) The absolute number of total CD4+ T cells was calcu-
lated according to the frequencies of these cells in the different blood samples (control, n = 14; XLP, n = 12; *P < 0.05). (B and C) The dot plots
are from (B) 1 representative healthy donor and (C) 1 XLP patient (XLP no. 3), and the values represent the mean percentage + SEM of cells with
the indicated surface phenotype; i.e., naive (CD45RA+CD27+), conventional memory (CD45RA-CD27+), or effector memory (CD45RA-CD27-).
(D) CD4+ T cells were isolated from a healthy donor or XLP no. 2 and then cocultured in triplicate with naive allogeneic B cells in the presence
of immobilized anti-CD3 mAb. The levels of secreted IgM, IgG, and IgA were determined by ELISA after 12 days of culture.

Similarly, a recent study reported a reduction in the frequency of
CCR4" Th2-like memory CD4" cells in 2 XLP patients; however,
cytokine production by these cells was not examined (40). A defect
in production of cytokines involved in regulating B cell function by
human XLP CD4* T cells could explain the inability of these cells to
stimulate Ig production by B cells. Consequently, we investigated
the production of IL-4 and IL-10 by naive and conventional memory
CD4" T cells. Few CD4" T cells expressed IL-4 or IL-10 in the absence
of exogenous IL-4 (data not shown). However, IL-4- and IL-10-pro-
ducing cells could be generated in the presence of exogenous IL-4
(Figure S), consistent with previous studies (41). There was no sig-
nificant difference in the frequency of IL-4-producing cells generat-
ed from normal and XLP naive and memory CD4* T cells (P > 0.05;
Figure SA). In contrast, the frequency of IL-10-producing naive and
conventional memory CD4" T cells was significantly reduced (mean,
2.6-fold) inall XLP patients examined compared to controls (Figure SB).
From examining CFSE-labeled CD4* T cells, it was evident that the
majority of the IL-10-producing cells were found in the later cell
divisions (Figure 5, C and D) and that the generation of IL-10-pro-
ducing cells from both normal and XLP naive and memory CD4*
T cells occurred in a division-linked manner (Figure SE). However,
there was a clear reduction in the frequency of IL-10* cells generated
from XLP naive and memory CD4* T cells across all divisions when
compared to normal cells (Figure SE). A reduction in the ability of
XLP naive and memory CD4" T cells to differentiate into IL-10" cells
was observed in an XLP patient prior to EBV infection, as well as
in 4 XLP patients who were EBV*, suggesting that impaired differ-
entiation of these cells was independent of EBV infection. Taken
together, these results suggest that CD4* T cells from XLP patients
are defective in IL-10 production, which may account for the B cell
phenotype present in these individuals.

Ectopic expression of SAP augments production of IL-10 by activated T cells.
To examine the consequences of SAP expression on cytokine produc-
tion, CD4" T cell lines (TCLs) were generated from 2 healthy donors
and 2 SAP-deficient XLP patients. These cell lines were transduced
with a SAP-encoding retroviral vector in order to obtain ectopic
expression of SAP. Western blot analysis indicated that purified
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transduced CD4* TCLs from healthy donors overexpressed SAP by
approximately 2-fold when compared to untransduced CD4* TCLs
whereas purified transduced CD4* TCLs from the XLP patient
showed partial restoration of SAP expression (data not shown).
Following stimulation through CD3, the different TCLs produced
detectable levels of IL-10 (Figure 6). Notably, production of IL-10 by 1
of the XLP CD4" TCLs was approximately 5-fold less than that of the
2 normal TCLs, demonstrating that the defect in IL-10 production
observed in primary T cells could also be observed for some XLP CD4*
TCLs (Figure 6). Overexpression or restoration, respectively, of SAP in
normal or XLP CD4* TCLs increased production of IL-10, such that
the amount of IL-10 produced by the XLP CD4* TCLs approximated
that produced by normal CD4* TCLs (Figure 6). Thus, IL-10 produc-
tion can be augmented in the presence of increased levels of SAP.

IL-10is required for T cell-dependent B cell differentiation. The failure of
XLPCD4' T cells to provide B cell help in the coculture assay (Figure 4D)
coupled with their reduced production of IL-10 (Figure 5, B-D) sug-
gested that IL-10 produced by anti-CD3 mAb-stimulated normal
CD4" T cells drives Ig production by cocultured B cells. To test this
possibility, we determined the effect of neutralizing IL-10 on Ig pro-
duction in cocultures of normal CD4* T cells and naive allogeneic B
cells. The high level of Ig produced by naive B cells in the coculture
system was reduced by more than 85% in the presence of an anti-IL-10
mAD while an isotype-control mAb had no effect (Figure 7A). The
corollary of this finding is that the defective helper capability of
XLP CD4* T cells could be rescued by the addition of IL-10 to these
cocultures. Indeed, when cultures of activated XLP CD4" T cells and
naive B cells were supplemented with exogenous IL-10, the amounts
of IgM, IgG, and IgA produced were increased 3- to 10-fold (Figure 7,
B-D). The increase in secretion of Ig induced by anti-CD3 mAb-
stimulated XLP CD4" T cells in the presence of IL-10 improved the
defect from being less than 10% of that induced by activated normal
CD4" T cells to approximately 50% (mean of 3 experiments; data not
shown). Thus, decreased IL-10 production by XLP CD4" T cells may
significantly limit their ability to provide help to B cells.

To further explore the link between SAP expression and IL-10 pro-
duction (as revealed in Figure 6), untransduced or SAP-transduced
Volume 115 1053
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Reduced IL-10 production by naive and memory CD4+ T cells from XLP patients. (A and B) Purified CD4+ T cells were sorted into naive
(CD45RA+CD27+) and conventional memory (CD45RA-CD27+) subsets, labeled with CFSE, and then cultured under Th2-type conditions as
described in Methods. After a total of 6 or 7 days, the cells were harvested and restimulated with PMA and ionomycin to induce cytokine expres-
sion. Memory CD4+ T cells were also restimulated for cytokine production after either 4 or 5 days of primary culture or following an additional 2
days of reculture on day 6 or 7. Following restimulation, cells were fixed with 4% formaldehyde and stained with mAbs specific for IL-4 (A), IL-10
(B), or an isotype control Ab (data not shown). The percentage of IL-4+ and IL-10* CD4+ T cells from healthy donors (white bars) and XLP patients
(black bars) was determined. Values represent the mean + SEM of 5—10 experiments performed using naive and conventional memory T cells
isolated from 5 XLP patients (XLP nos. 1, 2, 3, 8, and 10). *P < 0.02; ***P < 0.001. (C and D) Contour plots of CFSE versus intracellular IL-10
expression by naive and conventional memory CD4+ T cells from healthy donors (C) and XLP patients (D) show changes in IL-10 production with
division. (E) The percentage of IL-10* cells per division was determined by division slicing.

normal and XLP CD4* TCLs were examined for their ability to induce
Ig production by cocultured allogenic naive B cells. Consistent with
the results obtained using primary CD4* T cells (Figure 7, A-D), nor-
mal CD4" TCLs induced secretion of high levels of all Ig isotypes by
cocultured B cells, while XLP CD4* TCLs failed to do so (Figure 7E).
However, the ability of XLP CD4* TCLs to provide B cell help was sub-
stantially improved following reconstitution of SAP expression. Thus,
the level of Ig produced by B cells cocultured with SAP-transduced
XLP CD4" TCLs was approximately 75% of that induced by nor-
mal CD4* TCLs (Figure 7E). Interestingly, overexpression of SAP in
normal CD4* T cells also enhanced their ability to provide help to
cocultured B cells (Figure 7E), demonstrating that T cell-dependent B
cell activation can be modulated by differential expression of SAP.
SAP-mediated provision of T cell belp is IL-10 dependent. The increase in B
cell help afforded by ectopic expression of SAP (Figure 7E) was com-
parable to the increase in IL-10 production by CD4* TCLs (Figure 6).
Furthermore, the addition of exogenous IL-10 to cocultures of XLP
CD4* TCLs and B cells induced Ig production to an extent similar
to that of cultures of SAP-transduced XLP CD4* TCLs and B cells
1054
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(Figure 7F). These results suggest that the increase in B cell help due
to the overexpression of SAP was caused by the increase in IL-10
production by CD4* TCLs. This was confirmed by the demonstra-
tion that the addition of neutralizing anti-IL-10 mAb to cocultures
of SAP-transduced XLP CD4* TCLs and B cells reduced Ig produc-
tion by approximately 80%. Thus, SAP regulates T cell-dependent
B cell differentiation in an IL-10-dependent manner.

Decreased ICOS expression by XLP CD4" T cells. The amount of B cell
help achieved following SAP-tranduction of XLP CD4* TCLs or the
addition of IL-10 to XLP CD4* T cells was less than that of normal
CD4* T cells (Figure 7, B-F), thus suggesting additional defect(s) in
XLP CD4" T cells. We noticed many similarities in the phenotypes of
mice and humans deficient in either SAP (1-3, 15, 16, 18) or ICOS/
ICOS ligand (ICOS/ICOS-L; reviewed in ref. 42). This raised the pos-
sibility that a defect in the ICOS pathway may also contribute to
impaired T cell-dependent B cell help in XLP, especially given the
role of ICOS in inducing IL-10 production by CD4* T cells (23).

To investigate this, we examined ICOS expression on XLP
CD4" T cells following in vitro stimulation. The level of ICOS on
Number 4
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unstimulated normal and XLP CD4* T cells was similar (Figure 8A).
Following stimulation, ICOS expression was upregulated on the
majority of normal CD4" T cells (Figure 8, B and C; 76.3% + 2.2%,
n=12). In contrast, significantly fewer XLP CD4" T cells upregulated
ICOS (Figure 8, B and C; 44.5% + 4.3%, n = 10; P < 0.001). This reduc-

sion of other activation molecules (CD69, CD95, CD154) were com-
parable between normal and XLP CD4* T cells (data not shown).
Furthermore, analysis over a 48-hour period revealed consistently
lower ICOS expression by XLP CD4* T cells compared with that of
normal CD4" T cells (data not shown). In contrast, the majority of
CD4" T cells from CVID patients upregulated ICOS to an extent sim-
ilar to that of CD4" T cells from healthy donors following in vitro
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Figure 7

Defective T cell help in XLP is improved by exogenous IL-10. (A) Control CD4+ T cells were cocultured with naive allogeneic splenic B cells alone
(unstim), or with immobilized anti-CD3 mAb (+ a-CD3; 5 ug/ml) with or without control Ab (+ clg; 25 ug/ml), or neutralizing anti-IL-10 mAb (+ a—IL-10;
25 ug/ml). After 12 days, supernatants were harvested and the amount of secreted IgM (gray bars), IgG (white bars), and IgA (black bars) was
determined by ELISA. Values represent the means of quadruplicate culture. Similar results were obtained in additional independent experiments.
(B-D) Control or XLP (XLP no. 2) CD4+ T cells were cocultured with B cells with immobilized anti-CD3 mAbs (+ a-CD3). IL-10 was added to cul-
tures containing B cells and XLP CD4+ T cells (+ IL-10; 100 U/ml). After 12 days, supernatants were harvested and the amount of secreted IgM (B),
I1gG (C), and IgA (D) was determined by ELISA. The values represent the means of quadruplicate wells and are representative of 3 experiments
performed using CD4+ T cells from different XLP patients. (E) Control and XLP CD4+ TCLs (XLP no. 17) that were either untransduced (-) or SAP-
transduced (+) were cocultured with naive B cells in the presence of immobilized anti-CD3 mAb (1 ug/ml). (F) Untransduced or SAP-transduced
XLP CD4+ TCLs were cocultured with B cells and immobilized anti-CD3 mAbs in the absence or presence of IL-10, control Ig (clg), or neutralizing
anti—-IL-10 mAb (o—IL-10), as indicated. (E and F) Supernatants were harvested after 10 days and the amount of secreted IgM (gray bars), IgG
(white bars), and IgA (black bars) was determined by ELISA. Values represent the means + SEM of triplicate cultures.
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Impaired B cell differentiation in XLP is associated with reduced expression of ICOS by CD4+ T
cells. PBMCs from a healthy donor and XLP no. 1 were unstimulated (A) or cultured with PHA and
IL-2 (stimulated; B). After 24 hours, the cells were harvested and stained with mAb specific for
CD4 and ICOS. The induction of ICOS expression on CD4+ T cells from the healthy donor (solid
histograms) and XLP no. 1 (open histograms) was determined by gates set on unstimulated cells.
(C) Using the same method as outlined in B, we investigated the induction of ICOS on CD4+ T cells
from 12 controls, 8 XLP patients (XLP nos. 1, 2, 3, 4,7, 8, 10, and 15), and 12 CVID patients. ICOS
expression on CD4+ T cells isolated from XLP no. 1 and XLP no. 3 was determined on 2 separate

occasions with 2 different healthy donors. ***P < 0.001.

stimulation (Figure 8C). Thus, decreased expression of ICOS on XLP
CD4" T cells may be another mechanism, in addition to reduced
IL-10 production, that contributes to impaired T cell help in XLP.

Th1 cytokine production by naive and memory XLP CD4* T cells is nor-
mal. It also seemed possible that reduced Ig production by XLP B
cells in vivo may have resulted from increased production of IFN-y,
which can inhibit Ig secretion (43). This would be consistent with
the finding of increased IFN-y production by CD4* T cells from
SAP-/~ mice (15, 16, 44, 45). However, production of IFN-y, as well
as TNF-a,, IL-2, and GM-CSF by naive and conventional memory
CD4" T cells from healthy donors and XLP patients was equiva-
lent when cultured in the presence (Table 2) or absence (data not
shown) of exogenous IL-12 in order to induce differentiation
to Thl-type cells (41). These results suggest that production of
Th1-type cytokines by human CD4" T cells is not impaired in the
absence of functional SAP and that the B cell phenotype in XLP
more likely results from impaired production of IL-10.

Discussion

Recent studies have suggested that reduced long-term humoral
immunity in SAP-/~ mice results from a defect in CD4* T cells (18),
although the underlying mechanism has not been elucidated. The
demonstration of SAP expression in human GC B cells (34), as
well as in T cells (4-6), raised the possibility that aberrant humoral
immunity in XLP may result from defects in T cells, B cells, or both.
We investigated the consequences of reduced SAP expression on B
and T cell differentiation in 14 XLP patients from 9 different fami-
lies. XLP patients displayed normal frequencies and numbers of PB
B cells (Figure 1A), consistent with previous studies (36), suggest-
ing SAP does not play a role in the generation of mature B cells.
However, irrespective of the SH2D1A mutation, the majority of B
cells in XLP patients were naive, indicating a severe reduction in
memory B cells, especially isotype-switched cells (Figure 1B and
Figure 2). This defect was observed in patients independently of
EBV infection, suggesting the decrease in memory B cells results
from altered SAP function. This parallels the reduced basal levels
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during EBV infection (40). However, this
study also found reduced numbers of
total B cells, in contrast to our data and
data published previously (36), suggest-
ing additional factors may affect B cell
numbers in this 1 family (40). Despite
this difference, the absence of memory
B cells is consistent with the inability
of XLP patients to generate switched Ig
isotypes following immunization with
T cell-dependent Ag (47). The finding
that the generation of memory B cells
was impaired in all XLP patients examined strongly supports the
universal use of replacement Ig as a therapy for this disease. In
contrast to XLP patients, CVID patients showed a broad range of
memory B cell phenotypes, with variable defects in isotype switch-
ing (Figures 1 and 2; refs. 21, 22). This not only highlights the
heterogeneity in the presentation of CVID but demonstrates that
therapeutic Ig administered to XLP and CVID patients does not
contribute to the specific reduction in memory B cells in XLP.

By analyzing the response of XLP B cells to T cell-dependent
stimuli in vitro, it became apparent that these cells were intrinsi-
cally normal, similar to those of SAP”/- mice, which can mount
normal T-independent responses (19). Thus, defective Ig produc-
tion by XLP B cells in vivo is likely to be due to non-B cell autono-
mous defects. CD4* T cells were examined to delineate the nature
of such defects. Production of IL-2, IFN-y, and TNF-o. by normal
and XLP naive and memory CD4* T cells was similar (Table 2). We
also observed comparable production of IFN-y and IL-2 by stimu-
lated normal and XLP CD4* TCLs (data not shown). These results
contrast with studies of SAP/- mice, which have reported increased
IFN-y by SAP-deficient CD4* T cells (15, 16, 18, 44, 45).

When we analyzed production of cytokines known to play impor-
tant roles in humoral immunity, we found that similar frequencies
of IL-4-producing cells could be generated in vitro from XLP and
normal CD4" T cells. In contrast, the ability of both naive and mem-
ory XLP CD4* T cells to differentiate into IL-10-producing cells
was significantly reduced (Figure 5). The finding that XLP CD4* T
cells exhibit reduced production of IL-10 prior to EBV infection is
consistent with our observation that the memory B cell compart-
ment is severely contracted in all XLP patients, irrespective of their
EBV status. The deficit in IL-10 production by XLP CD4" T cells
may also contribute to the susceptibility of these patients to EBV
infection since an association has been observed between a poly-
morphism in the promoter of the human IL-10 gene that results in
increased IL-10 secretion and resistance to EBV infection (48).

SAP-/- mice were also reported to have defects in both IL-4 and IL-10
production (16). However, the IL-10 deficiency could be corrected by
Number 4
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Table 2
CD4+ XLP T cells yield frequencies of Th1 cytokine—expressing cells similar to those of control
CD4+T cells

% Cytokine-expressing cells

Naive (CD45RA+CD27+) Memory (CD45RA-CD27+)

Cytokines Control  No. exp. XLP No. exp. Control No. exp. XLP No. exp.

IL-2 44749 9 50.8+7.2 6 408+55 7 36.8 £5.1 7
(24.8-65.4) (21.9-71.4) (19-54.4) (22.3-60)

IFN-y 24.8+5.6 9 31.2+6.6 6 30.1+4.2 7 31.0+5.1 7
(1-50.6) (0.7-40.1) (9.5-41.9) (8.9-46.4)

TNF-a. 414+75 9 48.0+£95 6 55357 7 59140 7
(4.2-72.1) (2.7-67.5) (25.8-72.8) (48.7-75.1)

GM-CSF  20.7+5.8 7 249+49 6 28.3+49 7 39.4+£39 7
(1.8-38.3) (1.4-34.4) (8-45.6) (29.2-53.5)

Naive and conventional memory CD4+ T cells were isolated from healthy donors and XLP patients and
then cultured with immobilized anti-CD3 and soluble anti-CD28 mAbs, IL-2, IL-12, and neutralizing anti—
IL-4 mADbs. After 5 days, cells were harvested and restimulated with PMA and ionomycin to induce cytokine
expression. Cells were then fixed and stained for intracellular cytokine production using mAbs specific for
IL-2, IFN-y, TNF-a, and GM-CSF. Data represent the mean percentage + SEM of cytokine-expressing cells
for up to 9 healthy donors and experiments using CD4+ T cells from 5 XLP patients (XLP nos. 1, 2, 3, 8,
and 10), some of which were examined on multiple occasions. The range of cytokine-producing cells is
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production by activated CD4* T cells
(23, 42). Interestingly, there are many
similarities between humans and mice
that are deficient in SAP and ICOS or
its ICOS-L, such as the inability to form
GCs and to undergo Ig isotype switch-
ing in vivo, a deficiency in memory
B cells and plasma cells, and reduced
production of IL-4 and IL-10 by CD4*
T cells (15, 16, 18, 42). It is clear from
these studies that both ICOS and SAP
are critical for productive and appro-
priate humoral immunity. It is there-
fore tempting to speculate that they are
components of a common pathway.
Several additional lines of evidence
also support this proposal. First, both
ICOS- and SAP/- T cells are impaired
in their ability to produce IL-4 and,
because of this, exhibit defects in induc-
ing expression of transcription factors

indicated in parentheses. no. exp., number of experiments.

exogenous IL-4, which demonstrates that the reduced production
of IL-10 resulted from the inability of SAP7/~ murine CD4" T cells to
secrete IL-4 (45). In contrast, the deficiency in IL-10 production by
XLP CD4' T cells could not be overcome by exogenous IL-4 (Figure 5),
indicating a requirement for SAP in the differentiation of CD4* T
cells into IL-10-producing cells. This is consistent with our finding
that overexpression of wild-type SAP in normal and XLP CD4* TCLs
improved or restored IL-10 production by these cells (Figure 6) but
had minimal effect on IL-4 production by normal CD4" T cells (data
not shown). Extrapolating from recent studies detailing the effect
of different doses of IL-2 on T cell proliferation (49), it is likely that
an approximately 2- to 5-fold reduction in the frequency of IL-10* T
cells would have large (greater than 10-fold) effects on the behavior
of IL-10 responsive cells, namely B cells. Indeed, the significance of
impaired IL-10 production by XLP CD4" T cells was underscored by
the finding that their ability to provide help for Ig production by B
cells could be significantly enhanced by either the addition of exog-
enous IL-10 or the reconstitution of SAP expression by retroviral-
mediated gene transfer. Strikingly, the improved B cell response in the
presence of SAP-transduced XLP CD4* TCLs was IL-10 dependent
(Figure 7F). This demonstrates a direct link between the expression
of SAP by CD4" T cells and IL-10 production, thereby elucidating a
mechanism by which SAP regulates T cell-dependent B cell activa-
tion. These findings are consistent with the well-described ability of
IL-10 to act as a growth, differentiation, and Ig isotype switch factor
for human B cells (24, 25, 50). Overall, the identification of reduced
IL-10 production by CD4* SAP-deficient T cells raises the prospect of
devising IL-10-based therapies for the treatment of XLP.

Although exogenous IL-10 or reconstitution of SAP expression
improved the helper function of XLP CD4" T cells, neither complete-
ly restored it to the levels of SAP-sufficient CD4* T cells (Figure 7).
This suggests the existence of additional defects in XLP CD4" T cells.
A potentially important difference that we observed between healthy
individuals and XLP patients was the reduced expression of ICOS on
SAP-deficient CD4* T cells following in vitro activation (Figure 8).
A major function of ICOS is the preferential induction of IL-10
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(c-maf, GATA-3) involved in eliciting a

Th2 response (44,45, 51). Second, ICOS

has been found to be overexpressed on
CD4" T cells in human and murine SLE (52, 53); conversely, defi-
ciency of ICOS or SAP protects against the development of murine
SLE and other autoimmune diseases (19, 42). Third, expression
of ICOS, SAP, and the SAP-associating receptors CD84 and Ly9 is
greatly increased on follicular T helper cells (Ts cells), which local-
ize to GCs in human lymphoid tissues (23, 54, 55). Ty cells are likely
to be involved in regulating the differentiation of GC B cells into
memory and plasma cells because they produce high levels of IL-10
(55) and IL-21 (54), another cytokine that potently induces B cell dif-
ferentiation (56, 57), and efficiently induce B cells to secrete Ig in
vitro (55). Thus, it is possible that secretion of B cell helper cytokines
such as IL-10 and IL-21 by Ty cells, as well as expression of ICOS
on these cells, is regulated by the SAP-signaling pathway elicited by
homotypic interactions between SAP-associating receptors (SLAM,
CD84, Ly9) expressed on Ty cells and memory B cells (13,29, 54). In
the presence of inactivating mutations in SH2DIA, these processes
would be impaired. Interestingly, expression of ICOS on murine
CD4" T cells can be modulated by ectopic expression of GATA-3 or
IL-4 (58). Because SAP/- CD4" T cells exhibit impaired production of
IL-4 as well as activation of GATA-3 (44, 45), it is possible that ICOS
expression by murine CD4" T cells is also reduced in the absence of
SAP. Therefore, compromised production of B cell tropic cytokines
(mouse, IL-4; human, IL-10), coupled with reduced expression of
ICOS could potentially provide a mechanism for impaired humoral
immunity in SAP7/~ mice as well as XLP patients.

Methods
Reagents. Streptavidin-tricolor (SA-TC), allophycocyanin-conjugated (APC-
conjugated) anti-CD4, and anti-IFN-y mAbs were from CALTAG Labora-
tories. SA-peridinin chlorophyll (SA-PerCp), FITC-conjugated anti-CD20,
biotinylated anti-CD45RA, anti-IgD, anti-IgM, anti-IgG, anti-IgA, anti-TNF-a,
anti-GM-CSF, PE-conjugated anti-CD27, anti-CD154, anti-IL-2, anti-IL-4,
anti-JL-10, unconjugated anti-CD28 mAb (CD28.2), anti-IFN-y (B27), and
anti-IL-4 (MP4-25D2) mAbs were from BD Biosciences — Pharmingen.
Biotinylated anti-ICOS mAb was purchased from eBioscience. Unconjugated
and biotinylated goat anti-human IgM, IgG, or IgA polyclonal antisera were
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purchased from SouthernBiotech. Recombinant human CD40L (33) was a
generous gift from Marilyn Kehry (Boehringer Ingleheim, Ridgefield, Con-
necticut, USA). Recombinant human IL-2 (rIL-2) was purchased from Chem-
icon; anti-CD3 mAb (Spv-T3b) was provided by Hergen Spits (Netherlands
Cancer Institute, Amsterdam, The Netherlands) (59), human rIL-4, rIL-10,
and neutralizing anti-IL-10 mAb were provided by Rene de Waal Malefyt
(DNAX Research Institute, Palo Alto, California, USA). Recombinant mouse
IL-12 was from R&D Systems. CFSE and phytohemagglutinin (PHA) were
purchased from Invitrogen Corp. and Sigma-Aldrich, respectively.

Isolation and characterisation of PBMC. PB samples were collected from
healthy donors, XLP and CVID patients, and EBV-infected individuals fol-
lowing informed consent, and PBMCs were isolated by Ficoll-Paque cen-
trifugation. All studies described were approved by the Central Sydney Area
Health Service Human Research Ethics Committee, and the Children’s
Hospital of Philadelphia Institutional Review Board. PBMCs were surface
stained with mADb to characterize B cell subsets as described (13, 33). Data
was collected on a FACScalibur flow cytometer (BD Biosciences — Immuno-
cytometry Systems) and analyzed using FlowJo software (Tree Star Inc.).

Isolation of B and T cells. CD19" B cells and CD4" T cells were isolated from
PBMC using the CD19- and CD4-DYNA/detach-a-bead systems, respec-
tively (Dynal Biotech). Naive B cells were then isolated using CD27 MACS
Microbeads (Miltenyi Biotec) or by sorting CD20*CD27- cells (29, 33).
CD4" T subsets were isolated by labeling with PE-anti-CD27 and bio-
tin-anti-CD45RA mAbs, followed by SA-TC, and sorting CD45RA*CD27*
(naive) and CD45RA-CD27* (conventional memory) subsets (37, 38) using
a FACStar Plus or FACSVantage cell sorter (BD). Purified human B and T
cells were then labelled with CFSE (33).

B cell cultures. CESE-labelled naive B cells (2 x 105/500 ul) were cultured
for 6 days in 48-well plates (BD Biosciences — Discovery Labware) with
CDA40L alone or in the presence of rIL-4 (400 U/ml), rIL-10 (100 U/ml), or
both. In vitro-activated naive B cells were harvested and surface stained for
expression of Ig isotypes (33). The levels of secreted Ig in culture superna-
tants were determined using specific ELISA (33).

T cell cultures. CFSE-labelled CD4* T cells were cultured in 48-well plates
(2 x105/500 ul) with immobilized anti-CD3 mAb (5 ug/ml), anti-CD28 mAb
(750 ng/ml), rIL-2 (20 U/ml), and either rIL-4 (100 U/ml) and neutralizing
anti-IFN-y (5 ug/ml; Th2 culture) or rIL-12 (1 ng/ml) and neutralizing anti-
IL-4 (5 ug/ml; Th1 culture; ref. 41). After 4 or S days, CD4* T cells from the Th1
culture were harvested and restimulated for 6 hours with PMA (100 ng/ml;
Sigma-Aldrich) and ionomycin (750 ng/ml; Sigma-Aldrich), with Brefeld-
in A (5 ug/ml; Sigma-Aldrich) added after 2 hours. After this time, cells
were fixed in 4% formaldehyde (Sigma-Aldrich) and stained for expression
of intracellular cytokines (IL-2, IFN-y, TNF-a, and GM-CSF). All Abs and
wash steps were performed a in 0.5% saponin solution. For analysis of Th2
cytokines, cells were cultured for 4 or 5 days, harvested, washed, and sub-
jected to a secondary culture in the presence of rIL-2, rIL-4, and anti-IFN-y.
Two days later, cells were harvested and restimulated for cytokine produc-
tion with PMA and ionomycin as described above, and intracellular IL-4 and
IL-10 expression was determined using specific mAbs.

Transduction of CD4* T cells. Untransformed CD4* TCLs were generated by
repeated allogeneic stimulations from 2 SAP-deficient XLP patients and
from 2 healthy donors (7). A retroviral vector encoding SAP and the surface
marker ANLGFR (60) was used to transduce the CD4* TCLs after prestim-
ulation with anti-CD3 mAbs (1 ug/ml OKT?3; Janssen-Cilag), soluble anti-
CD28 mAbs (1 ug/ml), IL-2 (100 IU/ml), and IL-7 (10 ng/ml). Transduced
T cells were immunoselected with anti-ANLGFR mAbs and purified with
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rat anti-mouse IgG1-coated magnetic beads (Dynabeads M-450, Dynal
Biotech). After 1 round of immunoselection, over 95% of the cells expressed
the ALNGFR marker. Expression of SAP was verified by Western blot analy-
sis using an anti-SAP rabbit polyclonal antibody (14, 26). IL-10 present in
supernatants of cells that had been stimulated with 1ug/ml of immobi-
lized anti-CD3 mADb for 48 hours was measured by capture ELISA.

B cell-T cell cocultures. B cell-T cell cocultures were performed as previous-
ly described (39). CD4* T cells were isolated from healthy donors and XLP
patients. Control and XLP CD4* TCLs that were untransduced or transduced
with SAP (as above) were expanded in 24-well plates containing irradiated
PBMCs (1 x 10%/well) and an EBV-transformed B cell line (1 x 105/well), PHA
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Statistics. All statistics were performed using Prism software (version 3.0
for Macintosh; GraphPad Software).
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