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FIGURE 7. SLAM-deficient GC Ty cells exhibit impaired IL-4 production. A, Flow cytometric analysis of SLAM expression on naive CD4 T cells and
in vitro polarized Ty1 and Ty2 CD4 T cells. B, Flow cytometric analysis of SLAM and CXCR35 expression on CD45.1" SMtg CD4 T cells, day 8 after
LCMV infection. C, Microarray analysis of SLAM mRNA in naive (CD44'°, from uninfected mice), non-Tgy (CXCR5™), and Tryy (CXCR5™) SMtg CD4
T cells. D and E, Flow cytometry on splenocytes, day 8 after LCMV infection of B6 mice. D, SLAM expression on naive (CD44'), non-Tgy (CD44"
CXCR5'), Try (CD44MCXCR5"°GL77), and GC Ty (CD44"CXCR5"GL7") endogenous CD4 T cells. E, SLAM mean fluorescence intensity (MFI),
quantified from experiments in D. F, SLAM MFI on IgD" (naive) and GC B cells, day 8 after LCMV infection of B6 mice. Data are representative of three
to five independent experiments. G, GC Tgy (CXCR5™GL7"), Try (CXCR5MGL7 ™), and non-Try (CXCR5"°) CD4 T cell populations in Slamfl ™'~
(SLAM ") and SlamfI*"* (SLAM**) mice, 8 d after LCMV infection. Gated CD44™CD4" T cells are shown. Quantitated Tgyy cell (H) and GC Tgy
cell (I) frequencies in SLAM™* and SLAM ™/~ mice, from experiment shown in G (1 = 6/group). Data are representative of three independent experiments.
J and K, GC Tgy, Try, and non-Tgy CD4 T cells, as gated in G, were sorted from SLAM /™ and SLAM** mice, 8 d after LCMYV infection. Expression of
IL-4 (J) and IL-21 (K) mRNA in SLAM** and SLAM ™'~ GC Ty cells. Expression levels by qPCR were quantitated in reference to a control gene and
then normalized to naive CD4 T cells. Data are representative of two experiments (n = 3/group). *xp < 0.01; #*xp < 0.001.
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FIGURE 8. IL-4 is needed for optimal GC Tgy B cell help. A, Non-Tgy
(CD44"CXCRS5"GL77), Tgn (CD44"CXCRS"GL77), and GC Ty
(CD44MCXCR5*GL7Y) CD4 T cells were sorted from spleens of
LCM V-infected mice and cultured with purified B cells. IgG was quanti-
tated in day 7 culture supernatants by ELISA. Data are representative of
four experiments (1 = 3/group). B, Ty (CD44"CXCR5MGL7 ™) and GC
Try (CD44"CXCR5'GL7Y) CD4 T cells were sorted from spleens of
LCM V-infected mice and cultured with purified B cells in the presence
or absence of allL4 or aIL21 mAb. IgG was quantitated in day 7 culture
supernatants by ELISA. Data are representative of two experiments (n = 3/
group). C, GC Ty (CD44™CXCR5*GL7") CD4 T cells were sorted from
SLAM ™'~ and SLAM** LCMV-infected mice and then cocultured with
purified B cells. IgG was quantitated in day 7 culture supernatants by
ELISA. Data are representative of two experiments (n = 3/group). #p <
0.05; #xp < 0.01; *#xp < 0.001.

We propose that CD4 T cells differentiate to Tgy cells after
interacting with cognate B cells at the T/B border zones, via B cell
induction of Bcl6 expression in the CD4 T cells (6, 11). These Ty
cells can provide B cell help at the T/B border zones, or they can
migrate into GCs, becoming GC Tgy cells and providing survival
and differentiation signals to GC B cells. Signals from SLAM
family receptor engagement may directly drive GC Tgy cell dif-
ferentiation in a SAP-dependent manner, or adhesion may only be
required for prolonged T-B conjugate formation, with GC Tgy
cell differentiation induced by other signals provided by the cog-
nate B cells. In most cases, with the exception of IL-4 production,
GC Tgy cells seem to be highly activated Tgy cells [enhanced
Bcl6, ICOS, and IL-21 (Fig. 1)], consistent with ongoing Ag
recognition, which would be explained by their localization in
GCs with cognate GC B cells presenting Ag. In addition, intravital
microscopy studies indicated that CD4 T cells in GCs are not
sessile (9) and regularly exit GCs (35). Incorporating those obser-
vations, we infer that GC Tgy cells are most likely not terminally
differentiated and GC Tgy cells exchange with the bulk Tgy cell
population (Fig. 9). The gene expression and intravital microscopy
data suggest that GC Tgy cells are in a transient differentiation
state induced by interaction with GC B cells. GC Tgy cells exit the
GC with some frequency and, thereby, presumably return to
a GL7 Bcl6™IL-4~ Tgy state until they re-enter a GC and re-
engage cognate B cells. This possibility remains to be experimen-
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FIGURE 9. Two-stage model of Tgy cell differentiation, showing the
regulation and impact of SLAM and SAP on Tgy and GC Tgy cells.

tally tested. This model highlights the likely interrelatedness of
Tgy and GC Tgy cells. The use of Tgy and GC Ty nomenclature
(41) seems most appropriate to describe these cell types, given
their apparent close relationship by gene expression (Fig. 1) and
their putative interconversion (Fig. 9).

Roles of SAP and SLAM in Try and GC Tgy cells

The expression of SLAM on GC Tgy cells and GC B cells suggests
that GC Tgy cells initiate SAP signaling though SLAM-SLAM
engagement upon T-B conjugate formation, which, in turn, drives
IL-4 production. Importantly, the presence of GC Tgy cells in
Slamfl~’~ mice, but not SAP™ mice, indicates that GC Tgy cell
differentiation, although dependent on SAP, is controlled by
a SLAM family receptor other than SLAM. Alternatively, SLAM
may contribute to GC Tgy cell differentiation, with other SLAM
family receptors sharing overlapping functions. Qi et al. (35)
showed that SAP controls T cell-B cell adhesion. SLAM may
participate in that adhesion function, but its role in IL-4 pro-
duction seems to be distinct and nonoverlapping. Other SAP-
binding members of the SLAM receptor family, such as CD84
and Ly108, form considerably higher-affinity homophilic interac-
tions and are likely to be stronger contributors to SAP-mediated
T cell-B cell adhesion (66-69). Indeed, it was recently shown
that CD84 contributes to optimal SAP-dependent GC development
(70). Nonetheless, our data show that SLAM’s role in IL-4
production by GC Tgy cells is not redundant with other SLAM
family receptors and that SLAM is the primary receptor respon-
sible for driving IL-4 production by GC Tgy cells during a viral
infection (Figs. 7J, 8C).

The severe GC defect phenotype seen in the absence of SAP has
not been recapitulated in any single SLAM family receptor
knockout mouse (24, 27, 31, 32, 70-73), including SLAM '~
(39). At least five SLAM family receptors are expressed on CD4
T cells. Functional redundancies in signaling among the SLAM
family receptor members can occur, as seen in NKT cell de-
velopment (22). Overlapping SAP signaling through SLAM
family receptors likely occurs in Tgy and GC Tgy cells during
CD4 T cell help to B cells, where normally different receptors
have different functions, or are expressed at different stages of
the immune response; however, sufficient overlap exists that the
loss of any single SLAM family receptor is compensated for by
the presence of other SLAM family receptors. Because they
are encoded by adjacent genes, double or triple SLAM family
mutants cannot be generated by breeding, and redundancies will
have to be addressed with alternative approaches.
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Non-Tgy CD4 T cell expression of SAP is substantially lower
than that of GC Tgy cells. All CD4 T cells express SLAM (39).
This suggests that the coordinated expression of SAP in GC Tgy
cells (Fig. 4B) is critical for SLAM-dependent IL-4 production
(Fig. 9). Collectively, these data define a novel role for SLAM
and SAP in GC Tgy cell function and development while also
providing new insights into the complexity of SAP-dependent
SLAM family receptor signaling.

Try and GC Try cell-specific cytokines

What is the key cytokine produced by Tgy? IL-4 was originally
identified as a B cell growth and differentiation factor, and it has
long been known to be a potent cytokine for murine or human
B cells (74). Those observations led to a long-standing conclusion
that Ty2 cells were the primary CD4 T cells responsible for
B cell help in vivo. However, IL-4~/~ IL-4R /", or STAT6 '~
mice exhibit grossly normal GC development and Ag-specific
IgG responses (43, 75-77), although with significant isotype sub-
class changes (75, 78). Ty2 cells are not required for B cell help
in vivo. A newly identified subset of CD4 T cells (Tgy cells) is
specialized in B cell help (7) and required for GC development
in vivo (6, 11-13).

IL-21 has become the leading candidate to be the primary B cell
help cytokine produced by Tgy cells (7, 79). However, like IL-4, the
absence of IL-21 or IL-21R had minimal impact on GC develop-
ment or Try cell differentiation in a majority of in vivo models (56,
80-84), although GC and Tgy cell defects were observed in some
systems (43, 85). Furthermore, IL-21 production is not unique to
Try cells; it is also produced by Ty17, Ty2, and Tyl cells (86).

In this article, we showed that IL-21 and IL-4 are abundantly
produced by Ag-specific GC Tgy CD4 T cells, and production
of those cytokines is defective in the absence of SAP. Several
recent studies showed selective IL-4 production by GC Tgy cells
during Ty2-biased parasitic infections (46, 52, 53). Our data in-
dicated that the IL-4" GC Tgy subset of Tgy cells that we
identified in the context of a Tyl-biased viral infection is analo-
gous cells, and the production of IL-4 is controlled by the Tgy
transcriptional program. Recent human data indicated that human
Try cells exhibit similar phenotypic properties: tonsillar
CXCR5™ CD4 T cells exhibited many Tgy cell characteristics
but did not express IL-4, whereas CXCR5" CD4 T cells expressed
the highest levels of Tgy cell markers and expressed IL-4 (58).

A reasonable model of Tgy cytokines is that IL-21 and IL-4 are
the two main Tgy B cell help cytokines in vivo, and the absence of
one can largely be compensated for by the other. This model stems
from the observations that IL-21 and IL-4 are produced by GC
Ty cells, whereas IL-21, but not IL-4, is made in large quantities
by the whole Tgy population during a viral infection, and both
cytokines provide B cell help in vitro when produced by GC Tgy
cells (Fig. 8B). The absence of either cytokine alone had a modest
impact on GCs in several in vivo mouse systems. However, the
combined absence of IL-4 and IL-21R resulted in a severe loss of
GCs and Ab responses (80). The antiapoptotic impact of IL-4 on
B cells is well documented (87-89), and recent work by Locksley
and colleagues (46) elegantly showed a role for IL-4 in somatic
hypermutation and affinity maturation. IL-4 can also contribute to
sustaining GCs (52). IL-21 was shown to be a potent inducer of
plasma cell differentiation by human B cells (90-93) and murine
B cells (94, 95). In our Tgy cell studies, blocking IL-21 in GC Tgy
cell-B cell cultures reduced IgG production to near background
levels (Fig. 8B). This is consistent with studies of human Tgy cells
(92). Therefore, although it seems that the functions of these two
cytokines in GCs can largely be compensated for in vivo, they
have separable activities on B cells.

SLAM-DEPENDENT GC Tgy IL-4 PRODUCTION

GC Ty cell IL-4 regulation

How is IL-4 produced in a Ty2-independent manner? In this ar-
ticle, we demonstrated that IL-4 production by GC Tgy cells is
dependent on SLAM and SAP signaling. Previous work showed
that a SLAM-SAP-Fyn-PKCO signaling axis can induce
IL-4 production by CD4 T cells in vitro (23, 24, 31, 96). A
SAP-Fyn-PKC# signaling axis also controls the development of
unconventional thymocyte-selected CD4 T cells (97). SLAM
recruits SAP, which recruits Fyn kinase via R78, and Fyn kinase
activity can result in PKCO recruitment (23, 24). Further work
will help to determine whether Fyn and PKC6 are downstream
components of IL-4 induction in GC Tgy cells. Consistent
with previous studies (24, 96), IFN-y levels were moderately
increased in the Tyl (non-Tgy), Try, and GC Tgy populations
in the absence of SLAM (data not shown). Elegant work by
Schwartzberg and colleagues (23) demonstrated that the SAP
IL-4 production defect is independent of the presence of elevated
IFN-y, because SAP IFN-y '~ CD4 T cells still displayed
a severe 1L-4 defect in vitro.

Notably, GATA3 is not induced in the GC Tgy cells, and the T2
cytokine IL-5 is not produced. There are multiple precedents for
IL-4 production in the absence of GATA3 induction. NKT cells
express IL-4 but have only low levels of GATA3, and NKT cell
IL-4 transcription is NFATc1 dependent (98). In conventional
CD4 T cells, STATS can induce IL-4 production, but not IL-5
transcription, in the absence of GATA3 induction (99).

The relationships among different CD4 T cells lineages have
become more and more complex. We recently proposed that al-
though Tgy cells are a distinct CD4 T cell lineage with a master
regulator transcription factor, specialized gene-expression profile,
and unique biological function, differentiation of a cell to a Tgy
cell does not outright preclude Tyl, Ty2, or Tyl7 characteristics,
including cytokine and master regulator transcription factor ex-
pression (6, 11). Similar ideas of overlapping differentiation pro-
grams between Tgy cells and other canonical CD4 lineages were
proposed by other investigators (41, 46, 100). In this article, we
further defined the complexity of Tgy cell-differentiation stages
and Tgy cell cytokine regulation. Our findings highlight that Tgy
cell differentiation is a multistage process requiring Bcl6 induc-
tion (11-13), cognate B cells (11), and then SAP-dependent dif-
ferentiation and functions (14, 35), including SLAM-dependent
IL-4 induction. Additional studies to understand the integration
of these signals and the Tgy cell to GC Tgy cell transition will be
important for developing improved vaccine strategies for long-
term Ab responses.
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