
Article

The Rockefeller University Press   $30.00
J. Exp. Med. 2017 Vol. 214 No. 2  475–489
https://doi.org/10.1084/jem.20161312

475

Introduction
Cell–cell contacts between hematopoietic cells are critical 
for immune cell selection and differentiation, including the 
double-positive (DP) selection of natural killer T (NKT) cells 
in the thymus and the generation of follicular helper T (TFH) 
cells within germinal centers (GCs; Veillette et al., 2007). 
NKT cells are specialized T lymphocytes expressing the in-
variant TCR α chain (mouse Vα14 and human Vα24) and β 
chain (Vβ8.2, Vβ7, or Vβ2 in mouse and Vβ11 in human; Borg 
et al., 2007). These cells diverge from the conventional T cell 
lineage at the DP stage of thymocyte development. In con-
trast to conventional T cells, which are selected by heterotypic 
interactions between hematopoietic thymocytes and nonhe-
matopoietic thymic epithelial cells, NKT precursor cells un-
dergo DP selection between two hematopoietic thymocytes 
(Bendelac, 1995; Wei et al., 2005). Long-term humoral im-
munity depends on GC responses, in which TFH cells provide 
help to B cells (Crotty, 2011); consequently, the differentia-
tion of TFH cells also demands contact between hematopoi-
etic cells, that is, T and B cells. The pivotal roles of these two 
types of contact between immune cells are highlighted by the 

finding that human signaling lymphocytic activation mole-
cule (SLAM)–associated protein (SAP) mutations resulting in 
X-linked lymphoproliferative disease (XLP) give rise to the 
nearly complete loss of NKT cells in the thymus and im-
paired humoral immunity characterized by reduced TFH cell 
differentiation (Sayos et al., 1998; Morra et al., 2001; Nichols 
et al., 2005; Pasquier et al., 2005).

SAP is an adaptor protein with only one SH2 domain, 
through which SAP can be recruited by SLAM family re-
ceptors (SFRs). These hematopoietic cell–specific receptors 
are composed of seven receptors, namely 2B4, Ly9, CRA​CC, 
CD48, SLAM, CD84, and Ly108 (Ma et al., 2007; Cannons 
et al., 2011). SFRs possess two to four unique immunore-
ceptor tyrosine-based switch motifs to which SAP and/or its 
homologue EAT2 (EWS-activated transcript 2) is recruited. 
Moreover, SFRs are also able to signal through other SH2 
domain–containing molecules, particularly in SAP deficiency. 
Thus, SFRs can mediate SAP-dependent and SAP-indepen-
dent signaling (Veillette et al., 2009; Dong and Veillette, 2010).

It has been well established that SAP has dual functions 
in immune regulation (Dong and Veillette, 2010). On one 
hand, SAP functions as an active signaling molecule. Upon 
SFR engagement driven by the interaction between two he-
matopoietic cells, SFR can be phosphorylated by Src family 
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kinases; thus, phosphorylated immunoreceptor tyrosine-based 
switch motifs have the ability to recruit SAP, which enables 
recruitment of SH3 domain–containing molecules, such as 
Fyn kinase (Chan et al., 2003; Latour et al., 2003). Mutation 
of arginine 78 to alanine (R78A) can abolish Fyn recruit-
ment, which leads to a 50% reduction in NKT cell num-
ber (Nunez-Cruz et al., 2008), suggesting that SAP regulates 
NKT cell development in part via its intrinsic signaling ac-
tivity. This conclusion was further confirmed by the finding 
that Fyn deficiency causes impairments in NKT cell devel-
opment (Nichols et al., 2005; Pasquier et al., 2005). SAPR78A 
mutant mice also exhibit a defect in Th2 cytokine produc-
tion (Davidson et al., 2004). However, Fyn-deficient mice 
and SAPR78A mutant mice have unaltered humoral immunity 
(Cannons et al., 2006; McCausland et al., 2007). Thus, how 
SAP-mediated positive signaling plays different role in both 
types of T cell development and differentiation needs to be 
examined. On the other hand, SAP acts as natural blocker 
to prevent other SH2 domain–containing phosphatases from 
associating with SFRs. These molecules mainly include SH2 
domain phosphatase 1 (SHP-1), SHP-2, and SH2 domain 
inositol phosphatase 1 (SHIP-1; Sayos et al., 1998; Li et al., 
2003; Eissmann et al., 2005; Dong et al., 2012; Le Borgne 
and Shaw, 2012; Zhao et al., 2012; Wu et al., 2016). They are 
potentially coupled by SFRs, particularly when SAP is absent. 
It remains to be understood whether SFR-mediated inhibi-
tory signaling initiated by the engagement of hematopoietic 
cell contact is capable of inhibiting immune cell develop-
ment and differentiation.

The specificity of SAP binding to SFRs suggests the 
indispensable role of this family in regulating NKT cell devel-
opment and TFH cell differentiation. In contrast to SAP-defi-
cient mice, mice lacking a single SFR member exhibit only 
mild or even no loss of NKT cells. By generating pseudo–
double KO chimeras in which SLAM- and Ly108-mediated 
homotypic interactions are functionally disrupted, Griewank 
et al. (2007) discovered that NKT cell selection in the thy-
mus was moderately compromised. Recent studies from two 
groups, in which triply deficient mice lacking SLAM, Ly108, 
and CD84 were used, also demonstrated the partial require-
ment of these SFR members in regulating NKT cell devel-
opment (Hu et al., 2016; Huang et al., 2016). The phenotypic 
difference in NKT cell numbers between the mice lacking 
one to three SFR members and SAP-deficient mice strongly 
implies that other receptors, SFRs or non-SFRs, are required 
for SAP-mediated NKT cell selection.

The roles of SFRs in TFH cell differentiation are con-
troversial. CD84-deficient mice showed suboptimal GC 
responses due to impaired TFH cell differentiation after 4-hy-
droxy-3-nitrophenyl (NP)–OVA immunization (Cannons 
et al., 2010a). In contrast, CD84 deficiency does not re-
sult in significant defects in humoral immunity upon acute 
viral infection (Kageyama et al., 2012). In mice lacking only 
SLAM, Ly9, or Ly108, TFH cell differentiation seems to be 
unperturbed (Graham et al., 2006; McCausland et al., 2007). 

Unexpectedly, recent studies demonstrated no apparent de-
fects in GC response and TFH cell differentiation in triply 
deficient mice lacking SLAM, Ly108, and CD84 (Hu et al., 
2016; Huang et al., 2016). Therefore, further study is needed 
to address whether other SFR members are required for 
TFH cell differentiation and how SAP deficiency causes se-
vere humoral deficiency.

However, comprehensive analysis of the overall role of 
the SFR family in NKT cell development and TFH cell dif-
ferentiation remains a challenge because the genes encoding 
seven SFR members are closely located within same locus 
on chromosome 1 (Cannons et al., 2011). With the assistance 
of the clustered regularly interspaced short palindromic re-
peat (CRI​SPR) technique, we generated SFR-deficient mice 
lacking seven SFR members (Chen et al., 2016). We found 
that SFR-deficient mice show severe defects in NKT cell de-
velopment but normal GC reactions and TFH cell differenti-
ation, suggesting that SAP-dependent positive SFR signaling 
is essential for NKT cell selection. Importantly, we reveal that 
SFR signaling is overall inhibitory in TFH cells and suppresses 
humoral immunity in the absence of SAP. Thus, our current 
study revises our understanding of the mechanisms underly-
ing T cell defects in patients with XLP.

Results
SFR-deficient mice display severe defects 
in NKT cell development
The loss of SAP results in virtually no NKT cells, but deletion 
of individual SFRs has no apparent effect on NKT cell num-
ber. The most plausible explanation for this discrepancy is that 
SFR redundancy may exist during the thymic selection of 
NKT cells. First, complete detection of SFRs on mouse thy-
mocytes was performed to comprehensively understand the 
expression profile of SFRs. Of note, 2B4 is rarely detectable, 
and high levels of SLAM, Ly108, and CRA​CC were pres-
ent in DP thymocytes; CD84 showed increased expression 
from DP thymocytes, whereas Ly9 and CD48 showed modest 
changes between DP thymocytes and mature single-positive 
thymocytes (Fig. 1 A).

To eliminate the potential redundancy of SFRs, mice 
lacking all seven SFR members were generated as recently 
reported (Chen et al., 2016). SFR-deficient mice exhibit nor-
mal-sized thymus and peripheral lymphoid organs such as the 
spleen and LNs (unpublished data), suggesting that SFRs are 
not required for the development of lymphoid organs. NKT 
cell numbers were monitored using two different markers, 
CD3+CD1d-Tet+ and CD3+NK1.1+. Remarkably, the num-
ber of CD3+CD1d-Tet+ or CD3+NK1.1+ NKT cells in the 
thymus was reduced by nearly 90%, whereas the number of 
NKT cells in peripheral organs such as the spleen and liver 
was also minimal (Fig. 1 B).

To test whether SFRs are autonomously required for 
NKT cell development, a mixed chimera assay, in which 
BM cells isolated from WT and SFR-deficient mice were 
cotransferred, was performed. As expected, the propor-
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tion of NKT cells in SFR-deficient (CD45.2+) compart-
ments was significantly less than that in WT (CD45.1+) 
compartments (Fig.  1  C). Thus, SFRs intrinsically regu-
late NKT cell development.

NKT cells are abundant throughout the lives of mice 
and they are strictly required for Con A–induced fulminate 
hepatitis. Mice deficient in NKT cells are protected from Con 

A–induced liver injury (Takeda et al., 2000). To further vali-
date the lack of NKT cells, SFR-deficient mice were admin-
istered Con A. As expected, SFR-deficient mice were highly 
tolerant to Con A challenge and showed less liver injury, as in-
dicated by histological analysis of hepatocyte necrosis and the 
biochemical determination of two enzymes, ALT and AST 
(Fig. 1 D); these findings were highly consistent with previ-

Figure 1.  SFR deficiency severely affects NKT cell development. (A) Flow cytometric analysis of SFR expression on CD4−CD8−, CD4+CD8+, CD4+, and 
CD8+ cell populations in the thymus of WT mice. The corresponding SFR-deficient cells were used as a negative control. The data are representative of three 
experiments. Iso, isotype. (B) Representative flow cytometry plots and percentages and absolute numbers of the CD3+NK1.1+ NKT cell population (left) or the 
CD3+CD1d-Tet+ NKT cell population (right) in the thymus, spleen, and liver of the indicated mice. Data represent the mean ± SEM of 10–12 mice per group. 
***, P < 0.001. (C) BM chimera assay. Representative flow cytometry plots (left) and percentages and absolute numbers (right) of the CD3+CD1d-Tet+ NKT cell 
population gated on either the WT (CD45.1+) or the SFR-deficient (CD45.2+) compartment. Data represent the mean ± SEM of three to four mice per group. 
*, P < 0.05; **, P < 0.01; ***, P < 0.001. (D) The indicated mice were treated with Con A for 12 h, and PBS was used as a negative control. H&E staining of liver 
sections (left) and determination of serum enzyme AST and ALT units (right). The dashed line indicates the necrotic area. Bars, 100 µm. Data represent the 
mean ± SEM of four to seven mice per group. ***, P < 0.001.
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ous findings in SAP-deficient mice (Furukawa et al., 2009). 
Thus, SFR-deficient mice indeed have a severe functional de-
fect in NKT cell–mediated autoimmunity in vivo.

SFR deficiency blocks NKT cell development 
and promyelocytic leukemia zinc finger (PLZF) 
induction at an early stage
Based on the surface expression level of CD24, CD44, and 
NK1.1, developing NKT thymocytes are divided into four 
stages. 2B4 was only expressed at stage 0 and stage 3 (Fig. 2 A). 
SLAM and Ly108 was gradually down-regulated starting at 
stage 0, and this down-regulation continued with NKT cell 
maturation (Fig. 2 A). In addition, the expression of CRA​CC 
and CD48 was gradually up-regulated starting at stage 1, and 
the expression was maintained at a constant level (Fig. 2 A). 
Moreover, the expression of CD84 and Ly9 remained nearly 

unchanged (Fig. 2 A). Thus, multiple SFR members are dif-
ferentially distributed on developing NKT cells, suggesting 
the complexity of these families in NKT cell differentiation.

To understand which stage requires SFRs for NKT cell 
differentiation, NKT cells at four developmental stages were 
compared in SFR-deficient mice. Notably, the proportion of 
SFR-deficient immature NKT cells, including stage 1 and 
stage 2 cells, was higher (Fig.  2  B). Therefore, SFR-SAP– 
mediated signaling is essential for the selection of early devel-
oping NKT cells in the thymus.

The transcription factor PLZF is a master regulator of 
NKT cell development (Savage et al., 2008). To determine 
whether SFR signaling is necessary for induction of PLZF, 
its expression in the residual SFR-deficient NKT cells was 
monitored by intracellular staining. We revealed that the 
amount of PLZF was markedly reduced around stages 0 and 

Figure 2.  SFR deficiency blocks NKT cell development and PLZF induction at an early stage. (A) Flow cytometric analysis of SFR expression on 
developing CD3+CD1d-Tet+ NKT cells in the WT thymus, including CD24hi (stage 0), CD24lowCD44lowNK1.1− (stage 1), CD24lowCD44hiNK1.1− (stage 2), and 
CD24lowCD44hiNK1.1+ (stage 3) cells. The corresponding SFR-deficient cells were used as a negative control. The data are representative of three experiments. 
(B) Representative flow cytometry plots (left) and percentages (right) of cells in the four stages of development among gated CD3+CD1d-Tet+ NKT cells in 
the thymus of the indicated mice, S0: stage 0; S1+2+3: stage 1+2+3. Data represent the mean ± SEM of 4–10 mice per group. *, P < 0.05; ***, P < 0.001. 
(C) Flow cytometric analysis (left) and mean fluorescence intensity (MFI; right) of PLZF expression on the CD3+CD1d-Tet+ NKT cells at the four development 
stages in the thymus of the indicated mice. Data represent the mean ± SEM of four to seven mice per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (D) Flow 
cytometric analysis of Egr2 expression on the CD3+CD1d-Tet+ NKT cells at the four development stages in the thymus of the indicated mice. The data are 
representative of three experiments.

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/214/2/475/1764586/jem
_20161312.pdf by guest on 05 D

ecem
ber 2025



479JEM Vol. 214, No. 2

1, whereas it was unexpectedly up-regulated in the SFR-de-
ficient NKT cells at stage 3 (Fig. 2 C). The altered expres-
sion of PLZF in SFR-deficient NKT cells was not due to 
impaired expression of Egr2 (early growth response gene 2; 
Fig. 2 D), which is involved in TCR signaling and is essential 
for NKT cell development (Seiler et al., 2012). Thus, SFR 
signaling promotes early NKT cell selection, probably by reg-
ulating expression of PLZF, but not Egr2.

SFR deficiency alters the composition of NKT cell subsets
Three subsets of NKT cells, NKT1, NKT2, and NKT17, 
have been identified. The fates of these sublineages are de-
termined by the expression of the transcription factors T-bet, 
GATA3, and retinoid-related orphan receptor γ (RORγt), 
respectively. To understand whether SFR-SAP signaling con-
trols NKT sublineage specification and differentiation, three 
NKT subsets among the residual NKT cells in SFR-defi-
cient mice were distinguished by staining with a combination 
of antibodies against PLZF, RORγt, and GATA3 (O’Hagan 
et al., 2015). Notably, SFR deficiency profoundly decreased 
the proportion of NKT1 cells. However, compared with WT 
populations, the proportions of NKT2 and NKT17 subsets 
were markedly increased within SFR-deficient NKT cells 
(Fig.  3, A and B). Accordingly, the total number of thymic 
NKT1 and NKT2 cells was reduced in SFR-deficient mice. 
However, the number of thymic NKT17 cells was slightly 
higher in SFR-deficient mice than in WT mice (Fig. 3 B). 
Therefore, SFRs are differentially required for the determina-
tion of NKT subset fate.

Multiple SFR members, mainly SLAM and Ly108, are 
involved in NKT cell development
Because a previous study has revealed that SLAM and Ly108 
may synergize with each other to regulate NKT cell devel-
opment in pseudo–double KO mice (Griewank et al., 2007), 
we first determined whether mice doubly deficient in SLAM 
and Ly108 had altered NKT cell numbers. We noticed that 
the mice lacking SLAM and Ly108 only had half the number 
of thymic NKT cells observed in WT mice (Fig.  4, A and 
B). Further experiments showed that these mice also had a 

moderate reduction in the number of NKT cells in periph-
eral organs, including liver and spleen (Fig. 4, A and B). The 
residual NKT cells in SLAM and Ly108 double-deficient (SL 
KO) mice consisted of more immature NKT cells, mainly 
stage 1 and 2 NKT cells (Fig. 4 D). Although the number of 
NKT cells was reduced in SL KO mice, the severity of this 
defect is less pronounced than that in SFR-deficient mice 
(Fig. 4, A and B), suggesting that other SFRs may be involved 
in NKT cell development.

Accordingly, we studied several mice that were also miss-
ing other SFR members. The additional deletion of CD84 
and CRA​CC did not affect NKT cell number in thymus, as 
was seen in CSCL mice, whereas further deletion of Ly9 (LCS​
CL KO) or 2B4 (2CSCL KO) aggravated the defect in NKT 
cell development compared with CSCL mice, where com-
pletely removing Ly9, 2B4 and CD48 further worsened the 
defective NKT cell development in SFR KO mice (Fig. 4 C). 
Thus, Ly9 and 2B4 play additional roles in NKT cell develop-
ment. There are data suggesting that SFR redundancy exists 
in NKT cell selection. To extensively investigate this redun-
dancy, the proportions of four-stage developing NKT cells 
among the residual NKT cells in mice differentially lacking 
SFR members were examined. The additional deletion of Ly9 
molecule (LCS​CL KO) further blocked NKT cell differenti-
ation at stages 1 and 2 (Fig. 4 D) and also altered the compo-
sition of three NKT cell subsets in the mice lacking SLAM 
and Ly108 (Fig. 4 E). Collectively, multiple SFR pairs, mainly 
SLAM, Ly108, Ly9, and 2B4/CD48, participate in the he-
matopoietic cell–driven positive selection of NKT cells and 
NKT cell fate decisions.

SFR-mediated inhibitory signaling plays a minor role 
in NKT cell development
The aforementioned data clearly demonstrated that SFRs are 
indeed required for NKT cell development. Because SFRs 
are presumably the only receptors that have the ability to re-
cruit SAP, NKT cell development is orchestrated by SAP- 
dependent SFR signaling. However, NKT cell development 
showed a more severe phenotype in SAP-deficient mice than 
in SFR-deficient mice, suggesting that SAP has additional ef-

Figure 3.  SFR deficiency alters the composition of 
NKT cell subsets. (A and B) Representative flow cytometry 
plots (A) and percentages and absolute numbers (B) of NKT1  
(PLZFlowRORγt−), NKT2 (PLZFhiRORγt−), and NKT17 (PLZFint 

RORγt+) or NKT2 (PLZFhiGATA3hi) of the gated CD3+CD1d-Tet+ 
NKT cell population in the thymus of the indicated mice. Data 
represent the mean ± SEM of five mice per group. *, P < 0.05; 
**, P < 0.01; ***, P < 0.001.
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fects on NKT cell development (Fig. 5 A). We proposed that 
SFR might also transmit inhibitory signaling to negatively 
regulate NKT cell development in SAP-deficient mice. To 
confirm this hypothesis, we sought to test whether the re-
moval of the SFR family could correct the defective NKT cell 
development in SAP-deficient mice. SAP-deficient mice were 
then crossed with SFR-deficient mice to yield a mouse lack-

ing SFRs and SAP. Compared with SAP-deficient mice, the 
NKT cell number in SFR-SAP deficient mice was recovered 
to ∼10% of WT NKT cells, up to the comparable level with 
that of SFR-deficient mice (Fig. 5 A). These data suggest that 
SFRs are general inhibitory receptors for NKT cell selection 
in SAP-deficient mice; thus, SFR deletion can partially cor-
rect the severe defect in NKT cell development in these mice.

Figure 4.  Multiple SFR members participate in the process of NKT cell selection. (A and B) Representative flow cytometry plots (A) and percentages 
(B) of the CD3+CD1d-Tet+ NKT cell population or the CD3+NK1.1+ NKT cell population in the thymus, spleen, and liver from the indicated mice. The data 
represent the mean ± SEM of 5–10 mice per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (C) Representative flow cytometry plots of the CD3+CD1d-Tet+ 
NKT cell population in the thymus of the indicated mice. 2CSCL KO, mice lacking 2B4, CRA​CC, SLAM, CD84, and Ly108; SL KO, mice lacking SLAM and Ly108; 
CSCL KO, mice lacking CRA​CC, SLAM, CD84, and Ly108; LCS​CL KO, mice lacking Ly9, CRA​CC, SLAM, CD84, and Ly108; SFL KO, mice lacking Ly9, CRA​CC, CD48, 
SLAM, CD84, and Ly108; SL KO, mice lacking SLAM and Ly108. The data are representative of three experiments. (D) Percentages of NKT cells at four stages 
of development among the gated CD3+CD1d-Tet+ NKT cells in the thymus of the indicated mice. Data represent the mean ± SEM of three to seven mice per 
group. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (E) Representative flow cytometry plots of NKT1, NKT2, and NKT17 cells of the gated CD3+CD1d-Tet+ NKT cell 
population in the thymus of the indicated mice. The data are representative of three experiments.
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SLAM and Ly108 are two major activating receptors 
in NKT cell development, and we next examined whether 
SLAM and Ly108 could be converted to inhibitory receptors 
in SAP-deficient mice. SLAM–Ly108–SAP triple-deficient 
mice were bred. Although the additional deletion of these two 
SFR members largely rescued NKT cell numbers in SAP- 
deficient mice (Fig. 5 B), the number of NKT cells was much 
lower in triple-deficient mice than in SLAM-Ly108-deficient 
mice (Fig.  5  B), suggesting that in addition to Ly108 and 
SLAM, other SFRs may be inhibitory when SAP is absent.

In summary, SAP-dependent SFR signaling is required 
for NKT cell development. The defects in NKT cell develop-
ment caused by SAP deficiency are primarily due to the loss 
of SFR-mediated positive signaling; however, the gain of SFR- 
mediated inhibitory signaling very likely aggravates the defect.

The lipid phosphatase SHIP-1 is not responsible 
for SFR-mediated inhibition of NKT 
development in SAP-deficient mice
We previously provided biochemical and genetic evidence 
that the lipid phosphatase SHIP-1 plays a dominant role in the 

SFR-mediated inhibition of SAP-deficient NK cell function, 
whereas two other protein phosphatases, SHP1 and SHP2, 
had a minimal role (Dong et al., 2012). To further examine 
whether the removal of SHIP1 could rescue impaired NKT 
cell development in SAP-deficient mice, SAP KO/SHIP1fl/fl/
CD4-Cre mice, in which SAP was totally deleted and SHIP1 
was only deleted in CD4+ cells, were generated. SAP KO/
SHIP1fl/fl/CD4-Cre mice still had a dramatic defect in NKT 
cell number comparable with that in SAP-deficient mice 
(Fig. 5 C). These data demonstrate that it is in SAP-deficient 
mice that SFRs can transmit a low level of SHIP1-indepen-
dent inhibitory signals, suggesting that the protein phospha-
tases SHP1 and/or SHP2 may be involved in the process.

SFRs regulate NKT cell development in part by activating 
the CAR​MA1–Bcl10–Malt1 (CBM) complex
Previous data showed that Fyn kinase is one of most important 
SH3 domain–containing enzymes that mediate downstream 
SAP signaling (Chan et al., 2003; Latour et al., 2003). Given that 
Fyn is required for NKT cell development, we next sought to 
explore how the SFR/SAP/Fyn cascade triggers downstream 

Figure 5.  SAP-independent SFR signaling plays a minor role in NKT cell development. (A) Representative flow cytometry plots and percentages and 
absolute numbers of the CD3+CD1d-Tet+ NKT cell population or the CD3+NK1.1+ NKT cell population in the thymus of the indicated mice. Unloaded CD1d 
was used as negative control. Data represent the mean ± SEM of three to five mice per group. **, P < 0.01; ***, P < 0.001. (B) Percentages of CD3+CD1d-Tet+ 
NKT cell population (left) or CD3+NK1.1+ NKT cell population (right) in the thymus of the indicated mice. Data represent the mean ± SEM of three to five 
mice per group. **, P < 0.01; ***, P < 0.001. (C) Representative flow cytometry plots (left) and absolute numbers (right) of CD3+CD1d-Tet+ NKT cells in the 
thymus and liver from the indicated mice. Data represent the mean ± SEM of three to four mice per group.
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signaling, which is necessary for NKT cell development. Pre-
vious studies have demonstrated that SLAM regulates Th2 cy-
tokine production by triggering PKC-θ (Cannons et al., 2004) 
and that the CBM complex is downstream of PKC-θ, which 
is stimulated by Fyn in NK cells (Rajasekaran et al., 2013). 
Therefore, we determined whether SLAM engagement could 
activate the CBM complex in CD4+ T cells as a representative 
of NKT cells. A series of SLAM antibody concentrations was 
used to stimulate T cells. Notably, SLAM antibody cross-linking 
markedly induced the activation of NF-κB and c-avian mus-
culoaponeurotic fibrosarcoma (c-Maf), two major signaling 
molecules downstream of the CBM complex, in activated WT 
CD4+ T cells (Fig. 6, A and B). However, the genetic disruption 

of individual components of the CBM complex, such as CAR​
MA1, could largely abolish the effect, suggesting that the CBM 
complex is involved in SLAM-mediated activating signaling 
(Fig. 6, A and B). We also confirmed this result using mice that 
are deficient in Bcl10, a CBM complex component (Fig. 6 C). 
Because NF-κB activation is a typical signaling event down-
stream of the CMB complex, T cells lacking inhibitor of NF-κB 
kinase (IKK), which can release inhibitor of NF-κB, were resis-
tant to SLAM cross-linking (Fig. 6 D). In light of the fact that 
Bcl10 has been reported to be essential for NKT cell survival 
(Schmidt-Supprian et al., 2004), we tried to determine whether 
the CARD9 (caspase recruitment domain family of adaptor 
member 9)-containing CBM complex is required for NKT cell 

Figure 6.  SAP-dependent activating SFR signaling regulates NKT cell selection partially by activating the CBM complex. (A) CD4 T cells isolated 
from WT and CAR​MA1-deficient (KO) mice were stimulated with anti-CD3 plus anti-CD28 and then restimulated with anti-CD3 plus anti-CD28 or different 
concentrations of anti-SLAM antibody for 1 h. Nuclear extracts were prepared from these cells and then subjected to electrophoretic mobility shift assays 
using a 32P-labeled NF-κB probe and Oct-1 as a control probe. Unstimulated (unst) cell extracts were used as a control. (B–D) WT or CAR​MA1 KO (B), Bcl10 
KO (C), or IKKβ KO (D) CD4 T cells activated by IL-6 and anti-CD3 plus anti-CD28 were restimulated with anti-CD3 plus anti-CD28 or an anti-SLAM antibody 
for 5 h. Nuclear extracts were prepared from these cells and then subjected to electrophoretic mobility shift assays using a 32P-labeled c-Maf probe and 
an Oct-1 probe as a control. Unstimulated cell extracts were used as a control. (E) Representative flow cytometry plots (left) and percentages and absolute 
numbers (right) of the CD3+CD1d-Tet+ NKT cell population or the CD3+NK1.1+ NKT cell population in the thymus, spleen, and liver from WT and CARD9- 
deficient mice. Data represent the mean ± SEM of three to four mice per group. **, P < 0.01.
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development. In contrast to the defect in NKT cells in periph-
eral organs, CARD9-deficient mice had a lower percentage and 
absolute number of NKT cells only in the thymus, suggesting 
that CARD9 is required for NKT cell selection, but not periph-
eral homeostasis (Fig. 6 E). We also noticed that, compared with 
SFR-deficient mice, CARD9-deficient mice only showed a 
moderate reduction in the number of NKT cells in the thymus 
(Fig. 6 E). Hence, SFRs regulate NKT cell selection partially 
through the assembly of a CARD9-containing CBM complex.

SFR deficiency does not affect humoral immunity
To systematically explore the function of SFRs in T cell con-
tact with B cells, the expression of seven SFRs was detected 

in splenic CD4+ T cells and B cells. These two types of cells 
constitutively express five SFR members, namely SLAM, Ly9, 
CD84, Ly108, and CD48 (Fig.  7  A). Using SFR-deficient 
cells as a negative control, we detected no expression of 2B4 
on either type of cell, whereas a low level of CRA​CC ap-
peared on splenic B cells but not CD4+ T cells (unpublished 
data). The expression profiles of SFRs in TFH cells and B cells 
were further determined after immunization. The results 
revealed that compared with naive B cells, GC B cells pre-
sented an increased amount of SLAM, CD48, Ly9, and Ly108 
(Fig. 7 A). Compared with nonimmunized CD4+ T cells or 
non–TFH cells, the expression of SLAM, CD84, and Ly108 
was also up-regulated in GC TFH cells (Fig. 7 A).

Figure 7.  SFR deficiency does not affect humoral immunity. (A) Flow cytometry analysis of SFR expression in resting splenic B cells (CD19+) and CD4 
T cells (CD4+CD19−) from nonimmunized WT mice as well as GC B cells (CD19+GL7hiFashi) and GC TFH cells (CD4+CD19−CXCR5hiPD1hi) from SRBC-immunized 
WT mice. Respective SFR-deficient cells were used as negative controls. The data are representative of three experiments. (B and C) Representative flow 
cytometry plots (left) and percentages (right) of splenic GC B cells (CD19+FashiGL7hi), plasma cells (CD19+IgDloCD138hi), and GC TFH cells (CD4+CD19−PD1hi 

CXCR5hi) from WT and SFR KO mice 7 d after SRBC immunization (B) or 9 d after OVA immunization (C). Data represent the mean ± SEM of 9–25 mice 
per group. **, P < 0.01. (D) Percentage of T–B conjugation (number of CD4+CD19+ cells out of total number of CD4+ cells). OT-II CD4+ T cells from WT and 
SFR-deficient mice and B cells were pulsed with OVA323–339 peptide at the indicated concentrations. The data are representative of three experiments and 
show the mean ± SEM of three mice per group.
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Next, GC responses were evaluated in SFR-deficient 
mice immunized with sheep RBCs (SRBCs), which are able 
to trigger T-dependent and T-independent GC reactions. Un-
expectedly, SFR-deficient mice showed normal percentages 
of GC B cells, plasma cells, and TFH cells, highly comparable 
with those seen in WT mice (Fig. 7 B). Then, SFR-deficient 
mice were immunized with OVA, which is a T-dependent an-
tigen. We also failed to find a dramatic effect of SFR deficiency 
on the generation of GC B cells and plasma cells. However, 
a slight increase in the number of GC TFH cells was detected 
in SFR-deficient mice after OVA immunization (Fig. 7 C).

SAP deficiency causes severe defects in humoral immu-
nity largely due to impaired conjugate formation between 
SAP-deficient T cells and B cells (Qi et al., 2008; Cannons 
et al., 2010b). To evaluate whether SFRs coordinate the for-
mation of T cell and B cell conjugates, we exploited the flow 
cytometry–based T cell–B cell conjugation assay in vitro and 
found that the ability of SFR-deficient OT-II T cells to main-
tain contact with B cells was nearly comparable to that of WT 
OT-II T cells (Fig. 7 D). Thus, SFR deficiency in CD4+ T 
cells does not affect T cell–B cell conjugate formation. Col-
lectively, in the presence of SAP, SFRs are almost dispens-
able for humoral immunity.

SFRs suppress humoral immunity in SAP-deficient mice
The dispensable role of SFRs in SAP-intact T cell–mediated 
humoral immunity encouraged us to examine whether the 
SFRs in SAP-deficient T cells suppress the differentiation of 
TFH cells and thus provide negative help to GC B cells. To 
strategically evaluate this, mice lacking both SFRs and SAP 
were generated. Surprisingly, the additional removal of SFRs 
from SAP-deficient mice completely rescued the number of 
GC TFH cells. As a consequence, the defective generation of 
GC B cells was completely corrected to the same level as WT 
mice after SRBC immunization (Fig. 8 A). Moreover, simi-
lar results were obtained when OVA immunization was used; 
moreover, the decrease in the number of plasma cells was also 
reversed (Fig. 8 B). Therefore, these data suggest that in the 
absence of SAP, SFRs primarily provide a negative signal to 
dampen TFH cell differentiation, which then impairs subse-
quent humoral immunity.

Discussion
SAP gene mutations cause severe immunodeficiency in hu-
mans, including a lack of NKT cells, impairment of TFH cell 
differentiation, and impaired function of cytotoxic cells such 
as NK cells and CD8+ T cells (Dong and Veillette, 2010). 
SAP is considered to be one of the major signaling proteins 
downstream of the SLAM family, and numerous studies have 
revealed that the actions of SAP are very likely performed 
by two types of activities, i.e., active signaling molecule and 
natural blocker (Dong and Veillette, 2010). However, how 
SAP deficiency causes those immune deficiencies is still not 
completely understood, probably because the SFR family is 
composed of seven members and the potential redundancy 

prevents immunologists from comprehensively understanding 
how SFRs transmit SAP-dependent and independent signal-
ing. In the current study, we used novel mice that genetically 
lack all of the SLAM family members. On the one hand, 
this model can avoid the redundancy of SFRs in T cells; on 
the other hand, the genetic removal of all the SFRs is able 
to synchronously abolish SAP-dependent and SAP-indepen-
dent signaling. Thus, we found that SFR deficiency causes 
severe defects in NKT cell development, but not TFH cell 
differentiation. However, the simultaneous deletion of SFRs 
can largely correct the TFH cell defects observed in SAP- 
deficient mice. Therefore, our data provide definitive evi-
dence that can be used to straightforwardly dissect SAP-de-
pendent and SAP-independent SFR signaling in the T cell 
defects caused by SAP deficiency, and these data also clearly 
identify new molecular mechanisms underlying T cell de-
fects in patients with XLP.

Our recent study on NK cells also revealed that SFRs are 
totally inhibitory in SAP-deficient NK cells; therefore, the re-
moval of SFRs from SAP-deficient NK cells completely abol-
ishes the impaired NK cell cytotoxicity (Chen et al., 2016). 
However, in this study, we revealed the differential effects of 
SFR deficiency on SAP-deficient T cells. In NKT cells, the 
removal of SFRs only increases the number of NKT cells by 
10%, whereas in TFH cells, it almost completely rescues the 
severe defect in GC reactions. Therefore, although the pres-
ence of SAP family adaptors determines the activity of SFRs 
in immune cells, variation indeed exists in different immune 
cells. We conclude that SAP-dependent SFR signaling is crit-
ical for NKT cell development and NK cell education (Chen 
et al., 2016), but it is dispensable for TFH cell differentiation. 
However, in the context of SAP deficiency, SAP-independent 
SFR signaling plays a minor role in inhibiting NKT cell de-
velopment, whereas this signaling can absolutely paralyze NK 
cell function and TFH cell–mediated humoral immunity. Thus, 
further studies are needed to address why SAP-dependent 
and SAP-independent signaling exert differential effects in 
certain immune cells. Our interpretation is that during NKT 
cell development, SFRs probably function as essential costim-
ulatory receptors, providing positive signaling in synergy with 
the invariant TCRs that usually have low to intermediate 
affinity for lipid antigens. Hence, when the engagement of 
SFRs is absent, invariant TCRs fail to support NKT cell se-
lection because classical costimulatory receptors are required 
for NKT cell differentiation, expansion, and homeostasis and 
are rarely involved in NKT cell lineage commitment and se-
lection (Akbari et al., 2008; Williams et al., 2008). However, 
several costimulatory molecules, such as ICOS, CD40L, and 
OX40, were up-regulated in TFH cells after immunization and 
are essential for TFH cell generation. These receptors probably 
can compensate for the loss of SFRs.

Through a comprehensive analysis of a collection of 
mice differentially lacking SFR members, the issue of SFR 
redundancy in NKT cell development is well resolved in the 
current study. Several previous studies have revealed that two 
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SFR members, SLAM and Ly108, are critical to NKT cell 
selection (Griewank et al., 2007). Our study provides further 
genetic evidence suggesting that two additional SFR mem-
bers, Ly9 and 2B4, might participate in NKT cell develop-
ment. Meanwhile, the involvement of CD84 and CRA​CC 
in NKT cell development is excluded. The open question is 
why NKT cells preferentially require SLAM and Ly108, but 
not CD84 and CRA​CC, for their selection in thymus. On 
one hand, we think that these receptors may have a unique 

thymic SFR expression pattern, that is, SLAM and Ly108 dis-
play the highest expression on DP cortical thymocytes with 
decreased expression on mature single-positive thymocytes 
(Griewank et al., 2007). On the other hand, SFR members 
may have the differential ability to activate SAP-dependent 
activating signaling essential for NKT cell development. For 
instance, CD84 is generally not activating receptors, at least 
on NK cells (Dong et al., 2009); studies from other groups 
suggest that engagement of CRA​CC can only recruit EAT-2, 

Figure 8.  SAP-independent inhibitory 
SFR signaling leads to severe defects in 
humoral immunity in SAP-deficient mice. 
(A) Representative flow cytometry plots and 
percentages of splenic and LN GC TFH cells 
(CD4+CD19−PD1hiCXCR5hi) or GC B cells 
(CD19+FashiGL7hi) from the indicated mice 7 d 
after SRBC immunization. Data represent the 
mean ± SEM of 8–15 mice per group. **, P < 
0.01; ***, P < 0.001. (B) Representative flow 
cytometry plots (left) and percentages (right) 
of splenic GC B cells (CD19+FashiGL7hi), plasma 
cells (CD19+IgDloCD138hi), and GC TFH cells 
(CD4+CD19−PD1hiCXCR5hi) from the indicated 
mice 9 d after OVA immunization. Data repre-
sent the mean ± SEM of 5–25 mice per group. 
*, P < 0.05; **, P < 0.01; ***, P < 0.001.
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not SAP, to deliver its downstream signaling (Tassi and Col-
onna, 2005; Cruz-Munoz et al., 2009). These findings proba-
bly help to explain why CRA​CC and CD84 are dispensable 
for NKT cell selection although they are constitutively ex-
pressed on developing NKT cells.

Our previous study demonstrated dual activities of 
SAP in the NK cell–mediated killing of hematopoietic cells 
(Dong et al., 2009). We found that the SAPR78A mutation 
can lead to a moderate defect in NK cell function compared 
with SAP-deficient mice, in which SFRs gain inhibitory 
functions (Dong et al., 2012). SH3-containing Fyn kinase 
was reported to be downstream of SAP signaling in the 
regulation of NK cell cytotoxicity and NKT cell develop-
ment (Eberl et al., 1999; Bloch-Queyrat et al., 2005), as Fyn 
deficiency also can recapitulate the phenotype observed in 
SAP-deficient mice. It is largely unknown how the binding 
of SAP to Fyn kinase transduces active signaling to distal 
effector molecules. In the current study, we propose a mech-
anism by which SLAM-SAP signaling is able to activate the 
CBM complex, which leads to NF-κB activation. The ab-
lation of IKK1, which is downstream of the CBM complex 
and required for NF-κB activation, prevents the generation 
of NKT cells (Schmidt-Supprian et al., 2004). Similarly, 
disruptions in the classical Rel/NF-κB family members, 
such as NF-κB1/RelA, can intrinsically reduce the number 
of NKT cells to various degrees (Sivakumar et al., 2003; 
Stanic et al., 2004). Although NKT cell development needs 
NF-κB–inducing kinase–dependent RelB activation, this 
effect is extrinsic and dependent on nonhematopoietic 
stromal cells (Elewaut et al., 2003). Thus, the generation of 
NKT cells probably requires classical NF-κB1/RelA signal-
ing. Our study suggests that SLAM-SAP signaling is most 
likely the upstream receptor that triggers the activation of 
classical NF-κB via the CBM complex.

Here, we first demonstrated that activation of the CBM 
complex is critical for NKT cell selection in the thymus. 
The components of the CBM complex are usually variable. 
In contrast to the Bcl10-containing CBM complex, which 
has been revealed to regulate the peripheral homeostasis of 
NKT cells, we reported here a reduced number of NKT 
cells in the thymus of CARD9-deficient mice. Therefore, 
SLAM-SAP signaling might activate NF-κB activation via 
the CARD9-containing CBM complex, which promotes 
NKT cell selection but not peripheral homeostasis. Moreover, 
it was notable that NKT cell numbers are mildly decreased 
in CARD9-deficient mice, suggesting that a CARD9-inde-
pendent pathway does exist. Thus, further study is needed to 
address how distal signaling is elicited by positive signaling 
involving SLAM–SAP–Fyn.

Here, we clearly show that the defect in humoral im-
munity in SAP-deficient mice is caused by SFR (in par-
ticular Ly108)-mediated inhibitory signaling (Kageyama et 
al., 2012), but the underlying mechanism through which 
SAP-independent signaling functions remains elusive. In the 
context of SAP deficiency, SFRs principally prefer to recruit 

other SH2 domain–containing molecules. However, SFRs 
seem to attract different phosphatases to mediate inhibition 
in different types of immune cells, such as TFH cells, CD8 
cells, and NK cells. For example, the SH2 domain–contain-
ing inhibitory molecule SHIP1 plays a dominant role in the 
SFR-mediated inhibition of SAP-deficient NK cell function, 
whereas SHP1 and SHP2 only have marginal roles in this 
inhibition (Dong et al., 2012). Although SHIP1 deficiency 
also hinders invariant NKT cell development (Anderson et 
al., 2015), removing SHIP1 from SAP-deficient NKT cells 
cannot rescue the number of NKT cells. In TFH cells, the anti-
body-mediated cross-linking of SFRs, such as Ly108, induces 
the phosphorylation of tyrosine residues on SHP1 efficiently; 
moreover, the biochemical inhibition of SHP1 can alleviate 
SFR-mediated inhibition in SAP-deficient T cells, suggest-
ing a role for SHP-1 in the SFR-mediated inhibition of TFH 
cells. However, the chemical inhibitors for these molecules 
are usually problematic in their specificity, so genetic mod-
els lacking these phosphatases are required to precisely dis-
sect the mechanism of SFR-mediated inhibition in various 
types of SAP-deficient immune cells. Further studies will 
be helpful in designing strategies to correct immunodefi-
ciency in patients with XLP.

Overall, we have demonstrated that SAP-dependent 
SFR-mediated positive signaling is essential for NKT cell 
selection. However, in SAP-deficient TFH cells, SFR-medi-
ated inhibitory signaling can greatly dampen TFH cell dif-
ferentiation, which is harmful to humoral immunity. These 
novel findings will be beneficial in elucidating the molecular 
mechanisms underlying XLP pathogenesis and will also be 
helpful in designing new strategies to treat immune dysfunc-
tion in patients with XLP.

Materials and methods
Mice
OT2 mice and Rag1-γc mice were obtained from The Jack-
son Laboratory. SAP-deficient mice have been described 
previously (Dong et al., 2012). Ly108-SAP–deficient, SLAM-
Ly108-SAP–deficient, SFR-deficient, and all the other 
SFR-deficient mice were generated in our laboratory. In all 
experiments, the littermates were used as controls. All of the 
mice were bred and maintained in specific pathogen–free an-
imal facilities at Tsinghua University. All of the procedures 
involving animals were approved by the Animal Ethics Com-
mittee of Tsinghua University.

Antibodies
Antibodies against CD3e (145-2C11), CD4 (GK1.5), 
NK1.1 (PK136), CD19 (eBio1D3), CD24 (30-F1), CD44 
(IM7), CD45.1 (A20), CD45.2 (104), CD48 (HM48-1), 
CXCR5 (SPR​CL5), GL7 (GL-7), GATA3 (TWAJ), IgD 
(11-26C), ICOS (7E.17G9), Ly9 (Ly9ab3), PD1 (J43), PLZF 
(Mags.21F7), RORγt (AFK​JS-9), 2B4 (eBio244F4), 7-AAD, 
and streptavidin were purchased from eBioscience. Antibodies 
against CD138 (281–2) and Fas (Jo2) were purchased from 
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BD. Antibodies against SLAM (12F12), CD84 (CD84.7), and 
Ly-108 (330-AJ) were purchased from BioLegend, whereas 
CRA​CC antibody (clone 520914) was provided by R&D 
Systems. Antibodies against Egr2 were purchased from Abcam, 
and goat anti–rabbit IgG (H+L) was purchased from Thermo 
Fisher Scientific. CD1d-tetramer (19156, loaded with PBS57) 
and empty CD1d control were kindly provided by the Na-
tional Institutes of Health Tetramer Core Facility.

Cell isolation and cell culture
CD4+ T cells and CD19+ B cells were isolated by posi-
tive selection (STE​MCE​LL Technologies) from the spleen. 
For in vitro T cell activation, CD4+ T cells were stimu-
lated with 3 µg/ml plate-bound anti-CD3 and 1 µg/ml 
anti-CD28 and were maintained in the presence of 100 
U/ml human IL-2. CD19+ B cells were activated in the 
presence of 1 µg/ml LPS.

Con A–induced acute hepatitis and histological analysis
Mice were intravenously injected with PBS-dissolved Con A 
(Sigma-Aldrich) at a dose of 10 mg/kg body mass. After 12 h, 
mice were euthanized for collecting serum and liver. Serum 
AST and ALT levels were measured by an automatic analyzer. 
Liver sections were fixated in 4% paraformaldehyde for he-
matoxylin and eosin (H&E) staining.

BM chimeras
To generate competitive BM chimeras, the equal num-
bers of BM cells from 4- to 5-wk-old WT B6 (CD45.1+) 
and SFR-deficient (CD45.2+) mice, which were pretreated 
with 5-fluorouracil (5-FU) for 5 d, were adoptively trans-
ferred into lethally irradiated Rag1-γc recipients (CD45.2+). 
6 wk after reconstitution, NKT cell development was ana-
lyzed by flow cytometry.

Immunization
Mice were intraperitoneally injected with a mixture of a 
100-µl suspension containing 100 µg OVA, 1 µg LPS, and 
50% alum. The spleens were removed 9 d after OVA im-
munization, and 2.5 × 108 fresh SRBCs were diluted 
in PBS for intraperitoneal and subcutaneous injection. 
The spleens and LNs were removed 7 d after immuni-
zation for FACS analysis.

Conjugate assay
For the T–B conjugate assay, preactivated OT-II CD4+ cells 
(2.5×105 in 100 µl) were labeled with FITC-conjugated anti- 
CD4 antibody, and LPS-activated WT B cells were labeled 
with APC-conjugated anti-CD19 and then pulsed with a 
series of antigen OVA323–339 concentrations (0, 1, or 10 µg/
ml) for 30 min. After washing, 100 µl OT-II CD4+ cells was 
mixed with an equal volume of WT B cells, gently centri-
fuged for 5 min at 300 g, and then incubated at 37°C for 30 
min. After vortex for 40 s, the frequency of T–B conjugates 
was enumerated by flow cytometry.

Electrophoretic mobility shift assay
To detect NF-κB and c-Maf activation, T cells isolated from 
the indicated mice were stimulated with anti-CD3 plus an-
ti-CD28 to increase SLAM expression and then restimulated 
with anti-CD3 plus anti-CD28 and/or different concentra-
tions of anti-SLAM antibody (1 µg/ml and 5 µg/ml). Nu-
clear extracts (2–4 µg) were incubated with 1 × 105 cpm 
of 32P-labeled NF-κB or c-Maf probe probes, Oct-1 probe 
as a control probe, at room temperature for 15 min. The 
samples were separated on a native Tris-borate EDTA poly-
acrylamide gel, which was dried at 80°C for 1 to 2 h, and 
then exposed to x-ray film.

Statistical analyses
Prism 5 software (GraphPad Software) was used for unpaired 
Student’s t tests (two tailed).
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