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In Vivo Regulation of Bcl6 and T Follicular Helper
Cell Development

Amanda C. Poholek,* Kyle Hansen,' Sairy G. Hernandez,” Danelle Eto,"
Anmol Chandele,i Jason S. Weinstein,§ Xuemei Dong,§ Jared M. Odegard,*’1
Susan M. Kaech,” Alexander L. Dent,” Shane Crotty,Jr and Joe Craft™?

Follicular helper T (Tgg) cells, defined by expression of the surface markers CXCRS and programmed death receptor-1 (PD-1)
and synthesis of IL-21, require upregulation of the transcriptional repressor Bcl6 for their development and function in B cell
maturation in germinal centers. We have explored the role of B cells and the cytokines IL-6 and IL-21 in the in vivo regulation of
Bcl6 expression and Ty cell development. We found that Tgy cells are characterized by a Bcl6-dependent downregulation
of P-selectin glycoprotein ligand 1 (PSGL1, a CCL19- and CCL21-binding protein), indicating that, like CXCRS and PD-1 upre-
gulation, modulation of PSGL1 expression is part of the Try cell program of differentiation. B cells were neither required for
initial upregulation of Bcl6 nor PSGL1 downregulation, suggesting these events preceded T-B cell interactions, although they
were required for full development of the Ty cell phenotype, including CXCRS and PD-1 upregulation, and IL-21 synthesis. Bcl6
upregulation and Tgy cell differentiation were independent of IL-6 and IL-21, revealing that either cytokine is not absolutely
required for development of Bcl6* Ty cells in vivo. These data increase our understanding of Bcl6 regulation in Tyy cells and

their differentiation in vivo and identifies a new surface marker that may be functionally relevant in this subset. The Journal of

Immunology, 2010, 185: 313-326.

ntibody production is critical for pathogen clearance and
A prevention of reinfection, with Ab responses to most

protein Ags strictly T cell dependent (TD) (1). Follicular
helper T (Tgy) cells play a critical role in providing B cell help to
TD Ags given their movement to the B cell follicle (2) and the
germinal center (GC) (3, 4), the primary site of B cell somatic
mutation with affinity maturation (5, 6) and Ig class switching (7).
This help is mediated in part by IL-21, a cytokine produced by Tgy
cells that, in cooperation with B cell AgR and TD signals, promotes
GC B cell proliferation and maturation (8—12) and, in conjunction
with IL-4, Ig class switching (13). Consistent with their location in
the B cell follicle, Tgy cells upregulate the chemokine receptor
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CXCRS5, allowing for migration toward the ligand CXCL13 (B lym-
phocyte chemoattractant [BLC]) expressed in the follicle (3, 4).
ICOS is also upregulated on Tgy cells and is required for their de-
velopment and expansion (14-16), as are B cells (14, 17, 18) via their
expression of the ligand for ICOS (B7RP.1) (9, 14). Similarly,
IL-6 and IL-21 are important for the in vitro development of IL-
21-producing CD4 T cells (19, 20) and Tgy cell development
in vitro and in vivo following immunization with protein Ags (8,
9). IL-6 is also important for Ab responses in several systems (20—
22). Yet, the role that these cytokines play in T cell maturation is not
restricted to the Tgyy cell subset, given their requirement for Th17
differentiation and maintenance (23-25).

Bcl6 is a transcriptional repressor that was originally identified
in GC B cells, with its expression in these cells necessary for GC
formation (26). It is also selectively expressed by Tgy cells
compared with other CD4 T cell subsets (9, 12). We and others
have recently shown that it is required for Tgy cell development
and the subsequent formation of TD GC responses (18, 27, 28).
Bcl6 represses a program of gene activation, including that of
other transcription factors (18, 27, 28) and microRNAs (28) that
promotes expression of proteins needed for Tgy cell trafficking
and function. These observations further established Tgy cells as
a subset independent from the Thl, Th2, and Th17 lineages;
however, other studies have demonstrated that IFN-y, IL-4, and
IL-17 can be secreted by Tgy cells, with subsequent shaping of the
Ab and autoantibody responses (18, 29-33) indicating plasticity in
differentiation (34). IL-21 and IL-6 can induce Bcl6 expression
in vitro in mouse T cells (9, 27), with IL-12 playing a similar role
in human cells (35, 36), although the role that these cytokines play
in Bcl6 regulation in vivo is less clear.

We recently described a population of CD4 T cells in lupus-
prone MRL mice that is marked by downregulation of P-selectin
glycoprotein ligand 1 (PSGL1). These cells migrate to the extra-
follicular sites of Ab production in the spleen (37). Extrafollicular
PSGL1" cells are similar to Ty cells in that they express IL-21,
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require ICOS and B cells for development, and are necessary for
generation of class-switched Ab and autoantibody production;
however, unlike Tgy cells, they lack expression of CXCRS5. This
absence, combined with expression of CXCR4, presumably ena-
bles their movement to extrafollicular locations (38). Modification
of PSGL1 by glycosyltransferases permits T cell migration to in-
flammatory sites via binding to P- or E-selectin expressed on
endothelial cells (39, 40); however, unmodified PSGL1 can bind
CCL19 and CCL21 (41), suggesting that PSGL1 may act as a re-
tention signal for T cells in the T zone.

These findings indicated that T cells with reduced surface ex-
pression of PSGL1 are capable of migration out of the T cell zone
to sites of B cell help. Logically then, Ty cells would likely be
characterized by downregulation of PSGLI1, because they too
migrate to sites of B cell responses. We have sought in this study
to address this question, in parallel with further dissection of the
developmental requirements for Tgy cells. We specifically asked
how the expression of Bcl6 is integrated with that of PSGLI,
the inflammatory cytokines IL-6 and IL-21, and the presence of
B cells, using in vivo models of Ag-specific CD4 T cell activation.
We found that Tgy cells are characterized by a Bcl6-dependent
downregulation of PSGL1, indicating that this is part of the Ty
cell program of differentiation. B cells were not required for initial
upregulation of Bcl6 or PSGL1 downregulation, suggesting these
events preceded T-B cell interactions, although they were re-
quired for full development of the Tgy cell phenotype, including
CXCRS and programmed death receptor-1 (PD-1) upregulation,
and IL-21 synthesis. Interestingly, Bcl6 upregulation was indepen-
dent of both IL-6 and IL-21, revealing that neither is absolutely
required for development of Bcl6™ Tgy cells in vivo. These data
increase our understanding of Bcl6 regulation in Tgy cells and
their differentiation in vivo.

Materials and Methods
Mice

Mice were housed in specific pathogen-free conditions at the Yale School of
Medicine (New Haven, CT) or the La Jolla Institute for Allergy and Immunol-
ogy (La Jolla, CA). B6 mice were purchased from the National Cancer
Institute (Bethesda, MD) (Figs. 1-6) or The Jackson Laboratory (Bar Harbor,
ME) (Figs. 7-9). IL-6-deficient (B6.129S2-116"™"%P"y B cell-deficient
(uWMT; B10.129S2(B6)-Igh-6""¢"/J), OT-II TCR transgenic (C57BL/6-Tg
[TeraTerb]425Cbn/Y), CD19-deficient (B6.129P2[C]-Cd19"™'"*1°€"y), and
MD4 (HEL Tg) (C57BL/6-Tg[IghelMD4]4Ccg/J) were purchased from
The Jackson Laboratory, as were MRL/Fus™" (MRL/MpJ—Fas””/ZJ) and
BALB/c animals. IL-21-deficient (B6;12985-1121""""*/Mmcd) mice were
purchased from MMRRC. DOI11.10 mice (42) were provided by
K. Bottomly (Yale School of Medicine). Bcl6-deficient B6 animals were
generated as described previously (43). To produce Fas-deficient Bcl6-
deficient animals, we backcrossed Bcl6 heterozygotes to the MRL/Fas™"
strain to the N2 generation, producing Bcl6 heterozygous Fas-deficient mice,
followed by intercrosses to generate three groups of homozygous Fas™" ani-
mals: Bcl6 intact, Bcl6 heterozygotic, and Bcl6 deficient. These mice were
used at ages 7-8 wk (given the shortened lifespan of Bcl6-deficient mice) in
the experiments depicted in Fig. 4E-I, always with appropriate littermate
controls. All other mice were used at 6-8 wk of age, save for wild-type
(WT) MRL/Fus"" animals sacrificed at age 16-24 wk. The Institutional An-
imal Care and Use Committee of Yale University or La Jolla Institute for
Allergy and Immunology approved all procedures involving mice.

Immunizations and infections

A total of 0.5 X 10° OT-II CD4 T cells were transferred via retro-orbital
injection into recipient mice. Twelve to 24 h later, 50 wg OVA precipitated
in 200 wl aluminum hydroxide (alum) were administered by i.p. injection.
Six days postimmunization, spleens of recipient mice were harvested and
crushed through 40-pum cell strainers. Red cell lysis was performed by
hypotonic disruption as described previously (37). For nitrophenyl-
chicken gammaglobulin (NP-CGG) immunizations, 100 pg NP-CGG (Bio-
search Technologies, Novato, CA) was precipitated in alum and 200 pl
administered i.p. Lymphocytic choriomeningitis virus (LCMV) stocks were
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prepared and quantified as described previously (44). All infections were
done by i.p. injection of 1-2 X 10° PFU of LCMV Armstrong per mouse.

Flow cytometry and cell sorting

Abs used for staining included CD4, CD44, TCR, B220 (all from
eBioscience, San Diego, CA), PD-1, ICOS, PSGLI1, Thyl.1, CXCRS,
CD62L, streptavidin, BTLA, Fas, IFN-y, KJ1-26, I1gM, IgG, CD138,
CXCR4 (all from BD Biosciences, San Jose, CA), and peanut lectin
(agglutinin) (PNA)-biotin (Vector Laboratories, Burlingame, CA). In gen-
eral, 10 X 10° cells were surface stained in ice-cold 1X PBS plus 0.5%
BSA for 30 min at 4°C. For Figs. 1-6, CXCRS detection was performed for
30 min at 25°C to enhance detection of surface expression. For Figs. 7-9,
CXCRS labeling was a three-step stain as described previously (18). Cells
were washed and immediately analyzed unfixed on an LSRII Multilaser
Cytometer (BD Biosciences). Dead cells were excluded using Hoescht
(Sigma-Aldrich, St. Louis, MO). Intracellular IgM and IgG staining was
performed by standard fixation and permeabilization methods directly ex
vivo. Staining for surface IgM was done prior to fixation. For intracellular
cytokine staining, splenocytes were stimulated ex vivo for 4-5 h with
LCMV gp61-80 peptide (2.0 wg/ml) or PMA (20 ng/ml) and ionomycin
(1 wM). Intracellular IL-21 staining was done using an IL-21R-Fc chimeric
protein (R&D Systems, Minneapolis, MN), followed by PE- or allophyco-
cyanin-labeled anti-human IgG (Jackson ImmunoResearch Laboratories,
West Grove, PA) (18). For cell sorting, magnetic separation was performed
using a biotin-based magnetic separation kit (EasySep; StemCell Technol-
ogies, Vancouver, British Columbia, Canada) to enrich for CD4 T cells,
followed by surface staining as described previously. Sorting was per-
formed on a FACSAria (BD Biosciences), with postsorting purity ~95%.
A nondepleting CD4 Ab (BD Biosciences) was used for experiments with
sorted cell transfers.

B cell transfers

A total of 0.5 X 10° OT-II CD4 T cells were transferred via retro-orbital
injection into WT or B cell-deficient (WMT) mice. Twelve to 24 h later,
50 wg OVA precipitated in 200 w1 alum was administered by i.p. injection.
Four days postimmunization, spleens were harvested and total CD4 T cells
sorted using a nondepleting Ab. The percentage of OT-II CD4 Thyl.1*
cells was assessed by flow cytometry, and an equivalent number of OT-II
CD4 T cells was then transferred to new recipients, either WT or B cell
deficient, that were immunized 4 d previously i.p. with 50 pg OVA in alum
(at the same time as the first set of recipient mice) so that transferred cells
would return to the same antigenic and inflammatory environment. Three
days posttransfer of sorted CD4 T cells (7 d after the first immunization),
spleens of recipient mice were harvested and processed for flow cytometry.

Quantitative PCR

For Figs. 1, 2, and 5, RNA from sorted cell populations was isolated using
the mini or microRNeasy Kit (Qiagen, Valencia, CA), followed by con-
version to cDNA using iScript (Bio-Rad, Hercules, CA). Quantitative PCR
was performed on a Stratagene MX4005P Thermal Cycler using Stratagene
Brilliant SYBR Master Mix (Stratagene, La Jolla, CA) and the following
primers: bcl6, 5'-CACACTCGAATTCACTCTG-3’ (forward) and 5'-TAT-
TGCACCTTGGTGTTGG-3' (reverse); il21, 5'-TGAAAGCCTGTGGAA-
GTGCAAACC-3’ (forward) and 5'-AGCAGATTCATCACAGGACACC-
CA-3' (reverse); rorc, 5'-CCGCTGAGAGGGCTTCAC-3’ (forward) and
5'-TGCAGGAGTAGGCCACATTACA-3’ (reverse); prdml, 5'-GCCAAC-
CAGGAACTTCTTGTGT-3' (forward) and 5'-AGGATAAACCACCCGA-
GGGT-3' (reverse); and rpl9, 5'-TGAAGAAATCTGTGGGTCG-3' (forward)
and 5'-GCACTACGGACATAGGAACT-3’ (reverse). L9 (rpl9) is a ribosomal
protein gene that is expressed at a constant level between naive and effector
T cells. For Fig. 8, RNA isolation and quantitative PCR analysis was per-
formed as described previously (18). Briefly, SuperScript II Reverse Transcrip-
tase (Invitrogen, Carlsbad, CA) was used during cDNA synthesis. iTaq Sybr
Green with Rox (Bio-Rad) was used on a Roche Lightcycler 480 for RT-PCR
with the following primers: bcl6, 5'-CCTGTGAAATCTGTGGCACTCG-3’
(forward) and 5'-CGCAGTTGGCTTTTGTGACG-3' (reverse); il21, 5'-GCT-
CCACAAGATGTAAAGGGGC-3' (forward) and 5'-CCACGAGGTCAATG-
ATGAATGTC-3' (reverse); and prdml 5'-ACATAGTGAACGACCACCCC-
TG-3' (forward) and 5'-CTTACCACGCCAATAACCTCTTTG-3’ (reverse).

Western blots

Cells were sorted by flow cytometry from spleens of 16- to 24-wk-old WT
MRL/Fas™" mice, followed by lysis in radioimmunoprecipitation assay
buffer. The supernatants from spun cell lysates were loaded onto a 12%
SDS-PAGE gel in loading buffer. Roughly 13-15 pg total protein was
loaded per lane for each of the sorted populations, and 30 wg protein
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was loaded for positive controls. Blots were incubated with an anti-Bcl6
Ab (Cell Signaling Technology, Beverly, MA) overnight and, after expo-
sure, stripped and reprobed overnight with anti-Blimp-1 (Santa Cruz
Biotechnology, Santa Cruz, CA). After exposure, blots were restripped
and probed for actin (Santa Cruz Biotechnology).

Retroviral transduction of primary T cells

OT-II Thy1.1 splenocytes were isolated and activated with Con A for 24 h
in vitro. A control retrovirus (MigR1, an empty construct) or one expressing
Bcl6 was transduced into activated OT-II splenocytes by centrifugation
(2500 rpm) at 37°C for 90 min, and 0.5 X 10° OT-1I CD4 T cells were
immediately transferred i.v. into recipient mice. Twelve to 24 h after trans-
fer, mice were immunized i.p. with 50 ug OVA precipitated in alum. Six
days later, spleens were harvested and stained as above.

ELISA

Anti-LCMV Ab was measured by ELISA using sonicated cell lysate from
LCM V-infected BHK-21 cells as capture Ag. Ninety-six-well Polysorp
microtiter plates (Nunc, Naperville, IL) were coated overnight with lysate
in PBS and then UV inactivated (300 mJ in Stratalinker 1800; Stratagene).
HRP-conjugated goat anti-mouse IgG secondary Ab was used for detection
(Caltag Laboratories, Burlingame, CA) (44). For NP-specific ELISA, plates
were coated with NPo-conjugated OVA (Biosearch Technologies). Anti-NP
IgM and IgG Abs were detected using HRP-conjugated goat anti-mouse
IgM, IgG, or IgG1 Abs (Southern Biotechnology Associates, Birmingham,
AL). ODs were converted to units based on standard curves with sera from
B6 mice immunized with NP-CGG using a four-parameter logistic equation
(Softmax Pro 3.1 software; Molecular Devices, Sunnyvale, CA).

A Murine lupus model

FIGURE 1. PSGLI1 is downregulated on
Tru cells. A, Expression of PSGL1 and
CD62L on CD4*CD44"B220' splenocytes
in aged lupus-prone MRL/Fas™" mice. B,
Selected genes are differentially expressed
in CD4 PSGL1" T cells from lupus-prone
MRL/Fas™" mice. C, Expression of PSGL1
and CD62L on transferred OT-II Thyl.1
CD4 T cells in unimmunized or immunized
mice. Left panels are gated on CD4"B220"
cells. D, Expression of CXCRS and PD-1 on
gated OT-II Thyl.1 CD4 T cells 6 d after
transfer to B6 mice and immunization. Bar
graph represents the percentage of cells that
are CXCR5MPD-1" of indicated group.
Results are representative of three indepen-
dent experiments using four mice per group; C
w=xp = 0.0075. E, Expression of ICOS on ‘;
OT-II Thyl.l CD4 T cells 6 d after trans-
fer to B6 mice and immunization. Naive
CD4 T cells are shown in gray shade, and
PSGL1" T cells by the black line. F, Ex-
pression of il21, bcl6, prdml, and rorc tran-
scripts in sorted PSGLI™ and PSGL1"™
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Microscopy

Spleens were harvested and immediately frozen in OCT tissue-freezing me-
dium. Sections were cut to 6-pum thickness on a cryostat and stained for
immunofluorescence using CD4 Pacific Blue (eBioscience), PNA biotin
(Vector Laboratories), IgD FITC (BD Biosciences), and streptavidin
Alexa-555 (Invitrogen). Unconjugated PSGL1 (BD Biosciences) was di-
rectly coupled to Alexa-647 using a mAb labeling kit (Invitrogen). All
images were acquired on a Zeiss LSM 510 NLO confocal microscope
(X25) equipped with a MaiTai titanium:sapphire 2-photon laser (Spec-
tra-Physics) for Pacific Blue detection.

Gene expression microarrays

CD62L"PSGL1™, CD62L'°PSGLI™, and CD62L'°PSGL1" subsets (all of
which were CD4*TCRBB220~ CD44") were sorted from spleens of aged
(16-24 wk old) female lupus-prone MRL/Fas™" mice, with control naive
(CD4*CD44"°CD62LM) cells sorted from young 6- to 7-wk-old female
animals. RNA from three independent sorts was submitted to the W. M.
Keck Foundation Biotechnology Resource Laboratory at Yale University
for amplification and hybridization to Affymetrix Mouse Genome 430 2.0
GeneChips. Data were analyzed using a GeneSpring GX Analysis Platform
(Agilent, Palo Alto, CA). Genes that were differentially expressed (p =
0.05) among CD62L°PSGL1", CD62L°PSGL1", CD62LMPSGLI1M, and
naive subsets (n = 3) were identified using two-way ANOVA. The gene
expression data discussed in this publication have been deposited in Na-
tional Center for Biotechnology Information’s Gene Expression Omnibus
(www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series ac-
cession number GSE20735.
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Statistics

Data were analyzed with Student ¢ test with Prism4 or 5 (GraphPad
Software; GraphPad, San Diego, CA). Number of asterisks represents the
degree of significance with respect to p value. Bar graphs for experiments
involving cell percentages and RT-PCR show mean * SEM.

Results
Try cells are marked by downregulation of PSGLI

We recently demonstrated that lupus-prone MRL/Fas™" mice have
a subset of activated CD4 T cells with reduced surface expression of
PSGL1 (Fig. 1A) (37). In MRL mice, PSGL1' cells were capable of
promoting isotype-switched autoantibody formation, a process de-
pendent upon their secretion of IL-21, and one associated with
upregulation of activation-induced cytidine deaminase in plasma
cells. To further characterize these cells, we compared their gene
expression profile to that of naive and activated PSGL1™ CD4
T cells, also from MRL mice. Several gene products were upregu-
lated in the PSGL 1" population compared with naive and activated
PSGL1M cells, including those that encode Bcl6, PD-1, IL-4, and
IL-21 (Fig. 1B). Blimp-1 (prdmlI) was downregulated in PSGL1"
cells compared with activated PSGL1™ cells, consistent with the
finding that Bcl6 can repress Blimp-1 and vice versa (18, 45-47).

We hypothesized that Tgy cells are characterized by reduced
surface expression of PSGLI, because IL-21 secretion and PD-1
expression are known markers of this population, as is Bel6 (12,
17). To address this hypothesis, we tracked development of Ag-
specific PSGL1" cells following immunization of B6 mice. We
adoptively transferred H-2P—restricted OVA-specific OT-II TCR-
transgenic CD4 T cells to Thyl-mismatched recipients, followed
by i.p. immunization with OVA mixed in the adjuvant alum and
analysis of splenocytes 6 d later. Following immunization, PSGL1'
cells made up ~15-20% of activated OT-II Thyl.1 CD4 T cells,
whereas unimmunized controls retained a small number of naive
transferred cells (Fig. 1C). PSGL1" cells in immunized mice were
enriched for cells expressing PD-1, consistent with our array data, as
well as upregulation of CXCRS5 and ICOS, additional markers of
Ty cells (Fig. 1D, 1E). Similar results were obtained when H-29-
restricted DO11.10 TCR-transgenic cells were transferred to BALB/c
recipients followed by immunization of OVA in alum (Supplemental
Fig. 14).

To rule out the possibility that development of PSGL1'° cells was
an artifact of adoptive transfers of TCR transgenic T cells, we
immunized B6 mice with NP-CGG in alum, followed by analysis of
spleens 8 d later. In this study, as in mice with adoptively transferred
TCR transgenic cells, there was expansion of PSGL1' as well as
CXCR5"™ and PD-1" cells (Supplemental Fig. 1B).

CXCRS, PD-1, and ICOS are upregulated following Ag encoun-
ter, as well as on Ty cells (48). To help determine whether PSGL1
downregulation is a specific marker of the latter, we asked whether
PSGL1" cells expressed IL-21 and Bcl6, other constituents of Tgy
cells. Activated OT-II Thyl.1 CD4 T cells following transfer and
immunization were sorted into PSGL1" and PSGL1'" subsets, with
mRNA expression analyzed by RT-PCR. OT-II PSGL1" T cells had
upregulation of transcripts for i/2/ and bcl6 in comparison with
PSGL1M cells (Fig. 1F), as did PSGL1% cells from B6 mice im-
munized with NP-CGG in alum (Supplemental Fig. 1C). PSGL1™
cells expressed Blimp-1 (prdml) transcripts, whereas PSGL1'"
cells expressed relatively little Blimp-1 (Fig. 1F), consistent with
the findings that Bcl6 represses Blimp-1 (45-47) and that Bcl6 and
Blimp-1 distinguish separate populations of effector CD4 T cells
(18, 49). Because Th17 cells produce IL-21, we also determined the
mRNA expression of rorc, the gene encoding RORwt, the transcrip-
tion factor required for their development (50). We found that rorc

Bcl6 REGULATION AND Tgy CELL DEVELOPMENT

expression was downregulated in PSGL1% cells in comparison with

PSGL1" cells (Fig. 1F), indicating that the presence of IL-21 in
PSGL1' cells was not due to a Th17 phenotype.

As we have previously demonstrated that extrafollicular PSGL1 o
cells from MRL/Fas™" mice expressed high levels of CXCR4, but
not CXCRS5 (37), we assessed the former on PSGL1' Ty cells in
nonautoimmune mice (37). Seven days following transfer of OT-11
Thyl.1 cells into WT mice and immunization, we found that
CXCR4 was not upregulated on PSGL1' Ty cells; however, the
presence of CXCR4 was detected on a subset of B cells, presumably
extrafollicular plasma cells, as expected after immunization (Fig.
1G) (38).

To explore concomitant expression of the markers CXCRS, PD-
1, and PSGL1, we analyzed activated CD4 T cells isolated from
mice 8 d following immunization with NP-CGG in alum. As ex-
pected from previous reports, we found that activated CD4 T cells
with the highest expression of CXCRS also had high expression of
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FIGURE 2. PSGL1" Tgy cells are located in GCs and express Bcl6. A,
Expression of CXCRS, PD-1, and PSGL1 on CD44" CD4 T cells taken
from spleens of B6 mice 8 d after immunization with NP-CGG in alum. B,
Microscopy of spleens taken from B6 mice 8 d after immunization with
NP-CGG in alum. Sections were stained with four Abs. For simplicity, the
top panel shows staining to detect IgD, PNA, and CD4; the bottom panel
shows that for IgD, PSGL1, and CD4. Inset panels (1-3) show increased
magnification of labeled areas. Arrows indicate PSGLI™ (panel 1) or
PSGL1"® (panels 2, 3) CD4 T cells. C, Expression of bcl6 and i[2] mRNA
levels in sorted CD44"'CD4*PSGLICXCR5PD-1" or CD44"CD4*
PSGL1'°CXCR5"PD-1" cell subsets. Results are representative of two
independent experiments. Fold change is in comparison with sorted
naive CD4 T cells. p = 0.8765 (bcl6); #+p = 0.0016 (il21).
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PD-1. Similarly, CD4 T cells with the highest expression of
CXCRS, or PD-1, had the lowest levels of PSGL1 (Fig. 2A). This
finding indicated that downregulation of PSGL1 is part of a Tgy
cell program of differentiation that includes upregulation of
PD-1 and CXCRS.

A principal criterion for identifying Tgy cells is their location in
GCs (3, 4). Thus, we asked whether GC T cells lacked expression
of PSGL1. B6 mice were immunized with NP-CGG in alum, and 8
d later, their spleens were harvested and examined by immunoflu-
orescence confocal microscopy (Fig. 2B). Splenic GCs, identified
by staining with PNA, contained CD4 T cells that lacked PSGLI1.
CD4 T cells in the B cell follicle also lacked PSGL1, whereas the
majority of cells in the T zone expressed high levels of PSGL1
(Fig. 2B, insets; compare PSGL1 staining of T cells in T zone
[inset 1], GC [inset 2], and follicle [inset 3]). The location in the
GC indicates that downregulation of PSGL1 is an additional marker
of the Tpy cell lineage. Although GC T cells are all PSGL1",
follicular CD4 T cells found outside the GC also are characterized
by downregulation of this protein.

Although the majority of PSGL1" cells were positive for CXCR5
and PD-1, ~20-30% expressed lower amounts of both (Fig. 1D).
This indicated that downregulation of PSGL1 and upregulation of
CXCRS and PD-1 were not necessarily coordinated. To further
investigate the relationship among CD4 T cells expressing these
markers, we sorted splenic PSGL1' cells into CXCR5'°PD-1' and
CXCR5™PD-1" populations 8 d after immunization of B6 mice

AJL

FIGURE 3. Bcl6 is required for downregulation
of PSGLI1. A, Expansion of adoptively transferred
OT-II CD4 T cells (left panels) and expression of 207
CD62L and PSGLI on transferred CD44™Bcl6** or
Bcl6 ™/~ CD4 T cells (right panels) following im-
munization of recipient mice. B, Percentage of
PSGL1" CD4 T cells among total transferred
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with NP-CGG in alum, followed by analysis of bcl6 and il2] tran-
script expression. The CXCR5"PD-1"PSGL1'" population ex-
pressed significantly more i2] than the CXCR5"PD-1"PSGL1"
cells (Fig. 2C, right panel); however, both populations had equal
amounts of bcl6 (Fig. 2C, left panel). These data suggested that
Bcl6 expression and PSGL1 downregulation can occur indepen-
dently of upregulation of CXCRS, PD-1, and IL-21.

Bcl6 drives PSGLI downregulation

Because Tgy cells require Bcl6 for their development (18, 27, 28),
we next asked whether PSGL1' cells would have similar re-
quirements. To accomplish this goal, we crossed Bcl6-deficient
mice to OT-II TCR-transgenic animals to use in adoptive transfer
and immunization experiments. To avoid the spontaneous activa-
tion of Bcl6-deficient T cells (43), we used as transfer donors le-
thally irradiated B6 mice reconstituted with bone marrow from
Bcl6-deficient animals as described previously (18). We transferred
small numbers of naive OT-II Bcl6-intact or OT-II Bcl6-deficient
CDA4 T cells into congenically mismatched B6 recipients, followed
by immunization with OVA in alum. Six days after immunization,
spleens of recipient mice were harvested and analyzed for the per-
centages of PSGL1" cells. Roughly 15% of activated Bcl6-intact
OT-II Thy1.1 T cells became PSGL]1 lo (Fig. 3A, 3B), similar to our
previous result (Fig. 1C). By contrast, OT-Il Thy1.2" Bcl6-deficient
T cells failed to give rise to a significant number of PSGL1" cells

T cells, representative of the data shown in A, com- CD4
piled from three independent experiments using four

mice per group; *##p < 0.0001. C, Mean fluores- C
cence intensity of PSGL1 on transferred OT-IT*
Bel6™ or Bcl6 '~ CD4 T cells following
immunization of recipient mice with OVA in alum.

Naive CD4 T cells represented by shaded gray,

OT-II CD44"Bcl6™* CD4 T cells by the black line,

and OT-II CD44"Bcl6 '~ CD4 T cells by the gray

line. D, Mean fluorescence intensity of PSGL1 gated

on OT-II CD44™PSGL1" CD4 T cells. Bar graph is
representative of three independent experiments, us- E
ing four mice for each group; ##xp < 0.0001. E,
Expansion of OT-II Thyl.1 CD4 T cells transduced

with a GFP-expressing retrovirus 6 d after transfer to

B6 mice and immunization with OVA in alum. F,
Expression of CD62L and PSGL1 on OT-II Thyl.1
GFP*CD44™CD4 T cells 6 d after transfer to B6

mice and immunization. G, Percentages of
PSGLI1" cells of total transferred OT-II GFP* CD4

T cells, with results representative of the data in E

and of three independent experiments using three

mice for each group; **p = 0.0061.
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(Fig. 3A, 3B). This observation indicated that Bcl6 is required for
development of PSGL1' cells.

In these adoptive transfer experiments, we noted that the mean
fluorescence intensity of PSGL1 on all activated CD4 T cells and on
gated PSGL1™ cells (Fig. 3C, 3D, respectively) was significantly
increased in the absence of Bcl6, suggesting a direct role for Bcl6
in repression of PSGL1. To test this possibility, we overexpressed
Bcl6 in OT-II Thyl.1 T cells using a GFP-bearing retrovirus,

Bcl6 REGULATION AND Tgy CELL DEVELOPMENT

followed by transfer into B6 hosts and immunization with OVA
in alum (Fig. 3E). When Bcl6 was overexpressed, the percentage
of PSGLI' cells among Thy1.1 CD44"GFP* cells increased ~3-
fold compared with cells expressing a control retrovirus (Fig. 3F,
3G). These data indicate that Bcl6 expression drives PSGL1
downregulation, further strengthening the concept that PSGL1 is
part of the program for Tgy cell differentiation controlled by this
transcriptional repressor.
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FIGURE 4. Bcl6 is required for development of extrafollicular helper T cells and formation of IgG-producing plasma cells in MRL/Fas™" mice. A,
Expression of PD-1 on naive, CD62L"PSGL1", CD62L'°PSGL1", and CD62L'PSGLI1" cells from MRL/Fas”" mice. Gray shaded is isotype control,
black line is PD-1. B and C, Expression of bcl6 and prdml (Blimp-1) transcripts in sorted CD62L"PSGL1™, CD62L'°PSGL1™, and CD62L'°PSGL1" cells
isolated from spleens of 12- to 16-wk-old MRL/Fas”" mice. Results are representative of three experiments. In B, ##p = 0.0029 (comparing CD62L"
PSGL1™ and CD62LI°PSGL1" cells), ##p = 0.0093 (CD62L" PSGLI1" versus CD62L'® PSGLI1™), and in C, #p = 0.0427 (CD62L'°PSGLI1" versus
CD62L'° PSGL1"), #p = 0.0391 (CD62LMPSGLI™ versus CD62L'°PSGL1™). D, Protein expression of Bcl6 and Blimp-1 in sorted CD62L"PSGL1™,
CD62L"°PSGL1", and CD62L"°PSGL1'" cells isolated from spleens of 12- to 16-wk-old MRL/Fas”" mice. The human B cell line BJAB was used as
a positive control for Bcl6 and purified B cells activated in vitro with LPS for 48 h served as a positive control for Blimp-1. Actin was used as a loading
control. Results are representative of two experiments. E and F, Spleens from 7- to 8-wk-old Bcl6-intact or -deficient MRL/Fas”" mice were analyzed for
the presence of PSGL1' cells. Results are representative of three independent experiments from three cohorts of mice, with four to five mice per group;
sirp < 0.0001 (Bel6™ versus Bel6™7); ##p = 0.0038 (Bel6™ ™ versus Bel6 /7). G-I, Percentage and number of CD138" plasma cells analyzed for
intracellular expression of IgM and IgG isolated from spleens of 7- to 8-wk-old Bcl6-intact or -deficient MRL/Fas”" mice. In I, open bars represent Bcl6™*,
gray bars represent Bcl6*' ™, and black bars represent Bel6 ™/~ MRL/Fas™" mice. Results are representative of three independent experiments from three
cohorts of mice, with four to five mice per group. In H, p = 0.1497 (Bch*’* versus Bcl67/7); p =0.0817 (Bc16+/7 versus Bcl67/7). In 7, IgM p = 0.1591
(Bcl6™* versus Bel6 /™), #p = 0.0491 (Bel6™ ™ versus Bel6™'7); IgG, p = 0.1209 (Bcl6™* versus Bel6™'7); and #p = 0.0285 (Bcl6™ ™ versus Bel6 /7).
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surface PD-1 (Fig. 4A) and Bcl6 at the transcript and protein level in
PSGL1" extrafollicular Th cells isolated from the spleens of aged
MRL/Fas" mice (Fig. 4B, 4D). Conversely, Blimp-1 transcript levels
and protein were decreased, compared with PSGL1™ CD4 effector
T cells, similar to our findings in Tgy cells (Fig. 4C, 4D) (18).

To test whether Bcl6 played a role in the development of extra-
follicular Th cells, we generated Bcl6-intact and -deficient Fas””
mice. Although these animals develop robust extrafollicular foci

Bcl6 is required for development of extrafollicular helper
T cells

We previously described the presence of CXCR4", CXCRS5'", and
IL-21-producing B helper T cells that migrate to extrafollicular
sites in lupus-prone murine strains (37). Microarray analysis of
these extrafollicular helper cells from MRL/Fas™" mice suggested
additional similarities to Tgy cells, such as upregulation of PD-1
and Bcl6 (Fig. 1A, 1B). Indeed, we found increased expression of
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FIGURE 5. B cells are required for development of CXCR5™ PD-1" Ty cells, but not downregulation of PSGL1. A, Expansion of OT-II Thyl.1 CD4
T cells 6 d after adoptive transfer and immunization of recipient B6 mice with OVA in alum in the presence or absence of B cells (left panels). Expression of
CD62L and PSGL1 (middle panels) and PD-1 and CXCRS5 (right panels) on the expanded OT-1I Thyl.1 CD44™ CD4 T cells in B cell-intact or -deficient
recipients. B, Percentages of Tgy cells of OT-II Thyl.1 CD44™ CD4 T cells taken from B cell-intact and -deficient mice are shown, with #xp = 0.0049
(PSGL1" T cells) and #+p = 0.0093 (CXCR5™ PD-1" T cells). Data shown are representative of that in A, and of four independent experiments, using four
mice per group. C, Percentages of Tgy cells of OT-II Thy1.1 CD44" CD4 T cells 7 d after immunization of B6 (WT) or HEL Ig transgenic (MD4) mice
with OVA in alum; #p = 0.4702 (PSGL1' T cells) and *p = 0.0370 (CXCR5"PD-1" T cells). Data are representative of two independent experiments using
four mice per group. D, Percentages of Tgy cells of OT-II Thyl.1 CD44" CD4 T cells 7 d after immunization of CD19-intact or -deficient recipients with
OVA in alum. Bar graph shows data representative of two independent experiments using four mice per group; p = 0.7029 (PSGL1' cells); ##p = 0.0036
(CXCR5™ PD-1" cells). E, Percentages of CXCR5MPD-1" cells of OT-II Thyl.1 CD44" cells 3 d after transfer (7 d after immunization) from B cell-intact
or B cell-deficient mice. Bar graph shows data representative of three independent experiments using two to three mice per group; *p = 0.0129 (WT->WT
versus KO—-KO), p = 0.6576 (WT—-WT versus KO-»WT); *p = 0.0354 (WT->WT versus WT—-KO); and *p = 0.0218 (KO—->WT versus KO—KO).
F, Percentages of PSGL1" cells of OT-1I Thyl.1 CD44" cells 3 d after transfer (7 d after immunization) to B cell-intact or B cell-deficient mice. Bar graph
shows data representative of three independent experiments, using two to three mice per group; p = 0.4327 (WT—-WT versus KO—KO); p = 0.8822
(WT->WT versus KO->WT); p =0.3921 (WT->WT versus WT'—-KO); and p = 0.3920 (KO—WT versus KO—KO). G, Expression of bcl6 mRNA in naive
CD4 T cells and OT-II Thy1.1 CD44" T cells sorted 7 d after transfer to B6 WT or B cell-deficient (WMT) hosts, followed by immunization with OVA in
alum; *p = 0.0112, transfer to naive versus WT recipients; *p = 0.0138, transfer to WT versus wMT recipients; and #p = 0.0163, transfer to naive versus
wMT recipients. Data are representative of three independent experiments.
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in conjunction with the accelerated autoimmunity seen in the Fas-
deficient background (data not shown), we did not attempt to assess
development of lupus phenotypes, given their shortened lifespan
(Bcl6-deficient mice succumb to lymphoproliferation by 10-12 wk
of age [43]) and the lack of the full complement of lupus-potentiating
MRL genes. Nonetheless, there was expansion of PSGL1' extrafol-
licular Th cells in Bcl6-intact or Bcl6-heterozygous Fas-deficient
mice by 7-8 wk of age, whereas in the absence of Bcl6, the percent-
age and number of PSGL1'" cells were dramatically reduced (Fig.
4E, 4F). To determine whether such reduced development affected
plasma cell formation and Ab responses, we assessed the percentage
and number of syndecan (CD138)-positive IgM and IgG plasma
cells. Similar to our findings in ICOS-deficient MRL/Fas™" mice
(37), the reduced number of extrafollicular Th cells had no effect
on the total number of syndecan® plasma cells (Fig. 4H), with only
a slight decrease in the number of such cells that were [gM™ (Fig. 4G,
41). However, 1gG-producing plasma cells were reduced ~10-fold
in the absence of Bcl6 (Fig. 4G, 41), suggesting that extrafollicular Th
cells, likely through their ability to produce IL-21 and express
CD40L (37), are required for isotype switch to occur. Although not
excluded in this study, it is unlikely that deficiency in Bcl6 could
directly affect the formation of Ab-producing GC B cells or Tgy
cells in these animals, as CXCR5™ Tgy cells have not been observed
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FIGURE 6. IL-21 is not required for devel-
opment of Tgy cells or Bcl6 upregulation
in vivo. A, Development of Tgy cells in IL-
21-intact or —deficient mice 7 d after immu-
nization with NP-CGG in alum compared with

PSGL1
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in our hands in these animals (37), and Blimp-1-dependent extra-
follicular foci are the primary site of isotype-switched somatically
mutated autoantibody production in the MRL/Fas”" model, whereas
GC formation is largely absent (51). This supports a model in which
deficiency of Bcl6 leads to the absence of IL-21-producing extra-
follicular Th cells, resulting in reduced isotype switch autoantibody
production. Collectively, these data suggest that Ty and extrafol-
licular Th cells share similar function in terms of B cell maturation
and reliance upon Bcl6 for development.

B cells are not required for downregulation of PSGLI

The primary function of Ty cells is to promote GC B cell survival
and maturation, including IL-21 secretion and CD40 engagement
(48). B cells are also required for Tgy cell development (14, 17,
18) indicating that T-B interactions are bidirectional. To deter-
mine whether development of PSGL1" T cells also requires
B cells, we transferred OT-II Thyl.1 splenocytes into B cell-
intact or -deficient hosts, followed by immunization of OVA in
alum, with splenic T cells analyzed 6 d later. Following immuni-
zation of B cell-deficient recipients, we observed a 6- to 8-fold
reduction in CXCR5"™PD-1™ cells as a percentage of transferred
Thy1.1 cells, compared with B cell-intact control mice; however,
by comparison, PSGL1" cells exhibited only a 2-fold decrease
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(Fig. 5A, 5B). To further investigate the possible disparity between
the role of B cells in development of PSGL1' and CXCR5" pPD-1™
cells, we transferred OT-II Thy1.1 CD4 T cells into B cell-transgenic
animals expressing a BCR specific for HEL (consequently unable to
respond to OVA immunization) (52) or into CD19-deficient mice (in
which B cells are not properly activated) (53). Seven days after
immunization, PSGL1' cells as a percentage among transferred cells
were equivalent among HEL Ig transgenics, CD19-deficient mice,
and controls (Fig. 5C, 5D). However, there was a statistically signif-
icant decrease in CXCR5"PD-1" cells, a finding in concert with
previous analysis using these markers to identify Tgy cells (9, 17,
18). These data indicated that activated Ag-specific B cells are re-
quired for development of CXCR5"PD-1™ cells but not necessarily
PSGL1" cells.

The formation of PSGL1™ cells in the absence of robust de-
velopment of CXCR5"PD-1" cells (Fig. 54-D) indicated that
downregulation of PSGL1 and upregulation of CXCRS5 and PD-1
were independent events, with expansion of cells expressing the
latter molecules dependent on the presence of B cells and PSGL1
downregulation possible in the absence of Ag-specific B cell sig-
nals. To further explore this idea, we used a model wherein Tgy
cells initially developed in the presence or absence of B cells,
followed by transfer to a new set of previously immunized B cell-
deficient or B cell-intact hosts for a short maintenance phase. In
these experiments, OT-II Thyl.1 CD4 T cells were initially trans-
ferred into either WT or B cell-deficient (WMT) B6 hosts, followed
by priming with OVA in alum. Four days later, CD4 T cells were
sorted and transferred into immunized B cell-intact or -deficient
recipients. Four conditions were tested: 1) primed in and then trans-
ferred to WT hosts (WT—-WT); 2) primed in and transferred to
pMT mice (knockout [KO]—KO); 3) primed in B cell-sufficient,
and transferred to, B cell-deficient hosts (WT—KO); and 4) primed
in B cell-deficient, and transferred to, B cell-sufficient hosts
(KO—>WT). The percentages of PSGL1" cells and CXCR5"PD-
1M cells were analyzed 3 d after the second T cell transfer, a time
point that was 7 d after initial immunization. In comparison with
mice that were B cell sufficient throughout, there was significantly
reduced development of CXCR5MPD-1" Tgy cells in animals in
which B cells were absent during both the priming and main-
tenance phases (compare WT—-WT to KO—KO; Fig. 5E), similar
to our results following immunization of wWMT, HEL Ig transgenic,
or CD19-deficient mice (Fig. 5SB-D, respectively). By contrast,
PSGL1" cells were slightly reduced in conditions where B cells
were absent throughout, but this decrease was not statistically sig-
nificant (Fig. 5F). CXCR5"PD-1"" and PSGL-1" Tgy cells that
developed in mice initially in the absence of B cells, followed by
transfer to mice that were B cell intact, expanded to percentages
similar to those observed in WT mice (compare WT—-WT to
KO—WT; Fig. 5E, 5F). When T cells were transferred from mice
that were B cell intact to mice that were B cell deficient, the
percentage of CXCRS5"PD-1" cells dropped significantly, with
percentages in the latter comparable to those that were in a
B cell-deficient environment for the duration of the experiment;
by contrast, there was again less effect on the recovery of PSGL-
1'° cells (compare WT—-WT to WT—KO; Fig. 5E, 5F). In all
groups, the reduction in CXCR5"PD-1" cells was more dramatic
than PSGL-1' cells, suggesting that expression of these surface
molecules is not coordinated and that B cells play an important
role in regulating these markers, particularly CXCRS and PD-1.
These data also suggest that B cells are dispensable for early de-
velopment of CXCR5™MPD-1" Ty cells following priming, yet they
are critical later in the immune response.

These findings, in concert with our observation that PSGL
cells expressed Bcl6, regardless of the expression of CXCRS5 and
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PD-1 (Fig. 2C), and that Bcl6 drives PSGL1 downregulation
(Fig. 3C-F) suggested that Bcl6 upregulation and subsequent
PSGL-1 downregulation occurred prior to interaction with B cells.
To directly test the role of B cells in induction of Bcl6, we trans-
ferred OT-II Thyl.1 CD4 T cells to WT and B cell-deficient B6
mice, followed by immunization with OVA in alum, and 7 d later,
we sorted OT-II CD4 Thy1.1* cells from recipients for assessment
of bcl6 transcripts. Expression of bcl6 was dramatically reduced in
the absence of B cells (Fig. 5G), consistent with our published
data (18); however, transcript levels were increased in comparison
with naive CD4 T cells, indicating some bcl6 expression can occur
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CD8 (A) and CD4 (B) T cells from spleens of IL-6—intact and —deficient
mice isolated 8 d after LCMYV infection. C, Expression of BTLA and
CXCRS5 on CD44" CD4 T cells 8 d after LCMV challenge in IL-6-intact
or —deficient mice. D, Percentages of Ty cells among CD44" CD4 T cells
8 d after LCMV challenge in IL-6-intact or —deficient mice. Data are
compiled from three independent experiments, using nine mice per group;
#p = 0.0441. E, Intracellular staining for IFN-y production in CD4 T cells
from spleens isolated 8 d after LCMV infection in IL-6—intact or —deficient
mice. Cells were restimulated with LCMV 1-A® binding peptide gp61-80
for 5 hin vitro. F, Expression of CXCRS5 on LCM V-specific (CD44"IFN-y*)
CD4 T cells. Gray shaded line represents naive CD4 T cells; black line
represents CD44"TFN-y* CD4 T cells from IL-6-intact mice; red line
represents CD44"IFN-y* CD4 T cells from IL-6-deficient mice. G,
Percentages of Tgy cells of LCMV-specific (IFN-y*) CD4 T cells 8 d
after LCMV infection in IL-6—intact or —deficient mice. Data are com-
piled from two independent experiments, using nine mice per group.
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in the absence of B cell interactions. This result was surprising,
given that we only saw a 2-fold reduction in PSGL1" cells in
B cell-deficient mice (Fig. 5B), whereas we expected to see levels
of Bcl6 more similar to WT levels. Taken together, these data
suggest that once PSGL1 is downregulated, B cells play a role
in robust upregulation of Bcl6 that is necessary for expression of
certain Tgy cell features, such as CXCRS5 and PD-1.

IL-21 is not required for Try cell development

IL-21 produced by Tgy cells promotes GC B cell maturation and
production of isotype-switched Abs. It is also produced by Th17
cells, acting in an autocrine manner to maintain Th17 phenotypes
(23-25). It has been proposed that IL-21 can similarly act in an
autocrine manner to promote development of the Tgy cell subset
(8, 9), a notion based in part upon the observation that in vitro,
IL-21 is able to upregulate levels of Bcl6 (9, 27). To explore the
roles of IL-21 in PSGL1 downregulation and Tgy cell differenti-
ation in vivo, we immunized IL-21—intact or —deficient mice with
NP-CGG in alum and analyzed Tgy cell formation, GC develop-
ment, and Bcl6 levels. Surprisingly, we did not observe a differ-
ence in the percentage of Ty cells in the presence or absence
of IL-21 when gating on the activated CD4 T cell population
using either PSGL1 or CXCRS and PD-1 as markers (Fig. 6A—
C). In accordance with this finding, we also did not observe a dif-
ference in the levels of Bcl6 in PSGL1™ cells taken from either

A IL-6*

IL-21

$10.076 1.44
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IL-21-intact or —deficient animals (Fig. 6D). There was a significant
decrease in GC B cells in the IL-21-deficient animals (Fig. 6E, 6F),
as well as a decrease in total IgG- and IgG1-specific Abs, whereas
IgM levels remained intact (Fig. 6G). In aggregate, these data in-
dicate that IL-21 plays an important functional role in GC formation
or maintenance in vivo (at least up to 7 d following immunization)
but is not absolutely required for the upregulation of Bcl6 or the
initial development of Tgy cells following immunization of mice
with protein in alum.

IL-6 is not required for the development or function of Try
cells

We hypothesized that IL-6 might be responsible for Bcl6 upregula-
tion and PSGL1 downregulation in vivo in Tgy cells, given its
in vitro role in Bcl6 induction (27), and in development of Tgy
cells in vivo following protein immunization (9). To investigate
this idea, we transferred sorted naive OT-II Thyl.1 CD4 T cells
into IL-6—intact or —deficient recipients, followed by immunization
with OVA in alum, with splenic PSGL1' Tgy cell development
and Bcl6 expression in the sorted Thy1.1 population analyzed 6 d
later. Contrary to a previous report, we did not see differences
between IL-6 '~ and IL-6*"* hosts in the percentages of Thyl.1*
PSGL1" or CXCR5"PD-1" OT-I cells (Supplemental Fig. 24, 2B)
or in the amounts of bcl6 and il21 mRNA expression (Supplemental
Fig. 2C). One explanation for our results that contrast with data
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indicating a role for this cytokine in Ty cell development may be
our use of alum as an adjuvant, compared with CFA in published
experiments (9).

We next used a second strategy to analyze the requirement for
IL-6in Ty cell development and function. IL-6—deficient mice were
infected with LCMYV, a virus that elicits a robust T cell and GC
response (54-56). Eight days following viral challenge, activated
CD44" splenic CD4 and CDS8 T cells expanded comparably in both
IL-6—intact and —deficient mice (Fig. 74, 7B). Using CXCRS and
BTLA as markers of Tgy cell (9, 18), a small decrease in the
percentage of CD44"™ Tgy cells was observed in the absence of
IL-6 (Fig. 7C, 7D); however, the decrease was diminutive, indicat-
ing IL-6 did not play a major role in Tgy cell development. To di-
rectly quantify Tgy cell differentiation of virus-specific CD4 T cells,
splenocytes 8 d after viral infection were restimulated with the
immunodominant LCMV I-A® binding peptide gp61-80, followed
by staining for IFN-vy to reveal the Ag-specific population. The
percentages of IFN-y* cells (Fig. 7E) and Ag-specific CXCR5™
cells (Fig. 7F, 7G) were unchanged between IL-6-deficient and —
intact controls. These data suggested that IL-6 is not required for
the development of Tgy cells during LCMYV infection.

To determine whether IL-6 had a role in IL-21 secretion, sple-
nocytes from infected mice were stimulated with either gp61 or
PMA plus ionomycin, followed by intracellular staining for IL-
21. CD44" CD4 T cells produced similar levels of IL-21 in the
absence or presence of IL-6 (Fig. 84, 8B [gp61] and Fig. 8C-E
[PMA/iono]). In addition, there was no difference in bcl6, il21, or
prdml transcripts in the Tgy cell subsets sorted from IL-6—intact
or —deficient recipients (Fig. 8F and data not shown).

To further address the effects of IL-6 on Tgy cell function, we
analyzed the formation of GCs in IL-6-intact or IL-6—deficient
mice. After LCMYV infection, large GC B cell responses (GL7*
Fas® cells) were observed in both IL-6-intact and —deficient mice
at 8 d following infection (Fig. 9A, 9B). Interestingly, IL-6—
deficient mice had lower titers of LCMV-specific IgG at day 8
postinfection compared with IL-6-intact controls; however, this
deficiency was absent at day 15 postinfection (Fig. 9C, 9D). The
day 8 deficiency may be due to the direct effects of IL-6 on Ab
secretion by B cells (57-59), because GC formation was intact at
this time point. Regardless, these data in aggregate suggest that
IL-6 is not required for the development or function of Tgy cells
or in the upregulation of Bcl6 or IL-21 following viral infection
and indicate that there is an IL-6-independent pathway for the
development of Tgy cells.

Discussion

The discovery of the cytokines produced by Thl, Th2, and Th17
effector cells, and the transcription factors that control their de-
velopment, has provided an understanding of how these subsets
function and differ from one other (60). However, knowledge of
the requirements for development of Tgy cells has lagged behind.
In this study, we have concentrated on more clearly delineating
these requirements, focusing upon the roles that B cells, IL-6, and
IL-21 play in Bcl6 regulation and Tgy cell development while at
the same time identifying PSGL1 downregulation as a new marker
for this lineage and linking its expression to that of Bcl6.

We initially observed that Bcl6-driven PSGL1 downregulation
was a characteristic of follicular T cells. Unmodified PSGL1 binds
CCL19 and CCL21 (41), chemokines responsible for entry of
T cells into lymph nodes (61), providing a rationale for its down-
regulation in Tgy cells that leave the T cell zone and migrate
toward B cell follicles. Consistent with this observation, the
PSGL1" population also has significantly diminished expression
of psgll transcripts (data not shown), suggesting loss of this mol-
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FIGURE 9. IL-6 is not required for function of Tgy cells during LCMV
infection. A, Analysis of GC formation (Fas*GL7") in spleens isolated 8 d
after LCMYV infection from IL-6-intact or —deficient mice. Cells are gated
on B220* B cells. B, GC B cells as a percentage of total B220" B cells
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Data are compiled from three independent experiments, using nine mice
per group. C and D, Titers of anti-LCMV IgG Ab in the serum of IL-6—
intact or —deficient mice bled 8 and 15 d after LCMV infection. Day 8§,
#xp < 0.001. Data are representative of four independent experiments.

ecule is part of the Tgy cell differentiation program driven by Bcl6
(18, 27, 28). Roughly 200 bp upstream of the transcriptional start
site for PSGL1, we identified a region that was homologous to the
published consensus site for Bcl6 binding (62). Known targets of
Bcl6 in T cells include IL-5, GATA-3, and granzyme B (63-65);
however, both transcriptional and posttranslational controls have
been reported for some of these genes (64), suggesting Bcl6 may
be able to regulate expression of PSGL1 by several mechanisms.
B cells play a critical role in Tgy cell development and perhaps in
Bcl6 expression, although the timing of T-B cell interaction in this
process is not well understood (17, 18, 33). Our results suggest that
B cells play a more critical role in the maintenance of the expression
of Bcl6, rather than initiation of its upregulation. We base these
conclusions upon the findings that PSGL1' CD4 T cells that are
CXCR5"PD-1' express Bcl6 and develop in the absence of B cells.
Bcl6 expression likely precedes downregulation of PSGL1, because
Bcl6 is necessary and sufficient for reduced surface expression of
this molecule (Fig. 3). Because a significant percentage of PSGL1'
cells develop in B cell-deficient mice, or in animals that lack Ag-
specific B cell activation, it follows that Bcl6 upregulation should
precede contact with B cells. We were surprised then when we found
low levels of Bcl6 in activated OT-II CD4 T cells that had developed
in B cell-deficient hosts. On the basis of the lower percentage of
PSGLI1" cells that developed in these animals, we expected Bcl6 to
be somewhat reduced; yet, we found that the reduction was quite
striking. Despite this finding, we did consistently observe an increase
in its expression compared with naive CD4 T cells, supporting the
conclusion that Bcl6 upregulation can occur in the absence of B cells
and that this is sufficient to induce downregulation of PSGL1.
These results indicate that B cells may play a role in stabilizing
or increasing Bcl6 levels, an explanation in line with our findings
that B cells are more critical at later stages of Tgy cell differen-
tiation. This is a time of more robust development of CXCR5"PD-
1M cells that synthesize IL-21, a result demonstrated here using
a transfer model. A day 4 time point for the initial analysis was
chosen; however, we do not presume that this is the point at which
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T cells begin their interaction with B cells. It is likely that some
T-B interaction occurs even earlier (2, 66). Regardless, ongoing
interaction with B cells appears necessary for full commitment to
Tgy cell development. More work is needed to further explore the
exact time and location at which this critical T-B interaction takes
place and when and where Bcl6 is upregulated.

These data do not contradict our recently published work (18), in
which we demonstrated that overexpression of Bcl6 in the absence
of Ag-specific B cell interaction can drive Tgy cell development.
Data presented in this paper suggest that B cells are necessary to
stabilize or increase levels of Bcl6, a step that is required for
development of fully functional CXCR5™PD-1™ IL-21-secreting
Try cells. By overexpressing Bcl6 using a retrovirus, the levels of
Bcl6 protein are experimentally enhanced, and the requirement for
signals from B cells is negated, allowing Ty cell development to
occur in the absence of this critical interaction. However, as noted
above, our findings indicate that B cells are not the signal that
drives initial Bcl6 upregulation, as we find Bcl6 expression in
PSGL1"°CXCR5"PD-1" cells, and these cells can develop in the
absence of interaction with Ag-specific activated B cells.

Previous studies have indicated that IL-21 is necessary for Ty
cell development in vivo (8, 9). Our data contrast with these re-
sults and are in line with more recent data (67, 68), indicating that
Try cells can develop independently of this cytokine. Our finding
that Bcl6 upregulation in T cells was also independent of IL-21
supports this conclusion, given the former’s requirement in Tgy
cell genesis, although these findings too are at odds with in vitro
studies (9, 27). Nonetheless, our data indicate the type and route of
immunization may determine the dependency of Tgy cell devel-
opment on an inflammatory cytokine, a notion supported by the
recent finding that Tgy cells arise independently of IL-21 follow-
ing viral challenge (69) and unchanged frequencies of Tgy cell in
sanroque mice in the absence of IL-21 (70). We do note, though,
that GC B cell maturation does require this cytokine, as shown by
others (8, 9, 67, 68) (also Fig. 6F, 6F).

We next focused our efforts upon the role of IL-6 in Bcl6 induc-
tion and Tgy cell formation, as it too has been shown to play a role
in Tgy cell and GC development in vivo following protein immu-
nization (9) and to drive Bcl6 upregulation in vitro (27). We
therefore were surprised to find that it was not required for the
development or function of Tgy cells, or in their upregulation of
Bcl6, following protein immunization of IL-6-deficient and
—sufficient mice. Variations in experimental systems may account
for the differences between our results and those previously
published (9), such as differences in adjuvant use and routes of
immunization. We also used transfer of TCR-transgenic CD4
T cells, creating a system where Ag-specific cells were specifically
tracked, rather than analysis of global CD4 T cell responses.

As the TCR-transgenic cells we transferred in these experiments
were IL-6 sufficient, it was also formally possible that autocrine
production of cytokine was sufficient to drive Bcl6 upregulation
and Tgy cell development. Therefore, we turned to a second in vivo
system, acute LCMV infection. Upon viral infection, Tgy cell
formation and function (the latter measured by IL-21 mRNA lev-
els and protein secretion) and Bcl6 upregulation were normal in
the absence of IL-6. Although we observed a difference in LCM V-
specific IgG Ab responses 8 d following viral challenge, this pre-
sumably was due to the direct effect of IL-6 on B cells (57-59),
because the numbers of GC B cells were equivalent between IL-6—
deficient and —sufficient mice, and IgG titers were normal at day
15. Ab defects have been previously reported in IL-6—deficient
mice (20, 22, 71). These results demonstrate that there is an IL-
6-independent mechanism for Tgy cell development and Bcl6 up-
regulation in vivo. One additional possibility that may explain
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these disparate results, and those obtained upon challenge of IL-
21—deficient mice (8, 9), is that IL-6 and IL-21 may be function-
ally redundant with respect to the upregulation of Bcl6 and con-
sequently Tgy cell development. This notion finds support in the
observation that protein immunization of STAT3-deficient mice
revealed a defect in Tgy cell formation (9). This hypothesis would
explain the incongruent results seen in vitro and in vivo while
also suggesting a reason why different model systems may reveal
distinct roles for IL-21 or IL-6. Taken together with our data
demonstrating that B cells are more critical for maintenance of
Try cells, we would argue that the precise signal, or more likely,
combination of signals, that drives initial upregulation of this
transcriptional repressor in vivo remains to be defined.

On the basis of the data presented in this paper, we propose
a model in which CD4 T cells upregulate Bcl6 levels upon acti-
vation in the T cell zone, with consequent repression of PSGL1
expression (Supplemental Fig. 3). Diminished expression of PSGL1
removes a T zone retention signal via a loss of ability to bind CCL19
and CCL21 in concert with reduced CCR7 expression (72, 73),
allowing Bcl6"PSGLI1™ cells to move toward the B cell follicle
(74). At the T-B cell border, additional signals from B cells promote
Ty cell differentiation and expansion by promoting increased lev-
els of Bcl6 and consequently upregulation of PD-1 and CXCRS (17,
18). The upregulation of CXCRS5 allows Tgy cells to move into the
B cell follicle where they promote survival and maturation of
B cells in the GC via CD40L, IL-21, and other activating signals
(48, 75).

Acknowledgments

We thank G. Lyon, Z. Zhao, T. Ardito, R. Rutishauser, S.Kerfoot, A. Haber-
man, T. Hand, and members of the Kaech and Craft laboratories for tech-
nical expertise, reagents, and helpful discussions.

Disclosures
The authors have no financial conflicts of interest.

References

1. Parker, D. C. 1993. T cell-dependent B cell activation. Annu. Rev. Immunol. 11:
331-360.

2. Garside, P, E. Ingulli, R. R. Merica, J. G. Johnson, R. J. Noelle, and
M. K. Jenkins. 1998. Visualization of specific B and T lymphocyte interactions
in the lymph node. Science 281: 96-99.

3. Breitfeld, D., L. Ohl, E. Kremmer, J. Ellwart, F. Sallusto, M. Lipp, and
R. Forster. 2000. Follicular B helper T cells express CXC chemokine receptor 5,
localize to B cell follicles, and support immunoglobulin production. J. Exp. Med.
192: 1545-1552.

4. Schaerli, P., K. Willimann, A. B. Lang, M. Lipp, P. Loetscher, and B. Moser.
2000. CXC chemokine receptor 5 expression defines follicular homing T cells
with B cell helper function. J. Exp. Med. 192: 1553-1562.

5. Jacob, J., G. Kelsoe, K. Rajewsky, and U. Weiss. 1991. Intraclonal generation of
antibody mutants in germinal centres. Nature 354: 389-392.

6. Berek, C., A. Berger, and M. Apel. 1991. Maturation of the immune response in
germinal centers. Cell 67: 1121-1129.

7. Liu, Y. J., E. Malisan, O. de Bouteiller, C. Guret, S. Lebecque, J. Banchereau,
FE. C. Mills, E. E. Max, and H. Martinez-Valdez. 1996. Within germinal centers,
isotype switching of immunoglobulin genes occurs after the onset of somatic
mutation. Immunity 4: 241-250.

8. Vogelzang, A., H. M. McGuire, D. Yu, J. Sprent, C. R. Mackay, and C. King.
2008. A fundamental role for interleukin-21 in the generation of T follicular
helper cells. Immunity 29: 127-137.

9. Nurieva, R. I, Y. Chung, D. Hwang, X. O. Yang, H. S. Kang, L. Ma, Y. H. Wang,
S. S. Watowich, A. M. Jetten, Q. Tian, and C. Dong. 2008. Generation of
T follicular helper cells is mediated by interleukin-21 but independent of
T helper 1, 2, or 17 cell lineages. Immunity 29: 138—149.

10. Ozaki, K., R. Spolski, R. Ettinger, H. P. Kim, G. Wang, C. F. Qi, P. Hwu,
D. J. Shaffer, S. Akilesh, D. C. Roopenian, et al. 2004. Regulation of B cell dif-
ferentiation and plasma cell generation by IL-21, a novel inducer of Blimp-1 and
Bcl-6. J. Immunol. 173: 5361-5371.

11. Jin, H., R. Carrio, A. Yu, and T. R. Malek. 2004. Distinct activation signals
determine whether IL-21 induces B cell costimulation, growth arrest, or Bim-
dependent apoptosis. J. Immunol. 173: 657-665.

TT0Z ‘0E 1NBNY U0 610" joUNLUILLI MMM WIO.J PePe0 JUMOQ


http://www.jimmunol.org/

The Journal of Immunology

12.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

Chtanova, T., S. G. Tangye, R. Newton, N. Frank, M. R. Hodge, M. S. Rolph,
and C. R. Mackay. 2004. T follicular helper cells express a distinctive tran-
scriptional profile, reflecting their role as non-Th1/Th2 effector cells that provide
help for B cells. J. Immunol. 173: 68-78.

. Ozaki, K., R. Spolski, C. G. Feng, C. F. Qi, J. Cheng, A. Sher, H. C. Morse, 3rd,

C. Liu, P. L. Schwartzberg, and W. J. Leonard. 2002. A critical role for IL-21 in
regulating immunoglobulin production. Science 298: 1630-1634.

. Akiba, H., K. Takeda, Y. Kojima, Y. Usui, N. Harada, T. Yamazaki, J. Ma,

K. Tezuka, H. Yagita, and K. Okumura. 2005. The role of ICOS in the CXCR5*
follicular B helper T cell maintenance in vivo. J. Immunol. 175: 2340-2348.

. Bossaller, L., J. Burger, R. Draeger, B. Grimbacher, R. Knoth, A. Plebani,

A. Durandy, U. Baumann, M. Schlesier, A. A. Welcher, et al. 2006. ICOS de-
ficiency is associated with a severe reduction of CXCR5+CD4 germinal center
Th cells. J. Immunol. 177: 4927-4932.

. Burmeister, Y., T. Lischke, A. C. Dahler, H. W. Mages, K.-P. Lam, A. J. Coyle,

R. A. Kroczek, and A. Hutloff. 2008. ICOS controls the pool size of effector-
memory and regulatory T cells. J. Immunol. 180: 774-782.

. Haynes, N. M., C. D. Allen, R. Lesley, K. M. Ansel, N. Killeen, and J. G. Cyster.

2007. Role of CXCRS and CCR?7 in follicular Th cell positioning and appear-
ance of a programmed cell death gene-lhigh germinal center-associated sub-
population. J. Immunol. 179: 5099-5108.

. Johnston, R. J., A. C. Poholek, D. DiToro, I. Yusuf, D. Eto, B. Barnett,

A. L. Dent, J. Craft, and S. Crotty. 2009. Bcl6 and Blimp-1 are reciprocal and
antagonistic regulators of T follicular helper cell differentiation. Science 325:
1006-1010.

. Suto, A., D. Kashiwakuma, S. Kagami, K. Hirose, N. Watanabe, K. Yokote,

Y. Saito, T. Nakayama, M. J. Grusby, I. Iwamoto, and H. Nakajima. 2008. De-
velopment and characterization of IL-21-producing CD4" T cells. J. Exp. Med.
205: 1369-1379.

Dienz, O., S. M. Eaton, J. P. Bond, W. Neveu, D. Moquin, R. Noubade,
E. M. Briso, C. Charland, W. J. Leonard, G. Ciliberto, et al. 2009. The induction
of antibody production by IL-6 is indirectly mediated by IL-21 produced by
CD4* T cells. J. Exp. Med. 206: 69-78.

Kopf, M., S. Herren, M. V. Wiles, M. B. Pepys, and M. H. Kosco-Vilbois. 1998.
Interleukin 6 influences germinal center development and antibody production
via a contribution of C3 complement component. J. Exp. Med. 188: 1895-1906.
Kopf, M., H. Baumann, G. Freer, M. Freudenberg, M. Lamers, T. Kishimoto,
R. Zinkernagel, H. Bluethmann, and G. Kd&hler. 1994. Impaired immune and
acute-phase responses in interleukin-6—deficient mice. Nature 368: 339-342.
Nurieva, R., X. O. Yang, G. Martinez, Y. Zhang, A. D. Panopoulos, L. Ma,
K. Schluns, Q. Tian, S. S. Watowich, A. M. Jetten, and C. Dong. 2007. Essential
autocrine regulation by IL-21 in the generation of inflammatory T cells. Nature
448: 480-483.

Korn, T., E. Bettelli, W. Gao, A. Awasthi, A. Jiger, T. B. Strom, M. Oukka, and
V. K. Kuchroo. 2007. IL-21 initiates an alternative pathway to induce proinflam-
matory T(H)17 cells. Nature 448: 484-487.

Zhou, L., I. I. Ivanov, R. Spolski, R. Min, K. Shenderov, T. Egawa, D. E. Levy,
W. J. Leonard, and D. R. Littman. 2007. IL-6 programs T(H)-17 cell differen-
tiation by promoting sequential engagement of the IL-21 and IL-23 pathways.
Nat. Immunol. 8: 967-974.

Dalla-Favera, R., B. H. Ye, F. Lo Coco, C. C. Chang, K. Cechova, J. Zhang,
A. Migliazza, W. Mellado, H. Niu, S. Chaganti, et al. 1994. BCL-6 and the
molecular pathogenesis of B-cell lymphoma. Cold Spring Harb. Symp. Quant.
Biol. 59: 117-123.

Nurieva, R. I, Y. Chung, G. J. Martinez, X. O. Yang, S. Tanaka,
T. D. Matskevitch, Y. H. Wang, and C. Dong. 2009. Bcl6 mediates the de-
velopment of T follicular helper cells. Science 325: 1001-1005.

Yu, D., S. Rao, L. M. Tsai, S. K. Lee, Y. He, E. L. Sutcliffe, M. Srivastava,
M. Linterman, L. Zheng, N. Simpson, et al. 2009. The transcriptional repressor
Bcl-6 directs T follicular helper cell lineage commitment. Immunity 31: 457—
468.

McHeyzer-Williams, L. J., N. Pelletier, L. Mark, N. Fazilleau, and
M. G. McHeyzer-Williams. 2009. Follicular helper T cells as cognate
regulators of B cell immunity. Curr. Opin. Immunol. 21: 266-273.

Hsu, H. C., P. Yang, J. Wang, Q. Wu, R. Myers, J. Chen, J. Yi, T. Guentert,
A. Tousson, A. L. Stanus, et al. 2008. Interleukin 17-producing T helper cells
and interleukin 17 orchestrate autoreactive germinal center development in au-
toimmune BXD2 mice. Nat. Immunol. 9: 166-175.

King, I. L., and M. Mohrs. 2009. IL-4—producing CD4" T cells in reactive lymph
nodes during helminth infection are T follicular helper cells. J. Exp. Med. 206:
1001-1007.

Zaretsky, A. G., J. J. Taylor, I. L. King, F. A. Marshall, M. Mohrs, and
E. J. Pearce. 2009. T follicular helper cells differentiate from Th2 cells in re-
sponse to helminth antigens. J. Exp. Med. 206: 991-999.

Reinhardt, R. L., H. E. Liang, and R. M. Locksley. 2009. Cytokine-secreting
follicular T cells shape the antibody repertoire. Nat. Immunol. 10: 385-393.
Zhou, L., M. M. Chong, and D. R. Littman. 2009. Plasticity of CD4" T cell
lineage differentiation. Immunity 30: 646-655.

. Schmitt, N., R. Morita, L. Bourdery, S. E. Bentebibel, S. M. Zurawski,

J. Banchereau, and H. Ueno. 2009. Human dendritic cells induce the differen-
tiation of interleukin-21-producing T follicular helper-like cells through inter-
leukin-12. Immunity 31: 158-169.

Ma, C. S, S. Suryani, D. T. Avery, A. Chan, R. Nanan, B. Santner-Nanan,
E. K. Deenick, and S. G. Tangye. 2009. Early commitment of naive human
CD4" T cells to the T follicular helper (T(FH)) cell lineage is induced by IL-
12. Immunol. Cell Biol. 87: 590-600.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

325

. Odegard, J. M., B. R. Marks, L. D. DiPlacido, A. C. Poholek, D. H. Kono,

C. Dong, R. A. Flavell, and J. Craft. 2008. ICOS-dependent extrafollicular helper
T cells elicit IgG production via IL-21 in systemic autoimmunity. J. Exp. Med.
205: 2873-2886.

Hargreaves, D. C., P. L. Hyman, T. T. Lu, V. N. Ngo, A. Bidgol, G. Suzuki,
Y. R. Zou, D. R. Littman, and J. G. Cyster. 2001. A coordinated change in
chemokine responsiveness guides plasma cell movements. J. Exp. Med. 194: 45—
56.

Ley, K., and G. S. Kansas. 2004. Selectins in T-cell recruitment to non-lymphoid
tissues and sites of inflammation. Nat. Rev. Immunol. 4: 325-335.

Austrup, F, D. Vestweber, E. Borges, M. Lohning, R. Briuer, U. Herz, H. Renz,
R. Hallmann, A. Scheffold, A. Radbruch, and A. Hamann. 1997. P- and E-selectin
mediate recruitment of T-helper-1 but not T-helper-2 cells into inflammed tissues.
Nature 385: 81-83.

Veerman, K. M., M. J. Williams, K. Uchimura, M. S. Singer, J. S. Merzaban,
S. Naus, D. A. Carlow, P. Owen, J. Rivera-Nieves, S. D. Rosen, and
H. J. Ziltener. 2007. Interaction of the selectin ligand PSGL-1 with chemokines
CCL21 and CCL19 facilitates efficient homing of T cells to secondary lymphoid
organs. Nat. Immunol. 8: 532-539.

Murphy, K. M., A. B. Heimberger, and D. Y. Loh. 1990. Induction by antigen of
intrathymic apoptosis of CD4*CD8*TCR'® thymocytes in vivo. Science 250:
1720-1723.

Dent, A. L., A. L. Shaffer, X. Yu, D. Allman, and L. M. Staudt. 1997. Control of
inflammation, cytokine expression, and germinal center formation by BCL-6.
Science 276: 589-592.

McCausland, M. M., 1. Yusuf, H. Tran, N. Ono, Y. Yanagi, and S. Crotty. 2007.
SAP regulation of follicular helper CD4 T cell development and humoral im-
munity is independent of SLAM and Fyn kinase. J. Immunol. 178: 817-828.
Fujita, N., D. L. Jaye, C. Geigerman, A. Akyildiz, M. R. Mooney, J. M. Boss,
and P. A. Wade. 2004. MTA3 and the Mi-2/NuRD complex regulate cell fate
during B lymphocyte differentiation. Cell 119: 75-86.

Cimmino, L., G. A. Martins, J. Liao, E. Magnusdottir, G. Grunig, R. K. Perez,
and K. L. Calame. 2008. Blimp-1 attenuates Th1 differentiation by repression of
ifng, tbx21, and bcl6 gene expression. J. Immunol. 181: 2338-2347.
Tunyaplin, C., A. L. Shaffer, C. D. Angelin-Duclos, X. Yu, L. M. Staudt, and
K. L. Calame. 2004. Direct repression of prdml by Bcl-6 inhibits plasmacytic
differentiation. J. Immunol. 173: 1158-1165.

King, C., S. G. Tangye, and C. R. Mackay. 2008. T follicular helper (TFH) cells
in normal and dysregulated immune responses. Annu. Rev. Immunol. 26: 741—
766.

Fazilleau, N., L. J. McHeyzer-Williams, H. Rosen, and M. G. McHeyzer-
Williams. 2009. The function of follicular helper T cells is regulated by the
strength of T cell antigen receptor binding. Nat. Immunol. 10: 375-384.
Ivanov, L. I, B. S. McKenzie, L. Zhou, C. E. Tadokoro, A. Lepelley, J. J. Lafaille,
D. J. Cua, and D. R. Littman. 2006. The orphan nuclear receptor ROR+yt directs
the differentiation program of proinflammatory IL-17* T helper cells. Cell 126:
1121-1133.

William, J., C. Euler, S. Christensen, and M. J. Shlomchik. 2002. Evolution of
autoantibody responses via somatic hypermutation outside of germinal centers.
Science 297: 2066-2070.

Kraus, M., K. Saijo, R. M. Torres, and K. Rajewsky. 1999. Ig-a cytoplasmic
truncation renders immature B cells more sensitive to antigen contact. Immunity
11: 537-545.

Rickert, R. C., K. Rajewsky, and J. Roes. 1995. Impairment of T-cell-
dependent B-cell responses and B-1 cell development in CD19-deficient mice.
Nature 376: 352-355.

Oldstone, M. B., R. Ahmed, J. Byrne, M. J. Buchmeier, Y. Riviere, and
P. Southern. 1985. Virus and immune responses: lymphocytic choriomeningitis
virus as a prototype model of viral pathogenesis. Br. Med. Bull. 41: 70-74.
Crotty, S., E. N. Kersh, J. Cannons, P. L. Schwartzberg, and R. Ahmed. 2003.
SAP is required for generating long-term humoral immunity. Nature 421: 282—
287.

Murali-Krishna, K., J. D. Altman, M. Suresh, D. J. Sourdive, A. J. Zajac,
J. D. Miller, J. Slansky, and R. Ahmed. 1998. Counting antigen-specific CD8
T cells: a reevaluation of bystander activation during viral infection. Immunity 8:
177-187.

Hirano, T., T. Taga, N. Nakano, K. Yasukawa, S. Kashiwamura, K. Shimizu,
K. Nakajima, K. H. Pyun, and T. Kishimoto. 1985. Purification to homogeneity
and characterization of human B-cell differentiation factor (BCDF or BSFp-2).
Proc. Natl. Acad. Sci. USA 82: 5490-5494.

Jego, G., R. Bataille, and C. Pellat-Deceunynck. 2001. Interleukin-6 is a growth
factor for nonmalignant human plasmablasts. Blood 97: 1817-1822.

Suematsu, S., T. Matsuda, K. Aozasa, S. Akira, N. Nakano, S. Ohno,
J. Miyazaki, K. Yamamura, T. Hirano, and T. Kishimoto. 1989. IgG1 plasma-
cytosis in interleukin 6 transgenic mice. Proc. Natl. Acad. Sci. USA 86: 7547—
7551.

Reinhardt, R. L., S. J. Kang, H. E. Liang, and R. M. Locksley. 2006. T helper cell
effector fates—who, how and where? Curr. Opin. Immunol. 18: 271-277.
Ebert, L. M., P. Schaerli, and B. Moser. 2005. Chemokine-mediated control of
T cell traffic in lymphoid and peripheral tissues. Mol. Immunol. 42: 799-809.
Kawamata, N., T. Miki, K. Ohashi, K. Suzuki, T. Fukuda, S. Hirosawa, and
N. Aoki. 1994. Recognition DNA sequence of a novel putative transcription
factor, BCL6. Biochem. Biophys. Res. Commun. 204: 366-374.

Arima, M., H. Toyama, H. Ichii, S. Kojima, S. Okada, M. Hatano, G. Cheng,
M. Kubo, T. Fukuda, and T. Tokuhisa. 2002. A putative silencer element in the
IL-5 gene recognized by Bcl6. J. Immunol. 169: 8§29-836.

TT0Z ‘0E 1NBNY U0 610" joUNLUILLI MMM WIO.J PePe0 JUMOQ


http://www.jimmunol.org/

326

64.

65.

66.

67.

68.

69.

Kusam, S., L. M. Toney, H. Sato, and A. L. Dent. 2003. Inhibition of Th2 dif-
ferentiation and GATA-3 expression by BCL-6. J. Immunol. 170: 2435-2441.
Yoshida, K., A. Sakamoto, K. Yamashita, E. Arguni, S. Horigome, M. Arima,
M. Hatano, N. Seki, T. Ichikawa, and T. Tokuhisa. 2006. Bcl6 controls granzyme
B expression in effector CD8" T cells. Eur. J. Immunol. 36: 3146-3156.
Kearney, E. R., K. A. Pape, D. Y. Loh, and M. K. Jenkins. 1994. Visualization of
peptide-specific T cell immunity and peripheral tolerance induction in vivo.
Immunity 1: 327-339.

Linterman, M. A., L. Beaton, D. Yu, R. R. Ramiscal, M. Srivastava, J. J. Hogan,
N. K. Verma, M. J. Smyth, R. J. Rigby, and C. G. Vinuesa. 2010. IL-21 acts
directly on B cells to regulate Bcl-6 expression and germinal center responses.
J. Exp. Med. 207: 353-363.

Zotos, D., J. M. Coquet, Y. Zhang, A. Light, K. D’Costa, A. Kallies,
L. M. Corcoran, D. I. Godfrey, K. M. Toellner, M. J. Smyth, et al. 2010. IL-21
regulates germinal center B cell differentiation and proliferation through
a B cell-intrinsic mechanism. J. Exp. Med. 207: 365-378.

Yi, J. S., M. Du, and A. J. Zajac. 2009. A vital role for interleukin-21 in the
control of a chronic viral infection. Science 324: 1572-1576.

70.

71.

72.

73.

74.

75.

Bcl6 REGULATION AND Tgy CELL DEVELOPMENT

Linterman, M. A, R. J. Rigby, R. K. Wong, D. Yu, R. Brink, J. L. Cannons,
P. L. Schwartzberg, M. C. Cook, G. D. Walters, and C. G. Vinuesa. 2009. Fol-
licular helper T cells are required for systemic autoimmunity. J. Exp. Med. 206:
561-576.

Eddahri, F., S. Denanglaire, F. Bureau, R. Spolski, W. J. Leonard, O. Leo, and
F. Andris. 2009. Interleukin-6/STAT3 signaling regulates the ability of naive
T cells to acquire B-cell help capacities. Blood 113: 2426-2433.

Ansel, K. M., L. J. McHeyzer-Williams, V. N. Ngo, M. G. McHeyzer-Williams,
and J. G. Cyster. 1999. In vivo-activated CD4 T cells upregulate CXC chemokine
receptor 5 and reprogram their response to lymphoid chemokines. J. Exp. Med.
190: 1123-1134.

Campbell, J. J., K. E. Murphy, E. J. Kunkel, C. E. Brightling, D. Soler, Z. Shen,
J. Boisvert, H. B. Greenberg, M. A. Vierra, S. B. Goodman, et al. 2001. CCR7
expression and memory T cell diversity in humans. J. Immunol. 166: 877-884.
Britschgi, M. R., A. Link, T. K. Lissandrin, and S. A. Luther. 2008. Dynamic
modulation of CCR7 expression and function on naive T lymphocytes in vivo.
J. Immunol. 181: 7681-7688.

King, C. 2008. T helper cell differentiation: IL-21 and T helper cell differenti-
ation: jack of all trades? Immunol. Cell Biol. 86: 554-556.

TT0Z ‘0E 1NBNY U0 610" joUNLUILLI MMM WIO.J PePe0 JUMOQ


http://www.jimmunol.org/

