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Edited by Arthur Weiss, University of California School of Medicine, San Francisco, CA, and approved December 10, 2007 (received for review
November 10, 2007)

SAP (also named SH2D1A) is an intracellular adaptor molecule
expressed in T cells, natural killer (NK) cells, and some B cells. The
SAP gene is mutated in X-linked lymphoproliferative (XLP) disease,
a human immunodeficiency characterized by a faulty immune
response to Epstein–Barr virus infection. Previous reports docu-
mented severe defects in antibody production and germinal center
(GC) formation in SAP-deficient humans and mice genetically
engineered to lack SAP expression. However, in vitro studies and
adoptive transfer experiments provided conflicting data as to
whether this phenotype is caused by a functional defect resulting
from SAP deficiency in T cells, B cells, or both. Here, we ascertained
which cell types are responsible for this humoral immunity defect
by using a conditional gene targeting approach. We also thor-
oughly examined the expression pattern of SAP in normal immune
cells by using intracellular flow cytometry. The results showed that
expression of SAP in T cells, but not in B cells or NK cells, is required
and sufficient for SAP-dependent antibody production and GC
formation. These data provide a critical insight into the mechanism
by which SAP regulates humoral immunity. They also help eluci-
date the basis of a severe human immunodeficiency.
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The intracellular adaptor molecule SAP [SLAM (signaling
lymphocytic activation molecule)-associated protein)] is

composed almost exclusively of a Src homology 2 (SH2) domain
(1, 2). It is expressed in T cells, natural killer (NK) cells, NK-T
cells, and some B cells, including transformed B cell lines and,
perhaps, normal B cells. SAP operates in immune regulation
through its capacity to bind, by way of its SH2 domain, the
cytoplasmic domain of members of the SLAM family of immune
cell-specific receptors. It couples SLAM-related receptors to
tyrosine phosphorylation signals by its capacity to recruit Src-
related kinase FynT. Additional FynT-independent mechanisms
of SAP signaling may exist (3, 4).

The SAP gene is mutated in X-linked lymphoproliferative (XLP)
disease, a human immune deficiency characterized by a faulty
immune response to Epstein–Barr virus (EBV) (1, 2, 5). In general,
patients with XLP present a fulminant lymphoproliferative illness
in reaction to EBV. These patients also develop severe hypogam-
maglobulinemias and malignant lymphomas. XLP patients exhibit
defects in several immune cell lineages (1, 2, 5). They show
compromised CD4� T cell differentiation, diminished NK cell
cytotoxicity, reduced humoral responses with low levels of Igs,
impaired isotype switching and absent germinal center (GC) for-
mation, a severe deficiency in memory B cell numbers, and a near
absence of NK-T cells. Although it is unclear which abnormalities
are responsible for the various clinical syndromes of XLP, defects
involving multiple lineages are believed to be implicated. Most of
the immune alterations seen in XLP patients were also observed in
SAP-deficient mice (6–8).

A major question arising with SAP-deficient humans and mice
is whether their severely impaired antibody responses and mem-
ory B cell generation are caused by defects in T cell help toward

B cells, intrinsic defects in B cell functions, or both. In humans,
it was observed that purified CD4� T cells from XLP patients
had a reduced ability to provide help to B cells in vitro, with
diminished IL-10 secretion and decreased expression of induc-
ible costimulator (ICOS) (9). By opposition, purified memory B
cells from these patients, while dramatically reduced in numbers
(10), had a normal capacity to undergo somatic hypermutation
and secrete Ig in vitro. These limited data with human cells
suggested that the humoral immunity dysfunctions are largely
caused by a T cell help defect.

More extensive studies, including in vivo analyses, were con-
ducted with SAP-deficient mice. Purified CD4� T cells from these
animals had altered activation responses in vitro, including de-
creased production of T helper 2 (TH2)-type cytokines (such as IL-4
and IL-13), reduced expression of ICOS, and increased levels of
CD40 ligand (CD40L) (3, 6, 7, 11, 12). SAP-deficient mice also had
defective antibody responses to T cell-dependent antigens, but not
T cell-independent antigens, implying a T cell-derived anomaly (3,
13, 14). However, purified naı̈ve B cells from SAP-deficient mice
exhibited reduced Ig secretion and Ig switch recombination in vitro,
suggesting an additional intrinsic B cell problem (15). Conflicting
data were also obtained with adoptive transfer experiments. Three
groups using the same SAP-deficient mouse strain showed that
transfer of CD4� T cells, but not B cells, from SAP-deficient mice
recapitulated the antibody production and GC formation impair-
ment seen in sap�/� mice (3, 4, 13, 16). Nevertheless, another team
using a distinct SAP-deficient mouse strain reported that transfer
of either naı̈ve B cells or CD4� T cells from sap�/� mice was apt at
recreating the compromise in humoral immunity, implying that
SAP expression in both cell types was actually important (17).

Here, we tested the relative contribution of SAP expression in
T cells and B cells to antibody production, using a conditional
gene targeting approach in the mouse. We also carefully exam-
ined the expression pattern of SAP at the single cell level, using
intracellular flow cytometry. These analyses provide formal
evidence that the humoral defect seen in SAP-deficient mice
and, presumably, humans is entirely caused by an intrinsic T cell
dysfunction.

Results and Discussion
Creation of a Conditionally Targeted Allele of sap. To test genetically
the contribution of intrinsic T cell and B cell dysfunctions to the
humoral immunity defects seen in SAP-deficient mice and
humans, we engineered a conditionally targeted allele of the sap
gene in the mouse. The targeting vector and strategy used are
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depicted in supporting information (SI) Fig. 5A. This vector was
designed to delete exon 2 of sap. Based on a similar construct
used to create conventional SAP-deficient mice (8), we expected
to generate a null allele once the floxed allele had been deleted
by the Cre recombinase. After transfection in ES cells, two
clones showing evidence of homologous recombination (SI Fig.
5B; data not shown) were injected into blastocysts (SI Fig. 5C,
lane 2). Mice carrying the floxed sap allele (sapf l) were first bred
with transgenic mice expressing the Flpe recombinase, to excise
the neo resistance cassette. They were subsequently back-crossed
for five to seven generations with C57BL/6 mice.

To delete sap in either T or B cells, sapfl/fl mice (as the sap gene
is X-linked, these mice were either sapfl/fl females or sapfl/fl males)
were crossed with transgenic mice expressing Cre under the control
of the cd4 promoter (active in T cells) (18), the proximal lck
promoter (active in T cells) (18), or the cd19 promoter (active in B
cells) (19). sapfl/fl mice were also bred with mice expressing Cre
under the control of the ubiquitous IIE promoter (20), to delete sap
in the germ line and obtain a conventional SAP-deficient mouse
(sap�/�) (SI Fig. 5C, lane 3).

Expression of SAP in Normal Mouse Immune Cells. To examine the
distribution of SAP in immune cells from WT and conditionally

targeted sapf l/f l mice, we developed an intracellular flow cytom-
etry assay to study SAP expression at the single cell level. The
antibody used recognized transfectants of a T cell line expressing
SAP, but not those expressing the closely related adaptor EAT-2

Fig. 1. Detection of SAP protein in normal immune cells by intracellular flow
cytometry. (A) Specificity of anti-SAP antibody. (Upper) Anti-SAP mAb 12C4
was coupled to Alexa 647 and tested by intracellular flow cytometry using
BI-141 T cell transfectants expressing SAP, EAT-2, or neither of the two
(control). (Lower) Anti-EAT-2 mAb 15G3 coupled to Alexa 647 was used to
assess expression of EAT-2. (B) Expression of SAP in normal immune cells.
Immune cells were isolated from WT C57BL/6 mice and used for multicolor
flow cytometry analyses. The presence of SAP in various cell populations was
ascertained by gating on the appropriate surface markers and measuring SAP
intracellular staining (black lines). As negative control, intracellular staining
was performed on immune cells derived from SAP-deficient mice (red lines).

Fig. 2. SAP expression in conditionally targeted sapfl/fl mice. (A) Detection of
SAP protein in sapfl/fl;cd4-cre and sapfl/fl;lck-cre mice. SAP protein expression
was detected in cells from WT, sapfl/fl;cd4-cre (cd4-cre), and sapfl/fl;lck-cre
(lck-cre) mice (black lines), as detailed in the legend of Fig. 1B. For negative
control, intracellular staining was performed by using cells from a conven-
tional SAP-deficient mouse (red lines). Absolute cell numbers in this experi-
ment were: for total splenocytes, WT, 3.6 � 107; sap�, 2.0 � 107; cd4-cre, 2.0 �
107; lck-cre, 2.0 � 107; for splenic T cells, WT, 8.3 � 106; sap�, 3.6 � 106; cd4-cre,
4.1 � 106; lck-cre, 2.3 � 106; for splenic B cells, WT, 2.3 � 107; sap�, 1.4 � 107;
cd4-cre, 1.3 � 107; lck-cre, 1.5 � 107; for splenic NK cells, WT, 1.9 � 106; sap�,
1.0 � 106; cd4-cre, 1.0 � 106; lck-cre, 1.0 � 106; for liver NK-T cells, WT, 1.5 �
106; sap�, 0.2 � 106; cd4-cre, 0.9 � 106; lck-cre, 0.2 � 106. (B) Detection of SAP
in sapfl/fl;cd19-cre mice. SAP protein expression was detected in cells from WT
and sapfl/fl;cd19-cre (cd19-cre) mice (black lines), as detailed in the legend of
Fig. 1B. For negative control, intracellular staining was performed by using
cells from a conventional SAP-deficient mouse (red lines). Absolute cell num-
bers in this experiment were: for total splenocytes, WT, 3.0 � 107; sap�, 3.2 �
107; cd19-cre, 2.9 � 107; for splenic T cells, WT, 7.6 � 106; sap�, 7.2 � 106;
cd19-cre, 6.6 � 106; for splenic B cells, WT, 1.8 � 107; sap�, 2.0 � 107; cd19-cre,
1.7 � 107; for splenic NK cells, WT, 1.1 � 106; sap�, 0.9 � 106; cd19-cre, 1.2 �
106; for liver NK-T cells, WT, 2.2 � 106; sap�, 1.2 � 106; cd19-cre, 3.0 � 106. (C)
Deletion of the sap gene in conditionally targeted sapfl/fl mice. Splenic T cells
or B cells were purified by negative selection from WT (sap�/�), sapfl/fl;cd4-cre
(cd4-cre), sapfl/fl;cd19-cre (cd19-cre), and conventional SAP-deficient (sap�/�)
mice. DNA from mouse tail was screened by PCR using oligos 2 and 3 (Upper)
depicted in SI Fig. 5A. Using these oligos, a �300-nt fragment was observed
with the deleted allele. slam was amplified as control (Lower).
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(Fig. 1A). We first examined the expression pattern of SAP in
immune cells from WT C57BL/6 mice (Fig. 1B). To confirm that
the antibody was specifically recognizing SAP, parallel assays
were conducted with cells from sap�/� mice. SAP was expressed
in thymus (including CD4�CD8�, CD4�CD8�, CD4�CD8�,
and CD4�CD8� thymocytes), spleen and lymph node T cells
(CD3�B220� cells), spleen NK cells (NK1.1�CD3� spleno-
cytes), and liver and spleen NK-T cells (NK1.1�CD3� cells) (Fig.
1B; data not shown). The expression of SAP in these various
populations was generally uniform with the exception of
CD4�CD8� thymocytes and NK1.1�CD3� liver cells, which
contained a subpopulation that expressed little or no SAP. The
identity of these SAP-negative cells remains to be clarified. In
contrast, SAP was not detected in splenic or lymph nodes B cells
(B220�CD3� cells) (Fig. 1B; data not shown). Because we
roughly estimated that the anti-SAP antibody would detect levels
of SAP as low as 5–10% of those seen in T cells, this observation
implied that most peripheral B cells express little or no SAP. We
could not exclude the possibility that SAP is expressed in higher
amounts in a very small B cell subset.

Expression of SAP in Conditionally Targeted sapfl/fl Mice. Next, SAP
expression was studied in conditionally targeted sapf l/f l mice (Fig.

2). In sapf l/f l;cd4-cre mice (Fig. 2 A Middle), SAP expression was
eliminated in T cells (Fig. 2 A Left), but not in NK cells (Fig. 2 A
Third from Left). It was not abrogated in NK-T cells (Fig. 2 A
Right), although NK-T cells were reduced in number by �30–
50% (data not shown). This last observation suggested that the
cd4-cre transgene was causing partial deletion of the sap gene in
NK-T cells, in agreement with the fact that NK-T cells are
derived from a CD4�CD8� T cell precursor (21). As reported
(22–24), a severe reduction (�90%) of NK-T cell numbers was
seen in conventional sap�/� mice (data not shown). In
sapf l/f l;lck-cre mice (Fig. 2 A Bottom), the accumulation of SAP
was abrogated in T cells (Fig. 2 A Left). It was also eliminated in
�60% of NK cells (Fig. 2 A Third from Left), consistent with the
known expression of Lck in NK cells (25). In addition, it was
eliminated in NK-T cells (Fig. 2 A Right). The abundance of
NK-T cells was also severely reduced (�90%; data not shown),
to the same degree as that noted in sap�/� mice. In contrast, in
sapf l/f l;cd19-cre mice (Fig. 2B Lower), there was no alteration of
the expression of SAP in T cells (Fig. 2B Left), NK cells (Fig. 2B
Third from Left) and NK-T cells (Fig. 2B Right). Moreover, the
presence of NK-T cells was not affected (data not shown). These
findings were in line with the idea that cd19-cre is not active in
T cells, NK cells, or NK-T cells (19).

Fig. 3. Antibody responses in conditionally targeted sapfl/fl mice. (A) Primary immunization of sapfl/fl;cd4-cre mice. sapfl/fl;cd4-cre (cd4-cre) mice were immunized
with TNP-CGG in the presence of alum, as outlined in Methods. After 14 days, anti-TNP-specific antibodies were measured in the serum by ELISA. WT and
conventional SAP-deficient (sap�/�) mice were used as controls. Values for individual mice are shown as dots, and the mean of all values is represented as a
horizontal line. Similar results were obtained when antibody titers were measured 7 or 21 days after immunization (data not shown). Similar results were seen
with at least six mice in each group (data not shown). P values (compared with WT mice) are: *, � 0.05; **, � 0.01; ns, not significant (� 0.05). No anti-TNP
antibodies were detected in nonimmunized (naı̈ve) mice (data not shown). (B) Secondary immunization of sapfl/fl;cd4-cre mice. The immunized mice shown in
A were boosted by a second injection of TNP-CGG, in the absence of any adjuvant. Antibody titers were measured after 7 days. Similar results were seen with
at least six mice in each group (data not shown). P values (compared with WT mice) are: *, � 0.05; **, � 0.01; ns, not significant (� 0.05). (C) Primary immunization
of sapfl/fl;lck-cre and sapfl/fl;cd19-cre mice. sapfl/fl;lck-cre (lck-cre) and sapfl/fl;cd19-cre (cd19-cre) mice were immunized and tested as described for A. Similar results
were seen with at least six mice in each group (SI Fig. 6; data not shown). P values (compared with WT mice) are: *, � 0.05; **, � 0.01; ns, not significant (� 0.05).
No anti-TNP antibodies were detected in nonimmunized (naı̈ve) mice (data not shown). (D) Secondary immunization of sapfl/fl;lck-cre and sapfl/fl;cd19-cre mice.
The immunized mice depicted in C were boosted by a second injection of TNP-CGG, in the absence of any adjuvant. Antibody titers were measured after 7 days.
P values (compared with WT mice) are: *, � 0.05; **, � 0.01; ns, not significant (� 0.05).
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Because SAP was not detected in normal B cells (Fig. 1B), it
was impossible to determine with this approach whether the cre
transgenes, in particular cd19-cre, were causing sap deletion in B
cells. To address this issue adequately, we used a PCR assay to
detect deletion of the sap gene at the genomic DNA level (Fig.
2C). T cells or B cells were purified from sapf l/f l;cd4-cre and
sapf l/f l;cd19-cre mice, and genomic DNA was tested by PCR. Cell
purity was determined to be �98% (data not shown). In
sapf l/f l;cd4-cre mice, sap was deleted in T cells (Fig. 2C Upper,
lane 2). There was weak (�5%) deletion in the B cell preparation
(Fig. 2C Upper, lane 6), possibly caused by contaminating T cells.
This finding confirmed that the cd4-cre transgene was active in
T cells, but not in most, if not all, B cells. By opposition,
sapf l/f l;cd19-cre mice exhibited efficient sap deletion (�90%) in
B cells (Fig. 2C Upper, lane 7). Together, these results supported
the idea that cd19-cre was highly effective in B cells, albeit not
in T cells.

Antibody Production in Conditionally Targeted sapfl/fl Mice. SAP-
deficient mice exhibit a marked impairment of antibody pro-
duction after immunization with antigens such as trinitrophenyl
(TNP)-chicken gamma globulin (CGG) or nitrophenyl (NP)-
keyhole limpet hemocyanin (3, 11, 14, 17). Thus, mice were
immunized with TNP-CGG in the presence of alum, and high-
affinity TNP-specific antibodies were measured in the serum by
ELISA (Fig. 3 and SI Fig. 6). sapf l/f l;cd4-cre mice, in which sap
was deleted in T cells but not in B cells or NK cells, exhibited a
marked antibody defect in response to TNP-CGG, both after
primary immunization (Fig. 3A) and after secondary immuni-
zation (Fig. 3B). The defect was seen for essentially all Ig classes
and isotypes, namely IgE, IgG1, IgG2a, IgG2b, and IgG3, and at
all time points after immunization (7, 14, and 21 days; Fig. 3A
and data not shown). It was essentially of the same magnitude as
that seen in conventional SAP-deficient animals. Likewise,
sapf l/f l;lck-cre mice, in which sap was deleted in T cells and some
NK cells, had a severe antibody production defect (Fig. 3 C and

D). However, whereas most sapf l/f l;lck-cre mice had a defect
analogous to that seen in conventional SAP-deficient mice, some
were able to mount a partial antibody response. We presume that
this observation was caused by partial deletion of sap gene in
these mice, a phenomenon occasionally noted with lck-cre but
not in cd4-cre or cd19-cre mice (data not shown). Contrary to
sapf l/f l;cd4-cre and sapf l/f l;lck-cre, the sapf l/f l;cd19-cre mice, in
which sap was deleted in B cells, although not in T cells or NK
cells, had no defect in antibody production (Fig. 3 C and D and
SI Fig. 6). This result was true for primary (Fig. 3C and SI Fig.
6) or secondary (Fig. 3D) immunization. Together, these data
implied that antibody production in response to protein antigens
necessitate the expression of SAP in T cells, but not in B cells or
NK cells.

GC Formation in Conditionally Targeted sapfl/fl Mice. sap�/� mice also
exhibit a pronounced defect in the development of GC B cells,
a B cell subset implicated in T cell-dependent antibody produc-
tion (3, 14, 17). To assess whether GC B cell development was
altered in sapf l/f l mice, animals were immunized by i.p. injection
of sheep red blood cells (SRBCs). Nine days later, GC B cells
were detected in spleen by staining with anti-CD19 and anti-
GL-7 antibodies (Fig. 4 and SI Fig. 7). GC B cells are
CD19�GL-7� (3, 26).

Immunization of WT mice with SRBCs resulted in a promi-
nent accumulation of CD19�GL-7� cells (i.e., GC B cells) in
spleen (Fig. 4 A and B and SI Fig. 7). However, there was a
marked paucity of these cells in sap�/� mice, in agreement with
earlier reports (3, 14, 17). Likewise, a severe defect in GC B cell
development was seen in sapf l/f l;cd4-cre (Fig. 4A) and sapf l/f l;lck-
cre mice (Fig. 4 A and B). In contrast, it was not observed in
sapf l/f l;cd19-cre mice (Fig. 4B and SI Fig. 7). Hence, development
of GC B cells in response to immunization required the presence
of SAP in T cells, but not in B cells or NK cells.

Considering this notion, we examined by intracellular flow
cytometry if SAP was detectable in GC B cells, as had been

Fig. 4. GC formation in conditionally targeted sapfl/fl mice. (A) GC formation in sapfl/fl;cd4-cre mice. sapfl/fl;cd4-cre (cd4-cre) mice were immunized with SRBCs.
After 9 days, splenic GC B cells were detected by staining with anti-CD19 and anti-GL-7 antibodies. WT and conventional SAP-deficient (sap�/�) mice were used
as controls. One sapfl/fl;lck-cre (lck-cre) was also included in the experiment and is shown in the analysis. (Left) Dot plots of representative mice. GC B cells are
boxed and the percentage of CD19�GL-7� cells is indicated at the top right of each dot plot. (Right) A schematic representation of the values obtained for the
various mice is included. Values for individual mice are shown as dots, and the mean of all values is represented by a horizontal line. Similar results were seen
with at least five mice in each group (SI Fig. 7; data not shown). P values (compared with WT mice) are: *, � 0.05; **, � 0.01; ns, not significant (� 0.05). In
nonimmunized (naı̈ve) mice, the proportions of CD19�GL-7� cells were between 0.3% and 0.4% and did not differ between the various genotypes (data not
shown). (B) GC formation in sapfl/fl;cd19-cre and sapfl/fl;lck-cre mice. This experiment was performed as detailed for A, except that sapfl/fl;cd19-cre (cd19-cre) and
sapfl/fl;lck-cre (lck-cre) mice were studied. Similar findings were made with 11 sapfl/fl;cd19-cre mice (data not shown). P values are: *, � 0.05; **, � 0.01; not
significant, � 0.05. In nonimmunized (naı̈ve) mice, the proportions of CD19�GL-7� cells were between 1.0% and 1.1% and did not differ between the various
genotypes (data not shown). (C) Detection of SAP expression in GC B cells. WT C57BL/6 mice were injected with SRBCs. After 9 days, spleen cells were isolated
and used for multicolor flow cytometry analyses. (Left) The presence of SAP in GC B cells was ascertained by gating on CD19�GL-7� cells and measuring SAP
intracellular staining (black lines). (Right) CD3� T cells were evaluated as positive control. Cells from SAP-deficient mice were used as negative control (red lines).
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reported by Morra et al. (17) and Nichols et al. (27) using
alternative detection methods (Fig. 4C). This experiment
showed that the intensity of staining of CD19�GL-7� cells from
immunized WT mice with anti-SAP antibodies was similar to
that seen in the corresponding small population observed in
SAP-deficient mice (mean fluorescence values of 19.0 and 14.0,
respectively). Although this finding did not exclude the possi-
bility that small amounts of SAP exist in normal GC B cells, it
nonetheless implied that these levels would be very low.

Conclusions
The data reported herein yielded two major conclusions. First,
they show that SAP expression in T cells is required for a
normal humoral immune response. This notion was most
convincingly demonstrated by the finding that sapf l/f l;cd4-cre
mice, which were devoid of SAP in T cells, but not in B cells
or NK cells, faithfully recreated the humoral defects seen in
sap�/� mice. It was also consistent with the phenotype of
sapf l/f l;lck-cre mice, although one limitation with these mice
was that sap was deleted also in some NK cells. At this time,
it is not known whether conventional CD4� T cells, NK-T cells
(a population of CD4� T cells that bears NK cell markers and
responds to lipid antigens presented by CD1d) (21), or both are
responsible for the SAP-dependent function in humoral im-
munity. This issue is especially important, as NK-T cells are
absent in SAP-deficient mice and can play a role in regulating
antibody production (21). Nevertheless, our results suggested
that NK-T cells may not be relevant, given that sapf l/f l;cd4-cre
mice had a severe humoral defect while exhibiting only par-
tially reduced numbers of NK-T cells. This notion is also in
keeping with studies of Fyn-deficient mice (28, 29). Although
Fyn-deficient mice lack NK-T cells, they exhibited normal
antibody responses and GC formation in response to protein
antigens (3, 4). Hence, conventional CD4� T cells, rather than
NK-T cells, are likely implicated in this process.

Second, our results implied that expression of SAP in B cells
is not necessary for antibody production and GC formation.
This concept stemmed largely from the observation that
sapf l/f l;cd19-cre mice, in which the sap gene was deleted only in
B cells, had normal humoral immune responses. Furthermore,
it was supported by our inability to document that SAP is
expressed in B cells, including GC B cells, by using intracellular
f low cytometry. The latter result was at odds with earlier
reports showing expression of SAP in some GC B cells (17, 27).
It also contrasted with a study demonstrating SAP expression
in purified (�99%) mouse B cells using protein immunoblot
analysis (15). Although the basis for this discrepancy is not
known, it is possible that some B cells express small amounts
of SAP that were below the sensitivity level of our intracellular
f low cytometry assay. Alternatively, it is conceivable that a
very small B cell population that was not detected by intra-
cellular f low cytometry expresses SAP. In any case, even if
some B cells were to express SAP, our experiments with the
conditionally targeted sap allele provided evidence that this
expression would not be critical for SAP-dependent humoral
immunity in vivo.

The reason, in an earlier study (17), adoptive transfer of
SAP-deficient B cells in the presence of normal CD4� T cells was
sufficient to recapitulate the impaired humoral immunity ob-
served in sap�/� mice is uncertain. Morra et al. (17) appear to
have taken great care at purifying B cells from nonimmunized
SAP-deficient mice, to ensure that naı̈ve non-T cell-primed B
cells were used in the adoptive transfer. However, it is possible
that even naı̈ve B cells are subjected to SAP-dependent T cell
activities in vivo that promote their subsequent capacity, when
activated, to produce antibodies. This notion may also explain
the reduced Ig secretion and Ig switch recombination in vitro
observed by others (15) using purified naı̈ve B cells from

SAP-deficient mice. An alternative explanation relates to the use
of recombinase-activating gene (RAG)-deficient mice and irra-
diated mice as adoptive transfer recipients in the previous report
(17). It is possible that these experimental settings revealed a
cryptic function of SAP expression in B cells. Indeed, immune
cells can undergo important changes in their characteristics when
placed in a lymphopenic environment or exposed to irradiation.
Future studies addressing these possibilities may provide useful
information.

The SAP-dependent mechanisms by which CD4� T cells
influence humoral immunity remain nebulous despite intense
investigation by several laboratories. CD4� T cells from SAP-
deficient mice exhibited a marked defect in TH2 cytokine
production in vitro, suggesting a possible basis for this function
(6, 7, 9, 11, 12). However, correction of this anomaly did not
appear to alleviate the humoral deficit in vivo, implying that it
may not play a central role in the humoral dysfunction (3). In one
report, SAP-deficient CD4� T cells also had altered expression
of ICOS and CD40L, two receptors necessary for the aptitude of
T cells to promote antibody production by B cells (3). Defects in
ICOS expression were also documented in CD4� T cells from
XLP patients (9). Hence, SAP may function by regulating the
expression of cell surface molecules critical for productive T
cell–B cell interactions. Lastly, it is conceivable that SAP stim-
ulates other T cell functions such as homing or migration in GCs,
adhesion to B cells, or secretion of other cytokines regulating B
cell proliferation or maturation.

In summary, we provide compelling evidence in mice that
expression of SAP in T cells, but not in B cells, is required and
sufficient for the aptitude of SAP to promote humoral immu-
nity. In addition to improving our understanding of the role of
SAP in normal immunity, these results help explain the severe
defects in antibody production and memory B cell generation
observed in patients suffering from XLP.

Methods
Mice. The conditionally targeted allele of sap was generated by inserting loxP
sites on either side of exon 2 of sap. Based on previous data (8), deletion of this
loxP site-flanked fragment by the Cre recombinase was expected to produce
a null allele. Once obtained, female sapfl/� mice were bred to C57BL/6 mice for
five to seven generations, and subsequently crossed with transgenic mice
expressing the Cre recombinase under the control of the cd4 promoter (Tac-
onic) (18), lck promoter (Taconic) (18), or cd19 promoter (Artemis Pharmaceu-
ticals) (19). In our functional studies, two negative control (WT) mice were
used: sap�/�;cre� and sapfl/fl;cre�. Both exhibited immune responses that were
comparable with those of C57BL/6 mice. All mouse experimentation was
approved by the Institut de Recherches Cliniques de Montréal Animal Ethics
Committee and done according to the guidelines of the Canadian Council for
Animal Care. Additional details are provided in SI Text.

Cells, Antibodies, and Flow Cytometry. For intracellular staining of SAP, anti-
SAP mAb 12C4 (30) was coupled to Alexa 647 (Molecular Probes/Invitrogen),
as detailed by the manufacturer. Anti-EAT-2 mAb 15G3 (30) coupled to Alexa
647 was used as control in some experiments. These antibodies were used to
stain cells previously fixed and permeabilized with BD Cytofix/Cytoperm
buffer (BD Biosciences). After staining, cells were washed with BD Perm/Wash
buffer (BD Biosciences). The expression of SAP in a given cell population was
determined by gating cells expressing the appropriate surface markers. Ad-
ditional details are provided in SI Text.

Antibody Responses. For primary immunization, naı̈ve mice (6–12 weeks old)
were injected i.p. with TNP(12)-CGG (100 �g in 100 �l of PBS; Biosearch
Technologies), in the presence of an equivalent volume of alum (Pierce). For
secondary immunization, previously immunized mice were injected i.p. with
TNP(12)-CGG (100 �g) in the absence of adjuvant. In both cases, serum was
collected weekly after immunization. High-affinity TNP-specific antibodies
were measured by ELISA using serial dilutions of mouse serum and TNP(3)-BSA
(Biosearch Technologies) as capture antigen. IgM, IgE, and the various classes
of IgG were detected by using the SBA Clonotyping System/HRP kit from
Southern Biotechnology Associates or anti-mouse IgE mAb R35-118 (BD Bio-
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sciences). IgM, IgE, and isotype-specific IgG standards were obtained from
Southern Biotechnology Associates.

GC Formation. Mice (6–12 weeks old) were injected i.p. with SRBCs (200 �l of
10% suspension in PBS; Cappel MP Biomedicals). After 9 days, they were killed,
and GC B cells were detected in spleen by flow cytometry using anti-CD19 and
anti-GL-7 antibodies. GC B cells are CD19�GL-7� (3, 26).

Statistics. Statistical significance was determined by using unpaired, two-
tailed Student’s t tests.
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