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Abstract
Generating long-term humoral immunity is a crucial component of successful vaccines and
requires interactions between T cells and B cells in germinal centers (GC). In GCs, a specialized
subset of CD4+ helper T cells, called T follicular helper cells (Tfh), provide help to B cells; this
help directs the magnitude and quality of the antibody response. Tfh cell help influences B cell
survival, proliferation, somatic hypermutation, class switch recombination, and differentiation.
Sustained contact between Tfh cells and B cells is necessary for the provision of help to B cells.
SAP (Signaling lymphocytic activation molecule (SLAM)-associated protein, encoded by Sh2d1a)
regulates the duration of T:B cell interactions and is required for long-term humoral immunity in
animal models and in humans. SAP binds to SLAM family receptors and mediates signaling that
affects cell adhesion, cytokine secretion, and TCR signaling strength. Therefore, the modulation of
SAP and SLAM family receptor expression represents a major axis by which the quality and
duration of an antibody response is controlled after vaccination.

Introduction
Today we face urgent challenges to human health by viruses and other infectious diseases.
Vaccination has saved countless lives at an affordable monetary cost. The polio vaccine
alone prevents approximately 1,000,000 cases of paralysis a year, making it so successful
that it is virtually invisible. Advancing our understanding of how to generate protective
immune responses via vaccination will aid in confronting worldwide epidemics such as
HIV, malaria, and influenza. The efficacy of most vaccines relies on antibody responses to
block pathogen infection. T follicular helper cells are a subset of CD4+ helper T cells
specialized for —helping B cells to generate these protective antibodies responses [1]. Tfh
cells, which express the transcriptional regulator Bcl6 [2–4], interact with B cells in the
germinal center. The germinal center is a complex cellular niche within secondary lymphoid
tissue optimized for the production of pathogen-specific antibodies. Antigen-specific B cells
acquire pathogen proteins via the B cell receptor (BCR). B cells then present pathogen-
derived peptides, in the context of MHC class II, to Tfh cells in order to receive the —help
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signals required to survive. These multifaceted help signals from Tfh cells are also required
for germinal center B cells to undergo antibody class switch recombination and progress
through successive rounds of proliferation and selection resulting in increased affinity for
the foreign antigen [1,5,6]. Tfh cells then direct the differentiation of germinal center B cells
into either long-lived memory B cells or plasma cells leading to lasting antibody-mediated
immunity. Tfh cells orchestrate the germinal center response by providing survival,
proliferation, differentiation, or apoptotic signals to B cells via cell surface molecules and
secreted cytokines. For Tfh cells to faithfully transmit —help signals preferentially to the
best individual B cells, stable T:B interactions must occur. The SAP/SLAM family of
adhesion molecules is essential for these long-duration contacts. A more thorough
understanding of the —help signals and the necessity for sustained interactions between Tfh
cells and B cells that lead to germinal center B cell decision making would provide an
opportunity to manipulate this interaction in order to make more effective vaccines.

Tfh cells control the magnitude of the antibody response
In mice, experimentally increasing the number of Tfh cells in the germinal center increased
the number of germinal center B cells and resulted in higher plasma cell numbers and
antibody production [2]. The observation that Tfh help to B cells is limiting in the germinal
center held in both acute viral infections and protein immunizations [2,7,8]. Blocking Tfh
development during influenza infection of mice caused impaired anti-influenza germinal
center B cell, plasma cell, and antibody responses [9]. In SIV (Simian Immunodeficiency
Virus) infected macaques, Tfh cell numbers correlate with germinal center B cells numbers,
and SIV Env-specific IgG production [10]. Developing vaccine regimens that favor the
development of Tfh cells would likely lead to increased antibody responses. However, the
quality of the Tfh response is equally important to the magnitude of the response [11].
During HIV infection, lymph node Tfh cells are expanded in number and are correlated with
germinal center B cell numbers [12], but provide less efficient help to B cells in vitro (Cubas
et al., Nat Med, in press). Lack of quality Tfh cell help to B cells may account for the
reduced antibody responses to standard vaccinations in HIV+ individuals [13–17].

Tfh cells control germinal center B cell survival and differentiation
To assess the quality of —help that Tfh cells provide to B cells in the germinal center, we
can examine the molecules important for the major functions of Tfh cells. Helper CD4+ T
cells are separated into different subsets classically defined by the production of cytokines.
Tfh cell function is dependent on cytokines and cell surface molecules. CD40L and SAP/
SLAM-family receptors are important as well as cytokines IL-21 and IL-4, and the
chemokine CXCL13. Within the germinal center, Tfh cells express high levels of CD40L,
which is partially regulated by Bcl6 expression [18]. CD40L signaling to CD40-expressing
germinal center B cells is vital. Germinal center B cells are highly apoptotic, in part due to
high Fas expression, a pro-apoptotic molecule. Tfh cells must interact with germinal center
B cells to provide a CD40L signal for survival [19–21]. Humans or mice lacking CD40L or
CD40 expression are unable to generate germinal centers in response to T cell dependent
antigens, such as viruses and most vaccines, making CD40L-CD40 signals a requirement for
antibody mediated immunity.

Tfh cells induce germinal center B cells to proliferate and differentiate by providing the
cytokines IL-21 and IL-4. In combination with CD40L, IL-21 is a powerful proliferative
signal to B cells that can also drive the differentiation of naïve B cells into plasma cells in
vitro [22,23]. Humans harboring mutations in STAT3, a key signaling molecule downstream
of IL-21, have lower levels of antigen specific IgG in response to vaccination. Stimulated
with IL-21 in vitro, these STAT3-deficient B cells produce less immunoglobulin, have lower
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expression of plasma cell differentiation genes, and cannot differentiate into antibody
secreting cells [24]. Immunization of mice with genetic deletions of IL-21 or IL-21R results
in reduced plasma cells numbers, reduced germinal center persistence, and limited antibody
affinity maturation [25,26]. These defects were found to be intrinsic to B cells. Bcl6, a
critical transcription factor for the germinal center B cell program, was reduced without
IL-21 signals. Bcl6 expression in germinal center B cells is driven by STAT3 and JunD/
AP-1 transcription factors [27]. Together, the data support the view that Tfh cells provided
IL-21 signals through STAT3 to upregulate Bcl6 expression in germinal center B cells for
survival, maturation of antibody affinity, and generation of plasma cells.

Secretion of IL-4 by Tfh cells enhances B cell survival and proliferation through increases in
B cell glucose uptake and metabolism [1]. IL-4-producing CD4+ T cells in the germinal
center are Tfh cells, not Th2 cells [28,29]. Although IL-4 is classically associated with Th2
cells and expression of the transcription factor GATA3, Tfh cells do not express high levels
of GATA3 [29,30]. Moreover, transcription of IL-4 in Th2 and Tfh cells is regulated by
different enhancers in the Il4 gene locus [31–33], implying different modes of IL-4
production. This supports a previously surprising finding that IL-4 production by Tfh cells is
largely dependent on SAP/SLAM family signaling [29] as will be discussed in more detail
below. The transcription factor Maf (a.k.a., c-maf) is necessary for IL-4 production [34] and
can facilitate IL-21 expression in CD4+ T cells [18,35–37]. In summary, CD40L, IL-21, and
IL-4 are critical signals by which Tfh cells direct germinal center B cell survival,
proliferation, and differentiation into memory B cells and plasma cells capable of mounting
protective antibody responses.

Tfh cells control somatic hypermutation and isotype switching
Activation-induced cytidine deaminase (AID) expression is required for both class switch
recombination and affinity maturation of antibodies through somatic hypermutation in
germinal center B cells [5]. Tfh cells produce cytokines to influence class switch
recombination. Tfh cells can induce and regulate B cell expression of BCL6, which can
positively regulate AID expression via repression of microRNA inhibition [38]. Further
work must elucidate additional mechanisms by which Tfh cell help influences class switch
recombination and somatic hypermutation.

Affinity maturation of antibody responses is an important part of generating highly
protective antibodies against pathogens by vaccination. Interestingly, broadly neutralizing
antibodies generated against HIV have undergone dramatic levels of affinity maturation,
evidenced by major divergence from germline sequences [39]. Germinal center B cell
maintenance and high mutational frequency are dependent on Tfh cells and will likely need
to be maximized for the generation of broadly HIV-neutralizing antibodies by vaccination
[11,40].

SAP-dependent regulation of germinal center responses
Regulation of Tfh cell function is important for vaccine development due to the ability of
Tfh cells to impact the quantity and quality of protective antibodies. However, the
generation of Tfh cells in itself is insufficient to support GC responses unless Tfh cells and
B cells can form contacts and exchange signals. SAP is an important regulator of the GC
response and impacts Tfh:B cell contacts and the exchange of signals.

SAP is an intracellular adaptor protein that regulates immune responses. Intrinsic SAP
expression in CD4+ T cells, but not in B cells, is important for the formation of germinal
centers, long-lived plasma cells, and memory B cells [41,42]. In both mice and humans,
SAP is expressed most highly in Tfh cells—specifically, Tfh cells located within the GC
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[18,29,43]. Bcl6, which is also expressed more highly in Tfh cells found in the GC,
promotes SAP expression [18]. SAP binds to members of the SLAM family receptors, four
of which are expressed by CD4+ T cells: SLAM (Slamf1), Ly9 (Slamf3), CD84 (Slamf5),
and Ly108 (Slamf6; Ly108 in mice, NTB-A in humans). These receptors are upregulated
upon activation and are more highly expressed on Tfh cells in comparison to other T cell
subsets [42,44,45]. Additionally, B cells upregulate SLAM, CD84, and Ly108 upon
activation [44] and constitutively express Ly9 [46,47]. Because these SLAM family
receptors bind in a homophilic fashion, expression on both Tfh cells and B cells is necessary
for SLAM family receptor-mediated interactions. Although it was shown that SAP is
essential for germinal center responses [41], the role of SAP in this process was unclear for
many years. Recent data demonstrated that SAP regulates GC responses by modulating
Tfh:B cell interactions, cytokine secretion, and TCR signal strength (Figure 1). The roles of
SAP in these processes will be discussed below.

SAP-dependent regulation of T:B cell adhesion
In GCs, antigen-specific Tfh cells provide help to the highest affinity B cells that are best at
capturing and presenting antigen [1,5,7]. Tfh cell help to the highest affinity B cells is
necessary for the evolution of high affinity antibodies in the GC. The study of SAP
deficiency provides insight into the requirements for Tfh cell help to B cells. To explain the
humoral defects in SAP-deficient mice, early studies identified molecules that were
differentially expressed in CD4+ T cells that lacked SAP [48–50]. It was later found that
SAP sustained adhesion between T cells and B cells, and that sustained adhesion was
necessary for the delivery of adequate Tfh cell help to B cells [51]. Even though CXCR5
and Bcl6 could be induced in SAP-deficient CD4 T cells [52,53], short-term Tfh:B cell
contacts mediated through TCR ligation and integrin-mediated adhesion were insufficient to
promote B cell proliferation or Tfh cell retention within the GC [51]. This discovery marked
a substantial step forward in our understanding of how SAP regulates GC responses.

More recent work has further defined the molecular mechanism underlying SAP-mediated
regulation of T:B cell adhesion [45,54,55]. SAP binds cytoplasmic tails of SLAM family
receptors and mediates positive signaling by recruiting the Src family kinase Fyn [56] or
other molecules [55,57]. Given the role of SAP in positive signaling, it was thought that the
defect in long-term humoral immunity in SAP-deficient mice and humans was caused by the
lack of positive signaling through one or more SLAM family receptors. Because deletions of
single SLAM family receptors in mice did not lead to a phenotype as severe as that seen in
SAP-deficient mice [29,45,57–59], it was then hypothesized that the absence of positive
signaling through two or more redundant SLAM family receptors was responsible for the
antibody response defect of SAP-deficient mice. Quite unexpectedly, it was recently shown
that abrogation of signaling through Ly108 rescued GC responses in mice that lacked SAP
(Kageyama-Immunity-2012). This led to the realization that defects in humoral responses in
SAP-deficient mice were due to a combination of two things: 1) the lack of positive
signaling through SLAM family receptors and 2) potent negative signaling through Ly108
that shortened Tfh:B cell contacts. Thus, SAP is not only important for mediating positive
signals, but it is also important for competing with mediators of negative signaling for
binding to Ly108. The balance between the expression of SAP and the expression of
negative mediators may dictate the length of Tfh:B cell contacts. In support of this, it was
found that the absence of SAP favored binding of the tyrosine phosphatase SHP-1 to the
cytoplasmic tail of Ly108 in Tfh cells [45]. The phosphatase activity of SHP-1 reduces the
duration of T:B adhesion, and therefore truncates signals between Tfh cells and B cells,
leading to an impairment of GC responses [45]. Knowledge of the underlying molecular
mechanism of SAP-mediated regulation of GC responses may be used to improve GC
responses to vaccines. For example, increasing SAP expression may favor positive signaling
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and dampen negative signaling through Ly108, allowing for sustained T:B contacts and
more robust GC responses. On the other hand, repressing negative signaling through Ly108
by blocking SHP-1 may sustain T:B contacts and increase the amount of Tfh cell help given
to GC B cells.

It should be noted that Tfh:B cell interactions do not only occur in the GC. Tfh:B cell
interactions start well before GC formation. Bcl6+CXCR5+ Tfh cells develop early during
immune responses [53,60,61] and these Bcl6-dependent T:B interactions are important for
early B cell proliferation [62]. Therefore, SAP may also be important for regulating T:B
contacts before the formation of GCs. During the early humoral response, prolonged T:B
interactions are seen at the border between the T cell zone and follicle (the T-B border) [63].
At this time, most B cells have low affinity for the antigen because they have not undergone
affinity maturation in the GC. Given that SAP enhances adhesion between T cells and low
avidity cells [54], SAP may play an important role in prolonging Tfh cell interactions with
low-avidity B cells, thus providing adequate help for a broader range of B cells with diverse
BCRs. This may increase the epitope breadth of antibodies generated after vaccination,
which is likely to be important for protection from highly mutating pathogens [64,65].
Therefore, regulation of SAP at early as well as later stages of the humoral response may be
important for the generation of a diverse and high affinity antibodies after vaccination.

SAP-dependent regulation of cytokine secretion
In addition to prolonging adhesion, SLAM family receptors regulate the secretion of
cytokines. Understanding how SLAM family receptors increase Tfh cell cytokine secretion
is important for understanding how to shape the germinal center response during
vaccination. It has been known for more than a decade that SAP deficiency alters the
cytokine profile of T cells after activation [66–68]. More recently, it was discovered that
SAP specifically regulates IL-4 secretion by GC Tfh cells [29]. Production of IL-4 by Tfh
cells is dependent on SLAM [29] and on positive signaling through SAP and PKC-θ [57].
GC Tfh cells have increased potential to initiate positive signaling through SLAM due to
their increased expression of SAP. Moreover, GC B cells can elicit Tfh cell help through
increased SLAM expression. GC B cells are located in two anatomically defined regions of
the GC called the light zone (LZ) and the dark zone (DZ), while Tfh cells are localized
mainly in the LZ [5]. GC B cells in the LZ upregulate SLAM expression [69,70], thereby
having an increased capacity to elicit IL-4 production from Tfh cells. Therefore,
upregulation of SAP in GC Tfh cells and upregulation of SLAM in LZ B cells may allow for
maximal coordinated induction of IL-4 synthesis by GC Tfh cells. GC B cell modulation of
other SLAM family receptors may also elicit additional forms of help from GC Tfh cells.
Further research into the modulation of SLAM family receptors on B cells will provide
insight into how B cells elicit particular signals from Tfh cells in the GC.

SAP-dependent amplification of TCR signals
SAP-dependent regulation of positive and negative signaling through SLAM family
receptors can amplify or dampen TCR signals, which results in modified functions in
response to TCR signaling [54,57]. This is especially relevant in GCs, where Tfh cells are
constantly being exposed to antigen presented by GC B cells. The strength of TCR signaling
allows Tfh cells to determine which B cells have the highest affinity B cell receptor (BCR)
[5,7,71]. However, strong agonistic signaling through TCRs causes downregulation of TCR
expression [72,73], which may decrease the strength of TCR signaling in Tfh cells over
time. In the context of constant TCR stimulation in the GC, SLAM family receptors may be
important for sustaining TCR signals that allow Tfh cells to selectively provide help to B
cells. For example, positive signaling through Ly108 and SAP can amplify TCR signaling
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by sustaining ERK activation [54], which in turn prolongs TCR signaling by inhibiting
dephosphorylation of the TCR [74]. This amplification of TCR signals could result in higher
quality interactions between Tfh cells and B cells within the GC. In contrast, dampening of
the TCR signal would be expected to inhibit Tfh cell help to B cells. In the absence of SAP,
negative signaling occurs via SHP-1 binding to Ly108 at the center of the T:B synapse
[45,54]. Positioning of SHP-1 to the TCR-rich center of the synapse may increase the access
of SHP-1 to proteins involved in TCR signaling. Indeed, SAP-deficient T cells displayed
decreased phosphorylation of Src family kinases consistent with increased SHP-1
localization near TCRs [54]. Additional signaling events can be inhibited by negative
signaling through SLAM family receptors, including Vav-1 phosphorylation and calcium
flux [54,55]. By amplifying or inhibiting TCR signaling, SLAM family receptors can fine-
tune Tfh cell help to B cells. Enhancing positive signaling through SLAM family receptors
may therefore be a potential way to sustain Tfh cell help to GC B cells to improve vaccine
responses.

Future directions
Tfh cell help is essential for long-term humoral immunity, which is a key component of
successful vaccines. SAP is essential for the delivery of Tfh cell help to B cells because it
regulates the balance of positive and negative signaling through SLAM family receptors.
This receptor family regulates cell adhesion, cytokine secretion, and TCR signaling.
Importantly, B cells can elicit Tfh cell help by modulating their SLAM family receptor
expression. The modulation of Tfh cell help to B cells affects GC B cell survival,
proliferation, and differentiation, all of which influence the resulting protective antibody
response. Regulating SLAM family receptor signaling is a promising approach for shaping
the humoral response during vaccination. In support of this, a recent strategy was used to
enhance SLAM receptor-mediated cytokine secretion by dendritic cells (DCs) and
macrophages during vaccination [75]. Inducing expression of EAT-2, a SAP-related adaptor
that binds to SLAM family receptors in DCs and macrophages, led to enhanced cytokine
secretion and increased activation of innate and adaptive immune cells during vaccination.
Similarly, by increasing positive signaling and inhibiting negative signaling through SLAM
family receptors on Tfh cells, it may be possible to enhance T:B cell adhesion and increase
Tfh signals to B cells during the GC response. Further investigation into the regulation of
SLAM family receptor expression, signaling, and function in Tfh cells will be beneficial for
improving rational vaccination strategies.
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Highlights

• Tfh cells regulate the quantity and quality of the germinal center response.

• SAP regulates the magnitude of Tfh cell help to B cells.

• SAP impacts T:B adhesion, cytokine secretion, and TCR signaling strength.

• Modulation of SAP and SLAM family receptors can improve responses to
vaccination.
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Figure 1. SAP sustains Tfh:B cell contacts and allows for adequate Tfh cell help to B cells in
germinal centers (GC)
(a) The presence of high SAP expression allows SAP to bind SLAM family receptors and
mediate positive signaling. Positive signaling leads to sustained Tfh:B cell adhesion,
cytokine secretion, and increased TCR signaling. As a result, a GC B cell receives sufficient
Tfh cell help via IL-21, IL-4, and CD40L:CD40 receptor ligation that induces GC B cell
survival and proliferation. (b) In the presence of low SAP expression, SHP-1 binds to Ly108
and mediates a potent negative signal that shortens Tfh:B cell contacts and curtails Tfh cell
help to the GC B cell.
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