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One of the manifestations of X-linked
lymphoproliferative disease (XLP) is pro-
gressive agammaglobulinemia, caused by
the absence of a functional signaling lym-
phocyte activation molecule (SLAM)–
associated protein (SAP) in T, invariant
natural killer T (NKT) cells and NK cells. Here
we report that �-galactosylceramide
(�GalCer) activated NKT cells positively
regulate antibody responses to haptenated
protein antigens at multiple checkpoints,
including germinal center formation and
affinity maturation. Whereas NKT cell–

dependent B cell responses were absent in
SAP�/�.B6 mice that completely lack
NKT cells, the small number of SAP-deficient
NKT cells in SAP�/�.BALB/c mice adju-
vated antibody production, but not the
germinal center reaction. To test the
hypothesis that SAP-deficient NKT cells
can facilitate humoral immunity, SAP
was deleted after development in
SAPfl/fl.tgCreERT2.B6 mice. We find that
NKT cell intrinsic expression of SAP is
dispensable for noncognate helper func-
tions, but is critical for providing cog-

nate help to antigen-specific B cells.
These results demonstrate that SLAM-
family receptor-regulated cell-cell inter-
actions are not limited to T-B cell conju-
gates. We conclude that in the absence
of SAP, several routes of NKT cell–
mediated antibody production are still
accessible. The latter suggests that re-
sidual NKT cells in XLP patients might
contribute to variations in dysgam-
maglobulinemia. (Blood. 2012;120(1):
122-129)

Introduction

Invariant natural killer T (NKT) cells represent a unique
subpopulation of T cells with a highly restricted T-cell receptor
(TCR) repertoire, expressing V�14/J�18 or V�24/J�18 rear-
ranged genes in mice and humans, respectively.1 On activa-
tion by glycolipid antigens presented on CD1d molecules,
NKT cells respond rapidly, secreting high levels of Th1 and
Th2 cytokines.2 Despite their limited TCR repertoire,
NKT cells can activate antibody responses against T cell–
dependent and T cell–independent antigens by �-galactosylceramide
(�GalCer) coadministration.3-5 It is plausible that NKT cells
influence more than 1 step of the precisely regulated cascade
of cellular networking events that gives rise to T cell–
dependent B-cell immune responses directed against protein
antigens.6 NKT cells are also capable of providing cognate help
for B cells, eliciting antibody production through extrafollicular
plasma cell formation and atypical germinal center (GC)
reaction.7,8

Mutations of the SH2D1A gene, encoding the signaling lympho-
cyte activation molecule (SLAM) associated protein (SAP), impair
T cell–dependent humoral responses in patients with X-linked
lymphoproliferative syndrome (XLP), as well as in SAP�/� mice.9-12

In addition to this defect of conventional CD4� T cells affecting
T follicular helper cell–B cell interactions, both XLP patients and
SAP�/� mice have reduced numbers of NKT cells.13-15 NKT cells
develop in the cortex of the thymus as a result of homotypic

interactions between thymocyte precursors carrying the NKT
cell–specific ��TCR with thymocytes expressing CD1d/ligands.16

In this process, homotypic interactions mediated by the cooperative
engagement of the self-ligand receptors Slamf1 and Slamf6
provide “second signals” that drive maturation of NKT cells in the
thymus followed by migration to the medulla and exit into the
periphery.17

Because GC formation collapses in XLP patients and SAP�/�

mice during infections, especially in a recall response, the relation-
ship between the absence of NKT cells and the dysfunctional
antibody responses in XLP patients and SAP�/� mice remains
unknown. To this end we used conventional SAP�/� mouse and a
novel conditional SAPfl/fl mouse strain together with T-cell
transfers to follow antigen-specific antibody responses in the
absence of NKT cells because of SAP deficiency or in the
presence of NKT cells lacking functional SAP, respectively.
These experiments demonstrate that SAP expression in NKT cells
is dispensable for their effective response to lipid antigens,
including cytokine production and providing noncognate sup-
port to protein-specific antibody responses. By contrast, cognate
NKT cell help for B cells in response to lipid-antigens requires
SAP expression, corresponding to direct T-B cell interactions.
These findings suggest a more fundamental role of SLAM-
family receptor signaling in providing cognate help to B cells
that is not limited to CD4� T cells.
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Methods

Mice

Wild-type (WT), C57BL/6 (B6), and BALB/c mice, as well as tgTCR-OT-II
(OT-II) mice (B6) were obtained from The Jackson Laboratory. Transgenic
tgCreERT2.B6 mice were purchased from Taconic.18 SAP�/� mice were
previously described and backcrossed to the B6 and BALB/c backgrounds
for at least 7 generations.19 J�18�/�.B6 and J�18�/�.BALB/c mice,
originally from Dr M. Taniguchi (Riken, Yokohama, Japan) were provided
by Dr M. Exley (Beth Israel Deaconess Medical Center, Harvard Medical
School, Boston, MA) and Dr D. T. Umetsu (Children’s Hospital, Harvard
Medical School, Boston, MA), respectively. Animal studies were approved
by the Beth Israel Deaconess Medical Center Institutional Animal Care and
Use Committee.

Generation of SAPfl/fl mice

SAPfl/fl Neo� ES cells were generated by 2 rounds of homologous
recombination in Bruce4 ES cells (B6). In the first round, WT Bruce4
ES cells were transfected with a targeting construct in which SAP exon
1 has been flanked by 2 loxP sites and a Frt-flanked neomycin resistance
gene has been placed downstream to exon 1. Homologous recombinants
were selected in the presence of G418 and ganciclovir. DNA from each
colony was digested with BamH1 and analyzed by Southern blotting using
probe 1 as shown in supplemental Figure 1A (available on the Blood Web
site; see the Supplemental Materials link at the top of the online article).
SAPfl/fl Neo� cells were then transfected with a vector transiently expressing
the Flp recombinase. Clones in which SAP exon 1 is floxed and the
neomycin deleted (SAPfl/fl Neo�) were identified by polymerase chain
reaction (PCR) using primers P1 and P2 (supplemental Figure 1A). SAPfl/fl

Neo� clones were injected into BALB/c blastocysts, chimeric mice were
generated, mated with B6 females, and the offsprings were interbred to
generate SAPfl/fl Neo� mice. SAPfl/fl Neo� female mice were subsequently
bred with homozygous tgCreERT2 males to generate SAPfl/fl.tgCreERT2
mice that are hemizygous for the transgene.

Immunizations

Animals were immunized intraperitoneally with 40 or 50 �g NP-keyhole
limpet hemocyanin (NP-KLH; Biosearch Technologies) or with NP-KLH
plus 4 �g �GalCer (Alexxis) in 200 �L phosphate-buffered saline (PBS).
OT-II T-cell transferred animals were immunized intraperitoneally with
50 �g NP-ovalbumin (NP-OVA; Biosearch Technologies) and 4 �g �GalCer
in 200 �L PBS 24 hours after cell transfers. For cognate interactions 2 to
4 �g NP-�GalCer (synthesized as described)20 was injected intraperitone-
ally in 200 �L PBS. For other immunization protocols Imject Alum
(Thermo Scientific) was added to NP-KLH solution dropwise with constant
mixing in final volume ratio of 1:2. After precipitating for 30 minutes
200 �L solution containing 50 �g NP-KLH was injected intraperitoneally.

ELISA

High binding plates (Costar) were coated overnight at 4°C with [NP(3)-
BSA] or [NP(23)-BSA] (50 �g/mL; Biosearch Technologies). Horseradish
peroxidase–conjugated sheep anti–mouse IgG antibody (Amersham) was
used for detection. Relative affinity of the NP-specific IgG antibodies was
calculated from the ratio of antibody binding to low-density hapten
[NP(3)-BSA] versus high-density hapten [NP(23)-BSA]–coated plates.

IFN� and IL-4 production was determined by BD OptEIA enzyme-
linked immunosorbent assay (ELISA) sets.

Flow cytometry

Single-cell suspensions of splenocytes, thymocytes, and liver lymphocytes
were stained with the following antibodies and reagents after blocking
nonspecific binding with CD16/32 (93) and 15% rabbit-serum: �CD8�
(53-6.7), �CD24 (M1/69), �CD44 (IM7), �CD69 (H1.2F3), �CD138
(281-2), �B220 (RA3-6B2), �DX5 (DX5), �Fas (Jo2), �T- and B-cell acti-

vation antigen (GL-7), �IgD (11-26), �NK1.1 (PK136), and �TCR�
(H57-597) purchased from eBioscience, BD Pharmingen, or BioLegend.
PBS57-loaded CD1d tetramer was provided by the National Institutes of
Health tetramer facility. NP-APC was conjugated as reported.21 Data were
acquired with LSRII cytometer (BD Pharmingen) and analyzed using
FlowJo Version 8.8.6 software (TreeStar). Dead cells were excluded by
4,6-diamidino-2-phenylindole (DAPI) uptake. For intracellular cytokine
staining �IFN� (XMG1.2) and �IL-4 (11B11) antibodies were used
(Biolegend and BD Pharmingen, respectively) after surface staining of
relevant markers followed by cell permeabilization (Biolegend kit).

Immunohistochemistry and microscopy

Snap-frozen spleens in Tissue-Tek optimal cutting temperature (OCT)
embedding medium were cryosectioned and stained with FITC-conjugated
PNA (Vector Laboratories) and Alexa 633 (Invitrogen)–conjugated anti–
mouse IgD as described.22 Images were taken at room temperature using
Olympus Fluoview FV1000 confocal system with 40� magnification
lenses (Olympus) equipped with Bio-Rad’s image acquisition software.

Tamoxifen administration

An aliquot of 100 mg tamoxifen-free base (T5648; Sigma-Aldrich) was
suspended in 100 �L ethanol and dissolved in 1 mL sunflower oil (Sigma-
Aldrich). This tamoxifen solution was sonicated for 1 to 2 minutes, diluted
to 5 mg/mL in sunflower oil and 200 �L (1 mg) was administrated for
4 consecutive days per os using a feeding needle (Fisher).

Adoptive cell transfers

Single-cell suspensions from the spleen of OT-II and SAP�/� � OT-II donor
mice were negatively selected for CD4� T cells followed by positive
selection for CD62Lhi naive cells using a magnetic cell sorting kit (Miltenyi
Biotec). Recipient mice were injected intravenously with 2 � 106 CD4�

naive T cells in 200 �L PBS.

Statistics

Statistical analyses were performed with GraphPad Prism 4, using 2-tailed
unpaired t tests. Graphs show mean values, error bars indicate SEM.

Results

Activated NKT cells positively regulate B-cell responses at
multiple checkpoints

To evaluate at which checkpoints during B-cell responses NKT cells
function, mice were injected with a suboptimal concentration of
haptenated NP-KLH and �GalCer. After 9 days hapten-specific
IgG antibody titers in the serum of BALB/c and B6 mice that had
been coinjected with �GalCer were higher than in the serum of
mice challenged with the NP-KLH antigen alone (Figure 1A). In
addition to an increase in antibody responses, the number of splenic
GL7� Fas� B cells, a hallmark of a vigorous GC reaction, was
higher in the presence of �GalCer (Figure 1B). The latter was
confirmed by immunohistochemical staining of PNA� IgD� cells
(Figure 1C). To verify that �GalCer affects GC formation exclu-
sively through the activation of NKT cells, J�18�/� mice, which do
not express this cell population, were immunized in an identical
fashion. As expected, J�18�/� mice were unable to mount a
significant �GalCer-dependent GC response (Figure 1D).

When antibody responses by B6 mice immunized with either
NP-KLH alone or together with �GalCer were followed during a
period of 29 days, we found that these NKT-elicited GCs not only
supported high titers of NP-specific IgG production, but also
facilitate the process of affinity maturation during late primary
responses (Figure 1E-F). Early primary responses (at day 4),
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preceding the GC reaction, were also affected by the presence of
�GalCer. At the time of the brief expansion of NKT cells at day 4
(Figure 1G), the NP-specific IgM and IgG titers were enhanced
(Figure 1H-E, day 4), together with a transient rise of
CD138�B220int plasma cells in the spleen at day 4 and day 7
(Figure 1I). Consistent with previous observation,4,7,23 the effect of
�GalCer was sustained during the memory responses after rechal-
lenging mice with antigen alone (Figure 1E-F).

Taken together, these data demonstrate that �GalCer-activated
NKT cells provoke high titers of antibody production through
enhancing humoral responses at distinct checkpoints, including the
induction of short-lived plasma cells and GCs as well as eliciting
stronger memory reactions.

Residual NKT cells in SAP deficient BALB/c mice support
antibody responses

Patients with XLP develop dysgammaglobulinemia with vari-
able severity and also have reduced numbers of NKT cells
caused by a defective SH2D1A [SAP] gene.24,25 We and others
previously found that SAP in conventional CD4� T cells affects
antibody responses, albeit to a different degree in B6 and
BALB/c mice.26-29 Here we evaluate whether defective NKT cell
development is a contributing factor to the variably impaired
antibody responses in SAP�/� mice. First, we determined that in
contrast to SAP�/�.B6 mice the thymus, spleen and liver of
SAP�/�.BALB/c mice contain small but detectable numbers of
NKT cells (1%-4% of WT; Figure 2A-B). The peripheral NKT
cells in SAP�/�.BALB/c mice express the same cell surface
markers as in WT mice (Figure 2C). The difference between the
2 mouse strains could not be attributed to polymorphism of the
Slamf locus on chromosome 1, because SAP�/�.Sle1b.B6 mice,
which similarly to BALB/c mice, carry Slamf-haplotype 2 genes,

do not express NKT cells (data not shown). Most importantly,
the NKT cells in SAP�/�.BALB/c mice are functionally compe-
tent, as judged by their ability to enhance antibody production to
NP-KLH in response to �GalCer (Figure 2D). By contrast, these
�GalCer activated NKT cells do not partake in the GC reaction
(Figure 2E).

Interestingly, however, when SAP�/�.BALB/c mice received a
boost with NP-KLH 40 days after the first immunization, mice that
had originally received NP-KLH together with �GalCer had
higher anti-NP IgG titers than the animals that were immunized
without �GalCer (Figure 2F). Thus, the activation of NKT cells
may elicit memory-like responses independent of GC formation in
SAP�/�.BALB/c mice.

Because not all pathogens directly trigger NKT-cell activation,
we investigated the contribution of NKT cell–mediated help in the
presence of other adjuvants. To this end, we first eliminated the
residual NKT cells in the SAP�/�.BALB/c mice by introducing the
J�18�/� mutation (Figure 3A). Then, single and double-mutant
mice were immunized with NP-KLH in alum and NP-specific
antibody titers in the serum were determined after 13 days. In the
presence of residual NKT cells, the titers of NP-specific IgG were
significantly higher in SAP�/�.BALB/c mice compared with SAP�/�

� J�18�/� mice (Figure 3B). As previously shown, and as in the
case of �GalCer, GC B cells could not be detected in any of the
SAP-deficient animals (Figure 3C).27,28

Collectively, a small residual number of SAP-deficient NKT cells
can support humoral immunity to some extent. Activated NKT cells
might not efficiently support GC formation in the SAP�/�.BALB/c
mouse because of a lack of (1) a sufficient number of NKT cells,
(2) cell intrinsic SAP expression, or (3) an interplay with SAP-
positive T helper cells.

Figure 1. �GalCer-activated NKT cells promote
antigen-specific antibody production and GC forma-
tion. (A-D) B6 or BALB/c mice (n 	 5) were immunized
intraperitoneally with 40�g NP-KLH (red) or with NP-KLH
plus 4 �g �GalCer (black) and analyzed after 9 days.
Representative of 3 to 4 independent experiments with
4 to 5 animals per group. (A) Hapten-specific IgG1 titers
in the serum of WT B6 and BALB/c mice. (B) Total
numbers of B220� GL7� Fas� GC B cells in the spleen of
WT B6 and BALB/c animals. (C) Representative immuno-
histologic and flow cytometry staining of splenic GCs of
WT B6 mice. Green: PNA, blue: IgD. (D) Total numbers of
GC B cells (B220� GL7� Fas�) in the spleen of WT and
J�18�/� animals (BALB/c). (E) Kinetics of hapten-specific
IgG response of WT B6 mice immunized with NP-KLH
(red) or NP-KLH plus �GalCer (black). Mice were bled 4,
14, and 29 days after the primary injection, then both
groups were challenged with antigen alone on day 30 and
were bled 4 and 16 days after. (F) Affinity of NP-specific
IgG in immune-sera collected as in (E). (G) B6 mice were
immunized with NP-KLH (red) or NP-KLH plus �GalCer
(black) and groups of 3 mice were killed at each time
point. The number of TCR�� CD1d TET� NKT cells was
determined in the spleen. (H) NP-specific IgM titers in the
serum of B6 mice 4 days after immunization with NP-KLH
with our without coinjecting �GalCer. (I) The number of
plasma cells (PC; CD138�B220int) was determined in the
spleen of mice that were immunized as in panel G.
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Intact responsiveness of NKT cells after tamoxifen-induced
deletion of SAP in adult SAPfl/fl.tgCreERT2 mice

To further evaluate the requirements for NKT cell–helped GC
development, we used a conditional SAP knockout mouse,
SAPfl/fl.Neo�B6, which was crossed with a tgCreERT2.B6 mouse
for temporally controlled gene inactivation (supplemental Figure
1A). Disruption of the SAP gene in the resulting SAPfl/fl.tgCreERT2
mice was achieved by tamoxifen treatment of adult animals thus
bypassing the developmental arrest of NKT cells. After determin-
ing the amount of tamoxifen required to abolish SAP expression
without detectable background activities (supplemental Figure 1B),
we investigated possible changes in the peripheral NKT-cell
compartment. As shown in Figure 4A, the number of splenic
NKT cells and other cells in tamoxifen-injected SAPfl/fl.tgCreERT2
mice was identical to that in SAP�/�.tgCreERT2 animals, which

had been treated in a similar fashion, and remained constant over a
period of 2 months.

To assess whether NKT cells function properly without
expressing SAP, tamoxifen treated WT and SAPfl/fl.tgCreERT2
mice were tested for early cytokine production after �GalCer-
induced NKT cell stimulation in vivo. Serum samples, collected
from WT and SAPfl/fl.tgCreERT2 animals 3 hours after the
�GalCer plus NP-KLH injection, contained comparably high
levels of IL-4 and IFN� (Figure 4B). To confirm that NKT-cell
activation and cytokine production is intact in the splenic
environment, splenocytes were isolated from the �GalCer-
injected animals and were cultured for an additional 4 hours for
ex vivo IL-4 and IFN� production (Figure 4C), or were subject to
intracellular IL-4 and IFN� staining (Figure 4D). As the activation
of NKT cells have been implicated in quick stimulation of

Figure 2. Residual NKT cells in SAP�/�.BALB/c are
competent stimulators of antibody production.
(A) NKT cells in thymus, spleen and liver isolated from
SAP�/�.BALB/c or SAP�/�.B6 mice, were identified with
CD1d tetramer loaded with the �GalCer analog PBS57
and anti-TCR�. (B) The number of NKT cells in different
organs of SAP�/�.BALB/c and SAP�/�.B6 mice (n 	 3).
NKT cells in control WT mice are indicated in the bottom
panel. (C) Comparison of activation/differentiation mark-
ers on splenic and liver NKT cells (CD1d TET� TCR��) of
SAP�/� and SAP�/�.BALB/c mice. (D) Anti-NP IgG titers in
the serum of SAP�/�.BALB/c or SAP�/�.B6 mice 9 days
after intraperitoneal immunization with NP-KLH alone or with
NP-KLH plus �GalCer. Hapten-specific serum IgG titers
were determined by ELISA. Representative of at least
2 independent experiments with 5 animals per group.
(E) The number of GC B cells (B220� Fas� GL7�) in the
spleen was determined by flow cytometry 9 days after
immunization as in (D). Representative of at least
2 independent experiments with 5 animals per group.
(F) SAP�/�.BALB/c mice were immunized with NP-KLH
with or without �GalCer. Forty days after primary injec-
tions both groups were rechallenged with NP-KLH, and
after 5 days anti-NP IgG levels were determined.

Figure 3. Residual NKT cells in SAP�/�.BALB/c mice
support NP-specific IgG response in the presence of
Alum. (A) NKT cells of SAP�/�.BALB/c mice were elimi-
nated by crossing with J�18�/�.BALB/c mice. NKT cells
in spleen and liver were identified with CD1d tetramer
loaded with the �GalCer analog PBS57 and anti-TCR�.
(B) NP-specific serum IgG titers in SAP�/�.BALB/c and
SAP�/� x J�18�/�.BALB/c mice 13 days after immuniza-
tion with NP-KLH in alum. (C) The number of splenic GC
B cells was determined by flow cytometry in mice immu-
nized as in panel B.
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bystander lymphocytes,30 we measured CD69 up-regulation on
usbB cells, CD8� T cells and NK cells, and found the same pattern
in the presence or absence of SAP (Figure 4E).

Thus, conditional depletion of SAP in adult mice does not affect
the size and the responsiveness of the splenic NKT-cell compartment.

SAP expression in NKT cells is dispensable for supporting
B cells in a noncognate manner

To evaluate the necessity of SAP expression at different stages of
NKT cell–promoted B-cell responses, a cohort of SAPfl/fl.tgCre-
ERT2 mice together with SAP�/�.tgCreERT2, SAP�/�.B6 and
J�18�/�.B6 controls were treated with tamoxifen for 4 consecutive
days. Five days later, mice were immunized with 50 �g of
NP-KLH plus �GalCer (Figure 5A). Five days after immuniza-
tion, titers of anti-NP IgM antibodies in the serum of SAPfl/fl.tgCreERT2
mice were comparable with titers found in SAP�/�.tgCreERT2 (Figure
5B) and WT B6 mice (not shown). By contrast, SAP�/�.B6 and
J�18�/�.B6 mice had a severe defect in NKT cell–dependent
antibody production (Figure 5B). After 13 days SAP-deficient
(SAPfl/fl.tgCreERT2) NKT cells still supported IgG production to
some extent. However, their responses were clearly impaired
compared with SAP�/�.tgCreERT2 mice (Figure 5C). In the

absence of SAP, NKT cells did not support GC formation in
SAPfl/fl.tgCreERT2 mice (Figure 5D), reminiscent of the result
obtained with SAP�/�.BALB/c mice (Figure 2D-E). Moreover,
NP-specific IgG antibodies generated in SAPfl/fl.tgCreERT2 mice
were found to be low affinity antibodies, supporting the notion that
the antibody-producing B cells may not originate in the GCs
(Figure 5D). By contrast, in J�18�/�.B6 mice, �GalCer-activated
NKT cells are absent, but because of their intact Th compartment,
these mice can mount a modest GC response to NP-KLH with
affinity maturation (Figure 5C-E).

To asses the SAP-dependence of helper activities of NKT cells
delivered through Th functions, tamoxifen treated SAPfl/fl.tgCre-
ERT2 mice were adoptively transferred with CD4� T cells from
SAP�/� or SAP�/� OT-II donors, then immunized with NP-OVA
plus �GalCer (Figure 6A). As our data demonstrate, when efficient
CD4� T-cell help is available, SAP deficient NKT cells promote
late primary IgG responses equally well to their WT counterparts
(Figure 6B).

Thus, in early and late antibody responses against protein
antigens, �GalCer-activated NKT cells provide appropriate B-cell
help without intrinsic SAP expression. Contrary to the early waves
of NKT-supported antibody production, in GC-dependent late

Figure 4. SAP negative NKT cells are functionally
active. (A) Tamoxifen (1 mg) was administered for 4 days
in SAPfl/fl.tgCreERT2 and SAP�/�.tgCreERT2 mice. Ten,
24, or 60 days after the last injection mice were killed.
Total number of CD1d TET� TCR�� NKT cells in the
spleen was determined by flow cytometry. Representa-
tive of 2 independent experiments with 3 to 4 animals per
group. (B) Serum cytokine levels 3 hours after injecting
taxomifen-treated WT and SAPfl/fl.tgCreERT2 mice with
�GalCer plus NP-KLH. Control group represents WT
animals without �GalCer plus NP-KLH stimulation.
(C) Ex vivo cytokine production of total splenocytes
isolated from mice stimulated as in (B), and cultured for
an additional 4 hours. (D) Splenocytes isolated freshly
from mice stimulated as in panel B were subject to
intracellular IL-4 and IFN� staining. Percentages of
CD1d tetramer� and cytokine� cells are calculated
after gating on viable cells according to scatter character-
istics. Percentages of cytokine-positive cells among CD1d
tetramer� TCR�� NKT cells are in brackets. (E) By-
stander activation of B cells (B220�CD8�CD4�NK1.1�),
CD8� T cells (CD8�B220�CD4�NK1.1�) and NK cells
(NK1.1�CD4�B220�) were determined by CD69 up-
regulation in mice injected as in panel B.
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responses the cooperation of SAP-sufficient T helper cells is
necessary.

Cognate NKT-B cell interactions are SAP dependent

Prompted by recent findings that NKT cells are capable of
providing potent, lipid-specific cognate help for B cells,7,8 we set

out to investigate the SAP dependence of direct NKT-B cells
interactions. To elicit NKT cell mediated cognate help, tamox-
ifen treated WT and SAPfl/fl.tgCreERT2 mice were immunized
with the haptenated lipid antigen NP-�GalCer, then early and
late NP-specific B cell responses were evaluated (Figure 7A).
Anti-NP IgM and IgG antibody responses were diminished in
the absence of SAP (Figure 7B-D); presumably because of
inefficient cognate NKT-B cell conjugate formation, similarly
to T-B cell interactions. Given that lipid-antigen mediated
NKT-cell help also leads to a moderate GC development,7,8 we
investigated the presence of NP-reactive GC B cells in the
spleen. Small numbers of hapten-specific GC B cells were
indeed detectable in NP-�GalCer immunized WT mice, and
were completely lacking in those controls, injected with noncon-
jugated �GalCer or vehicle dimethylsulfoxide (Figure 7E). It is
evident the increase in number of antigen-specific GC B cells
required signaling through SAP because NP-�GalCer immu-
nized SAPfl/fl.tgCreERT2 mice showed significantly reduced GC
B cells (Figure 7E).

Taken together, when B cells elicit cognate help from NKT
cells by lipid-antigen presentation, intrinsic SAP expression of
NKT cells is a prerequisite for an effective interaction and
B-cell response.

Discussion

We demonstrated that NKT cells can facilitate humoral immunity
at multiple checkpoints. We used a haptenated protein antigen
coinjected with the NKT cell–activating lipid antigen �GalCer,
and found diverse mechanisms by which NKT cells enhance
different stages of B cell activation. First, NKT cells could help
early waves of antibody production against NP-KLH, even in
the absence of SAP, suggesting that additional T cell help is not
required for these early antibodies. Contrary to immunizations
with particulate antigens or NP-�GalCer conjugates, coinjection
of �GalCer and NP-KLH does not force the couptake of the
2 antigens by the same B cell.20-31 Nevertheless, although some
B cells could still gather both antigens and directly interact with
NKT cells,32 it is more feasible that in these conditions other
APCs, probably dendritic cells (DCs), play the major role in
activating NKT cells. Hence intensive cytokine production by
NKT cells could be sufficient to provoke early plasma cell

Figure 5. Early and late NKT-dependent antibody
responses after tamoxifen-induced deletion of SAP
in SAPfl/fl.tgCreERT2 mice. (A) Outline of experiments in
(B-E). Ten-week-old SAPfl/fl.tgCreERT2 and Sh2d1a�/�,
J�18�/�, SAP�/�.tgCreERT2 mice were treated with
tamoxifen for 4 consecutive days and rested for an
additional 5 days before being immunized with NP-KLH
plus �GalCer. On day 5 and day 13 samples were taken.
Data are representative of 3 independent experiments
with 3 to 5 animals per group. (B) Early primary NP-specific
IgM response 5 days after immunization with NP-KLH
plus �GalCer. (C-E) Analysis of late primary response of
NP-KLH plus �GalCer-injected mice 13 days after immu-
nization: NP-specific serum IgG titers (D), total number of
GC centrocytes (B220� GL7� Fas� IgDlo) in the spleen
(E) and the affinity of NP-specific IgG antibodies (F).

Figure 6. SAPfl/fl.tgCreERT2-derived NKT cells assist late primary antibody
responses on transfer of SAP�/� OT-II CD4� T cells. (A) Outline of CD4� T cell
transfer experiment. SAP�/�, SAPfl/fl.tgCreERT2 and WT control mice were treated
with tamoxifen for 4 consecutive days and rested for additional 4 days before being
adoptively transferred by 2 � 106 purified CD4� T cells from SAP positive or negative
OT-II mice. Twenty-four hours after cell transfers mice were immunized with NP-OVA
plus �GalCer. Result of a single experiment with 3 to 5 animals per group. (B) Twelve
days after immunization, NP-specific IgG antibody titers in the serum were deter-
mined by ELISA.
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differentiation without their cognate interaction with B cells.
Furthermore, we found a direct link between the activation of
NKT cells and GC development, similarly to other recent
findings.7 In these processes, in contrast to early plasma cell
formation, NKT cells absolutely require the contribution of
competent T helper cells. CD40L expression by CD4� T cells,
but not by NKT cells was shown to be required in �GalCer
enhanced humoral responses.33,34 Here we have shown a similar
pattern for SAP-dependent signaling of Slamf-receptors.

As NKT cells have been shown to elicit DC maturation and
improve their capacity to present protein antigens to T cells,
activation of NKT cells may support priming of naive CD4� T cells
into T follicular helper cells (Tfh).33,35,36 We could not detect higher
numbers of CXCR5�PD-1hi Tfh cells in �GalCer adjuvated
animals during primary responses, however this population was
significantly enhanced shortly after the boost immunization (our
unpublished observation). Thus, the precise mechanism by which

CD4� T cells primed with NKT cell–experienced DCs may elicit a
robust GC reaction remains to be clarified.

Surprisingly, we also observed that NKT cells could affect
recall responses even in the absence of functional T helper cells
and without GCs. Consistent with this finding, Galli et al
reported that �GalCer had an adjuvating effect in MHC-II�/�

mice detected after 2 immunizations with the influenza virus
protein H3N2.4 Others, however, had to apply an agonistic
anti-CD40 to elicit �GalCer-mediated adjuvanticity in MHC-
II�/� animals.3 In that study a different immunization schedule
was used with more frequent boost immunizations, which may
not support this potential NKT-dependent, T-independent alter-
native memory response.3

SAP�/� animals and XLP patients do not express NKT cells in
the periphery because of thymic developmental arrest.13-15,17 By
discovering that SAP null animals in BALB/c background
express a low numbers of NKT cells and by generating
conditional SAP�/�.B6 mice with inducible deletion of the
SH2D1A gene, it became possible to study the role of SAP in
peripheral NKT-cell functions. Although NKT cells do not require
intrinsic SAP to provide noncognate help to B cells, SAP expres-
sion in CD4� T cells is still a critical factor for the development of
NKT cell–enhanced GCs. In contrast, cognate NKT cell help,
recruited by presentation of haptenated lipid antigens, is dependent
on SAP signaling of NKT cells, suggesting a universal mechanism
by which Slamf-receptors regulate the communication between
B cells and different types of helper lymphocytes.

Taken together, some of the various routes of NKT-supported
B-cell responses remain intact in SAP deficient animals with particular
genetic backgrounds, and might be present in certain genetic groups of
XLP patients. A better understanding of how the �GalCer-activated
NKT cells modulate antibody responses should potentially be
beneficial for designing novel vaccination strategies. These alterna-
tive approaches could be especially advantageous for individuals
with different primary immunodeficiencies, including XLP.
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Figure 7. Cognate NKT cell help to B cells requires SAP-dependent signaling.
(A) Outline of experiments in panels B through E. SAPfl/fl.tgCreERT2 mice and
B6 (WT) counterparts (9 to 10 weeks old) were treated with tamoxifen for 4 consecu-
tive days and rested for an additional 5 days before immunization with 2 to 4 �g
NP-�GalCer. Serum samples were analyzed on day 5 and 13, splenocytes on day 13.
Antibody titers are combined from 2 independent experiments with 4 to 5 animals
per group in each. Controls represent WT animals injected with �GalCer.
(B-C) NP-specific IgM (B) and IgG (C) response 5 days after immunization with
NP-�GalCer. (D) NP-specific serum IgG titers 13 days after immunization with
NP-�GalCer. (E) Total numbers of B220� GL7� Fas� NP-specific GC B cells in the
spleen of NP-�GalCer (or �GalCer control) immunized mice. Representative result of
2 independent experiments.
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