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Abstract

The transcriptional repressor Bcl6 controls development of the follicular helper T cell (Tgp)
lineage, however the precise mechanisms by which Bcl6 regulates this process are unclear. A
model has been proposed whereby Bcl6 represses the differentiation of T cells into alternative
effector lineages, thus favoring Tgy differentiation. Analysis of T cell differentiation using Bcl6-
deficient mice has been complicated by the strong pro-inflammatory phenotype of Bcl6-deficient
myeloid cells. Here, we report data from a novel mouse model where Bcl6 is conditionally deleted
in T cells (Bcl6™/flcreCP4 mice). After immunization, PD-1M9" Ty, cells in Bel6f/flCreCP4 mice
are decreased over 90% compared to control mice, and antigen-specific 1gG is sharply reduced.
Residual PD-1M9" CXCR5* Tgy cells in Bel6/flCreCP4 mice show a significantly higher rate of
apoptosis than PD-1Md" CXCR5* Tgy cells in control mice. Immunization of Bcl6f/flicreCP4 mice
did not reveal enhanced differentiation into Ty1, T2 or T17 lineages, although IL-10 expression
by CD4 T cells was markedly elevated. Thus, T cell extrinsic factors appear to promote the
increased Tyl, T2 and T17 responses in germ-line Bcl6-deficient mice. Furthermore, 1L-10
may be a key target gene for Bcl6 in CD4 T cells, which enables Bcl6 to promote the Ty cell
phenotype. Finally, our data reveal a novel mechanism for the role of Bcl6 in promoting Tgy cell
survival.

Introduction

During an immune response, CD4 T helper cells can differentiate into several unique
effector lineages that promote different immune responses via the secretion of distinct types
of cytokines. Follicular T helper (Tgy) cells are a recently characterized CD4 lineage whose
major function is to help B cells form germinal centers (GCs) and produce high-affinity
antibodies (Abs) (reviewed in (1-5)). Tgy cells are characterized by a high level of
expression of the chemokine receptor CXCR5, which binds the chemokine CXCL13
expressed in B cell follicles. CXCL13, acting on CXCR5, promotes migration of Tgy cells
to the B cell follicle. Try cells have an activated effector T cell phenotype and express
elevated ICOS and PD-1. Ty cells control both the initiation as well as the outcome of the
GC B cell response. Thus Tgy cells are critical for memory B cell and plasma cell
development. A key cytokine produced by Tgy cells is IL-21, which is a factor that potently
promotes B cell activation and Ab secretion. While Try cells are critical for the proper
production of high affinity Abs, the over-production of Tgy cells can lead to autoimmunity;
specifically Tgy cells can help B cells produce self-reactive Abs (6-8). Thus, the proper
regulation of Tgy cell differentiation is essential for normal immune function and preventing
autoimmune disease.
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The Bcl6 transcriptional repressor protein is up-regulated in Tgy cells and is considered a
master regulator for the T lineage (9-11). Forced BCL6 expression promotes
differentiation of CD4 T cells into Tgy cells, whereas Bcl6-deficient T cells cannot
differentiate into Try cells. Relatively little is known about the mechanism by which Bcl6
promotes Tgy cell differentiation, though three possible mechanisms have been proposed: a)
Bcl6 inhibits the differentiation of CD4 T cells into other lineages (e.g. Tyl, Ty2, Tyl7),
thus indirectly favoring Tgy differentiation, b) Bcl6 inhibits terminal CD4 T cell
differentiation by repressing Blimp1, again indirectly favoring the Try differentiation state,
c) Bcl6 regulates a large number of microRNAs that directly control the Tgy fate (3). Bcl6
may promote Tgy differentiation and function by one or a combination of these
mechanisms; alternatively, Bcl6 may act through an as yetunidentified mechanism. The
evidence accumulated to date strongly supports an intrinsic role for Bcl6 in CD4 T cells in
generating Tgy cells. However, experimental approaches using germline BCL6 knockout
(KO) mice are problematic due to the spontaneous inflammatory disease, early death and
non-T cell defects of the mice (12-15). Approaches using germline BCL6 KO mice for
mixed bone marrow chimeras are limited, due to the difficulty of producing large numbers
of consistently constituted chimeric mice for in-depth immunological studies. Further, these
bone marrow chimeric mice cannot separate out the effects of hyper-inflammatory Bcl6-
deficient myeloid cells. In contrast, a conditional KO mouse approach for BCL6 allows
analysis of BCL6 function in specific cell lineages, in a consistent wild-type background.
Recently, Kaji et al/reported a conditional KO model of Bcl6, and used it to analyze memory
B cell development (16). Here, we report the generation of a second Bcl6 conditional KO
mouse strain, and we have generated novel insights about the role of Bcl6 in CD4 T cell
differentiation and in Tgy cells.

Materials and Methods

Mice and immunization

Bcl6™fl mice on a mixed C57BL/6-129Sv background were generated at the Indiana
University School of Medicine (IUSM) Transgenic and Knockout facility. LoxP sites were
inserted into the Bcl6 gene locus, flanking exons 7-9 encoding the zinc finger domain of
Bcl6, using standard molecular cloning and embryonic stem cell techniques. CreE!2 mice,
obtained from Jackson Labs, were used to remove the floxed Neomycin gene from the
germline of knock-in mice. The floxed allele was genotyped by PCR using the following
primers:

5" loxP forward (5" - TGAAGACGTGAAATCTAGATAGGC - 3)
5" loxP reverse (5' - ACCCATAGAAACACACTATACATC -3
3" loxP forward (5' -TCACCA ATCCCAGGTCTCAGTGTG-3)
3" loxP reverse (5' = CTTTGTCATATTTCTCTGGTTGCT-3).

Bcl6ffl mice were mated to CD4-cre mice (17) to generate Bcl6f/fl CreCP4 mice. Mice were
bred under specific pathogen-free conditions at the laboratory animal facility at IUSM and
were handled according to protocols approved by the IUSM Animal Use and Care
Committee. Mice were immunized i.p. with 1 x 109 sheep red blood cells (SRBC; Rockland
Immunochemicals Inc., Gilbertsville, PA) in PBS.

Flow cytometry

All Abs were purchased from eBioscience (San Diego, CA), BD Biosciences (San Jose,
CA), or Biolegend (San Diego, CA). The GL3 Ab (Biolegend) was used to detect yo T cells
and NKT cells were identified with CD1d tetramer obtained from the NIH tetramer core
facility. Total spleen or thymus cells were incubated with anti-mouse CD16/CD32 (Fcy
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receptor) for 20 minutes, followed by surface staining for the indicated markers. For
intracellular cytokine staining (ICS), total CD4* T cells were isolated from spleen via bead
separation (Miltenyi Biotec) and stimulated for 5 hours with PMA and ionomycin. After
washing, cells were stained with a viability stain (Fixable Viability Dye eFluor® 780 from
eBioscience), then stained for surface CD3 and CD4 and fixed in 2% formaldehyde for 10
minutes at RT in the dark. Cells were then washed twice in buffer containing 0.1% saponin
to permeabilize. ICS was carried out in the saponin buffer. Annexin V staining and
Caspase-3 staining were done on total splenocytes using the Annexin V Apoptosis detection
Kit from eBioscience and the Caspase-3 Apoptosis kit from BD Biosciences, using
manufacturers’ instructions.

In vitro stimulation

ELISA

Total CD4" T cells were isolated via magnetic bead separation (Miltenyi Biotec); naive
CDA4* T cells were isolated via FACS and gated as CD3* CD4* CD62L* CD44!°W, Cells
were stimulated with plate-bound anti-CD3 (5 pg/ml) and anti-CD28 (10 pg/ml) Abs (BD
Biosciences) for 24 hours at 1x108 cells/ml. ThO media conditions contain no cytokines or
blocking antibodies, Th neutral (ThN) conditions contain anti-IFNy and anti-1L-4 (10 pg/
mL) (BD Biosciences) and Tgy conditions contain 1L-6 and I1L-21 (10 ng/ml each (R&D
Systems), plus anti-IFNy, -1L-4 and —TGF- Abs (10-20 pg/mL each).

Cytokines and Ab titers were measured via ELISA. Kits from BD Biosciences were used to
measure cytokines, except IL-17, in which purified and biotin-labeled antibodies were used
(BD Biosciences). SRBC-specific 1gG was measured as previously described (18). Briefly,
wells were coated with SRBC membrane extract (prepared as described (18)) overnight at
4°C. Wells were blocked with 10% FCS and diluted serum was incubated in wells for 2
hours at RT. A peroxidase labeled Fc-specific anti-mouse 1gG detection antibody was used
(Sigma).

Gene expression analysis

Total cellular RNA was prepared using the Trizol method (Life Technologies), and cDNA
prepared with the Transcriptor First Strand cDNA synthesis kit (Roche). Quantitative PCR
(QPCR) reactions were run by assaying each sample in triplicates using the Fast Start
Universal SYBR Green Mix (Roche Applied Science) with custom primers or specific
Tagman assays (ABI). QPCR assays were run with a Stratagene Mx3000P Real-Time QPCR
machine. Levels of mMRNA expression were normalized to beta-tubulin mRNA levels, and
differences between samples analyzed using the ddCT method. Primers for SYBR Green
assays were previously described (14, 19).

Statistical Analysis

Results

Preliminary statistical analysis showed that the data was normally distributed and thus
further statistical analysis was done using Student’s #tests or ANOVA on SPSS Statistics 20
software.

A conditional KO allele for Bcl6 (floxed Bcl6 or Bcl6f), where loxP sites flanked the zinc
finger-encoding exons of Bcl6 (Figure 1A), was introduced into embryonic stem cells. After
germline transmission of the floxed allele and deletion of the Neomycin gene, Bcl6™/* mice
were mated to produce Bcl6f/fl offspring. Bcl6f/fl mice are born at an expected frequency,
look normal and produce normal GC B cell and Tgy responses to immunization
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(Supplemental Figure 1), thus indicating that the loxP targeting of the Bcl6 gene did not
interfere with normal Bcl6 expression and function. CD4-Cre mice (17) were mated to
Bcl6™f mice, to obtain Bcl6f/*CreCP4 offspring. We used these mice to test deletion of the
floxed Bcl6 allele in response to CD4-Cre, and saw efficient deletion of the floxed Bcl6
allele in CD4 T cells, but not in B cells (Figure 1B, Supplemental Figure 2). Bcl6™/flcreCD4
(conditional knockout or cKO) mice are born at an expected frequency, and in contrast to
germline Bcl6 KO mice (13), look normal and have no apparent signs of disease (not
shown). Thymuses and spleens of cKO mice contain normal T cell numbers and CD4 and
CD8 populations (Figure 2A, B). Consistent with our earlier findings (19), the number of
FoxP3* cells was unaffected by loss of Bcl6 (Figure 2C).

Next, we immunized Bcl6*/*CreCP4 (control) and Bcl6f/fICreCP4 (cKO) mice with sheep
red blood cells (SRBCs) and analyzed GC B cell and Tgy responses after 10 days, at the
peak of the response. Whereas control mice produced strong levels of Fas*GL7*PNA* GC
B cells and CXCR5*1COS*PD-1M8h T, cells, cKO mice had an almost complete loss of
these cell populations (Figure 3A, B). These results confirm that Bcl6 controls Tgy cell
development and/or survival, in a T cell intrinsic manner, and further, that Tgy cells are
absolutely required to drive the GC reaction. To test whether loss of the Tgy cell population
resulted in a functional defect in antibody production, we measured SRBC-specific 1gG
titers (Figure 3C). Antigen specific 1gG was roughly 5-fold lower in the cKO mice, showing
that loss of CXCR5*1COS*PD-1M8h T, cells and/or Bcl6 expression in T cells leads to a
dramatic defect in help for B cells.

Because PD-1 is associated with T cell exhaustion and apoptosis (20), we wondered if
PD-1high Ty cells were undergoing higher levels of apoptosis than T cells with lower levels
of PD-1 expression, and if this apoptosis was regulated by Bcl6. Thus, we used two different
markers of early apoptosis, active Caspase-3 and AnnexinV, to stain T cells from SRBC
immunized control and cKO mice (Figure 4). We then analyzed apoptosis in non-Tgy cells
and in CXCR5™ cells, focusing on the correlation between the level of PD-1 expression and
degree of apoptosis. Non-Tgy cells had minimal apoptotic cells, whereas apoptosis
increased in the CXCR5* cells in parallel with PD-1 expression, with the highest levels of
apoptotic cells in the CXCR5*PD-1N9" T, fraction (Figure 4B, C). In cKO mice, non-Tgy,
CXCR5*PD-1", and CXCR5*PD-1° populations exhibited similar or lower levels of
apoptosis compared to control mice (Figure 4B, C). However, in the cell populations
expressing higher PD-1, the cKO mice showed a marked increase in apoptotic markers,
reaching significance in the PD-1M9" T, fraction (Figure 4B, C). These data indicate that
Bcl6 regulates apoptosis in PD-19" T, cells. Therefore, one novel mechanism for how
Bcl6 controls Tgy cell development is by stabilizing their survival and inhibiting them from
excess apoptosis as a result of high PD-1 expression.

We then tested the idea that Bcl6 promotes Tgy cell development by inhibiting the
differentiation of CD4 T cells into other Ty lineages. We reasoned that if Bcl6 inhibited T
helper cell differentiation, following a potent immune stimulus, CD4 T cells would
differentiate more readily into Ty1, T2 or T17 cells in cKO mice than in control mice.
We therefore analyzed IFNy, IL-4 and IL-17 expression by both intracellular cytokine
staining and ELISA from CD4 T cells isolated from SRBC immunized control and cKO
mice. As shown in Figure 5A-C, we observed no significant increase in the expression of
the signature cytokines of Tyl, T2 and T17 cells in cKO T cells compared to control T
cells, while strikingly, IL-4 was significantly lower in the cKO T cells. These data suggest
that loss of Bcl6 in CD4 T cells leads to a loss of Tgy cells, without a compensatory increase
in T cell differentiation into other helper lineages. We next wished to test whether Bcl6
directly regulates the expression of key transcription factors that regulate T cell
differentiation (Thet ( 7T6x21), Gata3, Ror-yt (Rorc) and Blimpl (Prdml)), as has been
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reported (9-11, 21, 22). Thus, we isolated naive CD4*CD44!°WCD62L* T cells from control
and cKO mice, activated them under TH0, TyN and Tgy conditions for 24 hours, and
analyzed gene expression (Figure 5D). Of the four factors, only Gata3was repressed by
Bcl6 under all activation conditions, although the repression of Gata3by Bcl6 was less than
two-fold. 76x21 was strongly increased in the cKO T cells under T0 but not other
conditions. Rorctrended towards an increase in the cKO T cells under Ty conditions, but
the increase was not statistically significant. Thus, the regulation of the Tl and T17
master factors by Bcl6 is dependent on specific stimulation conditions. Pram was increased
about 2-fold under Tgy conditions, but not with other conditions. Thus, Bcl6 does not
acutely repress the expression of pramzIfollowing TCR- and CD28-mediated activation of
naive CD4 T cells. Repression of pradm1 by Bcl6 occurs under Tgy-priming conditions,
likely because IL-6 and I1L-21 under these conditions strongly induce Stat3. However, the
increase in prdm1 in the cKO under Tgy-priming conditions does not correlate with
enhanced differentiation into effector Ty1, T2 and TH17 cells. Importantly, these data with
conditional loss of Bcl6 in T cells indicate that much of the increased Ty1, T2 and TH17
differentiation observed in germline Bcl6-deficient mice can be attributed to T cell extrinsic
effects, possibly due to loss of Bcl6-mediated repression of inflammatory cytokines in
myeloid cells (14, 15, 23, 24).

To further understand the role of Bcl6 in the regulation of gene expression in T cells, we
analyzed IL-10, a previously identified target of Bcl6 in T cells (25), in the cKO mice. We
initially analyzed IL-10 secretion by activated CD4 T cells from SRBC-immunized control
and cKO mice (Figure 6A). IL-10 secretion was dramatically increased from cKO T cells,
over 20-fold, compared to control T cells. We then tested //Z0 mRNA expression, and
determined that it was significantly higher in the cKO T cells under Tgy conditions (Figure
6B). As assessed by ICS, the total percentage of IL-10-expressing T cells was slightly higher
in T cells from cKO mice, although the difference was not statistically significant (Figure
6C). As shown in Supplemental Figure 3, exclusion of dead cells and staining of
unstimulated T cells verified the specificity of the IL-10 ICS. Using ICS, we then measured
the level of IL-10 expression per individual T cell, and found it was significantly higher in
the cKO T cells (Figure 6D). Taken together, these data show that Bcl6 critically regulates
IL-10 expression in CD4 T cells by a T cell intrinsic manner, and moreover, that Bcl6 is
required to repress 1L-10 expression during Tgy differentiation.

Discussion

Trn cells have emerged as the critical T cell subset that promotes the germinal center
reaction and thus the high affinity B cell response to antigen. Bcl6 is a master regulator of
the Ty cell lineage, and there is great interest in understanding Tg cells and the role of
Bcl6 in Tgy cells. Here we have developed and characterized a novel mouse model for the
of study Tgy cells: Bel6f/flCreCP4 mice. In these mice, Bcl6 is deleted specifically in the T
cell lineage. In contrast to germline Bcl6 knockout mice, Bcl6f/fliCreCP4 mice do not
develop inflammatory disease and do not die at an early age. Bcl6™/flCreCP4 mice thus have
great advantage over germline Bcl6 knockout mice for the analysis of Tgy cells. Here we
show that Bcl6/flcre€P4 mice have normal T cell development in the thymus and can
produce Tyl, T2 and T17 cells, but specifically lack Tgy cells. Thus, Bel6f/flcreCD4
mice are a novel model of Tgy cell-deficiency, and may be a more specific system for
studying immune responses in the absence of Tgy cells, compared to other available mice
strains in which Tgy cells do not develop.

The lack of exaggerated differentiation of Ty1, T2 and Ty17 cells in Bel6f/flcreCP4 (ck O)
mice was unexpected in light of previous work indicating that Bcl6 negatively regulates the
differentiation of these lineages (9-11, 21, 22). Our results with the cKO mice imply that
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much, if not all, of the increased Ty1, T2 and Ty17 differentiation observed in germline
Bcl6-deficient mice is due to indirect or non-T cell intrinsic effects. The over-production of
pro-inflammatory cytokines by Bcl6-deficient myeloid cells (14, 15, 23, 24) undoubtedly
contributes to the increased Tyl, Ty2 and T17 differentiation in germline Bcl6-deficient
mice. In the cKO mice, where loss of Bcl6 is specifically restricted to T cells, we observe no
bias in T helper cell differentiation towards the Ty1, Ty2 and Ty17 lineages. Thus, much of
the enhanced effector T cell phenotype previously seen with germline Bcl6-deficient mice
was due to indirect effects masking the true phenotype of loss of Bcl6 in T cells on helper T
cell differentiation.

Given our previous studies showing a strong bias of Bcl6-deficient T cells to the T2
lineage (12-14, 19), a highly unexpected result in the cKO mice was significantly decreased
T2 differentiation (as measured by IL-4 expression) compared to control mice. Thus, Bcl6-
deficient T cells in the absence of Bcl6-deficient myeloid cells have a defect in 1L-4
production and/or T2 differentiation. This result was further surprising given that Gata3
MRNA was increased in cKO T cells (Figure 5D). We previously showed that in mixed
bone marrow chimeras with wild-type and germline Bcl6 knockoutcells, that Bcl6-deficient
T cells still have a significant intrinsic T2 bias compared to wild-type T cells within the
same chimera (19). However, Bcl6-deficient myeloid cells are still present in these mixed
bone marrow chimeras, meaning the T2 bias of Bcl6 knockout T cells may only manifest
in the presence of the inflammatory cytokines. Thus, the ability of Bcl6 to regulate T2
differentiation is clearly complex and is affected by inflammatory cytokine signals secreted
by myeloid cells. Further work is required to completely understand how Bcl6 regulates
TH2 differentiation.

An essential question regarding T cells is how Bcl6 controls the development of this
lineage. Three basic mechanisms have been proposed: a) Bcl6 inhibits differentiation of
CDA T cells into TH1, Ty2 and TH17 cells, thus indirectly favoring Ty differentiation, b)
Bcl6 inhibits terminal CD4 T cell differentiation by repressing Blimp1, thus favoring a
relatively undifferentiated Tgy state, and c) Bcl6 represses a large number of microRNAs
that directly promote the Tgy phenotype (3, 9-11). These three mechanisms are not
mutually exclusive, and Bcl6 may use all of these mechanisms, as well as other mechanisms
not yet understood. Importantly, the extent to which each of these three known pathways
control Ty cell differentiation is not well understood.

Our data in this study indicate that Bcl6-deficient T cells, in an otherwise wild-type immune
environment, do not undergo enhanced differentiation into T1, T2 and TH17 cells. Thus,
Bcl6 does not generally repress CD4 T cell differentiation into Tyl, T2 and Ty17 cells,
and the increased Ty, T2 and Ty17 responses in germ-line Bcel6-deficient mice are due to
T cell extrinsic factors, as discussed above. A further possible interpretation for this result is
that Bcl6 does not control differentiation into the Ty lineage by repressing Tyl, T2 and
Ty17 differentiation, as proposed. However, we cannot rule out that a small number of T
cells in the cKO mice that would normally become Tgy cells following antigen stimulation
(if they could induce Bcl6 expression) actually undergo enhanced differentiation into T41,
TH2 and/or TH17 cells. We need to assume that this population is too small to markedly
affect the total cytokine profile of effector cells in the cKO mice, since overall, we observe
similar Ty1, T2 and T17 responses in the cKO as in the control mice.

We do not detect repression of Blimp1 by Bcl6 under TH0 or TyN conditions, indicating
that Bcl6 does not generally repress Blimp1 transcription. However, under specific Tgy
activation conditions, we observe significant repression of B/imp1 by Bcl6. This specific
regulation of B/imp1 by Bcl6 thus fits with one of the three proposed models for the control
of Tgy differentiation by Bcl6. However, the two-fold increase in Blimpl in cKO T cells is
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unlikely to fully account for the near complete loss of Tgy differentiation we observe in the
cKO mice, and other Bcl6-regulated pathways are bound to be critical for normal Tgy
differentiation.

Indeed, our study highlights two novel mechanisms for how Bcl6 controls the Tgy lineage:
1) by repressing IL-10 expression, and 2) by inhibiting apoptosis of Tgy cells. IL-10 has
been shown recently to suppress Tgy cell differentiation and function (26, 27). Therefore, a
key function of Bcl6 may be to suppress expression of IL-10 by activated T cells, thus
aiding Tgy differentiation. IL-10 is a potent suppressor of T cell activation, by acting on
APCs (28). Since Tgy differentiation requires high affinity interaction between the T cell
and the APC (29), suppression of 1L-10 may therefore be a critical mechanism for the
control of Tgy differentiation by Bcl6. In cKO mice, T cells would receive the same signals
to express Bcl6, but would not be able to up-regulate Bcl6 or suppress 1L-10gene
transcription following activation, leading to suppression of APC activity and weaker T cell
activation. In mice, Th2 cells produce high levels of IL-10, and one earlier model of
repression of 1L-10 by Bcl6 was that this was part of the repression of Th2 differentiation by
Bcl6 (19, 25). However, our data show that the regulation of IL-10 in T cells by Bcl6 is a
separate pathway from the regulation of T2 differentiation by Bcl6, since we observe
greatly enhanced IL-10 expression at the same time as significantly decreased Th2
differentiation in the ckKO mice. Another novel mechanism we have described for the
control of Tgy cells by Bcl6 is suppression of apoptosis. While there are extensive
associations between PD-1 expression and T cell apoptosis (20), there has been little
investigation into the apoptosis of PD-1M9" T, cells. Here, we assessed whether PD-1Migh
Ten cells were undergoing higher levels of apoptosis than PD-1!9%/€d T cells, and observed
that PD-1M9" Ty, cells expressed both activated Caspase-3 and AnnexinV, markers of early
apoptosis, at a very significant level. Thus, PD-1M9" T, cells are more unstable and prone
to apoptosis, and this apoptosis is accelerated in the absence of Bcl6. Thus, Bcl6 appears to
stabilize the survival of PD-1M8h T, cells, which is a previously unappreciated mechanism
for the function of Bcl6 in Tgy cells. By analogy, Bcl6 inhibits the apoptosis of B cells
within the GC, in part by repressing the DNA damage sensor ATR and inhibiting apoptotic
pathways activated by the extensive DNA alterations that occur in GC B cells (30). While
Trp cells are not known to undergo DNA rearrangements analogously to GC B cells, there
may be pro-apoptotic stress signals for Tgy cells in the GC that are inhibited by Bcl6
expression. This pro-survival function of Bcl6 in Tgy cells is a new pathway that provides
an important insight into Try cell biology, and clearly warrants further exploration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by NIAID grants 1R21A1090150, 1R21A1092212 and 1R21A1099825 to A.L.D., and
NHLBI training grant T32 HL007910-14 to K.H.

We thank Dr. Mark Kaplan for the CD4-Cre mice, for critically reading the manuscript and for suggestions on the
project. We also thank Dr. Albert Bendelac and Dr. Rebecca Mathew (University of Chicago), for advice on
analyzing NKT cellsand d T cells.

References

1. Fazilleau N, Mark L, McHeyzer-Williams LJ, McHeyzer-Williams MG. Follicular helper T cells:
lineage and location. Immunity. 2009; 30:324—335. [PubMed: 19303387]

J Immunol. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hollister et al.

Page 8

2. Crotty S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol. 2011; 29:621-663. [PubMed:
21314428]

3. Crotty S, Johnston RJ, Schoenberger SP. Effectors and memories: Bcl-6 and Blimp-1in T and B
lymphocyte differentiation. Nat Immunol. 2010; 11:114-120. [PubMed: 20084069]

4. McHeyzer-Williams LJ, Pelletier N, Mark L, Fazilleau N, McHeyzer-Williams MG. Follicular
helper T cells as cognate regulators of B cell immunity. Curr Opin Immunol. 2009; 21:266-73.
[PubMed: 19502021]

5. Linterman MA, Vinuesa CG. Signals that influence T follicular helper cell differentiation and
function. Semin Immunopathol. 2010; 32:183-196. [PubMed: 20107805]

6. Vinuesa CG, Cook MC, Angelucci C, Athanasopoulos V, Rui L, Hill KM, Yu D, Domaschenz H,
Whittle B, Lambe T, Roberts IS, Copley RR, Bell JI, Cornall RJ, Goodnow CC. A RING-type
ubiquitin ligase family member required to repress follicular helper T cells and autoimmunity.
Nature. 2005; 435:452-458. [PubMed: 15917799]

7. Linterman MA, Righy RJ, Wong RK, Yu D, Brink R, Cannons JL, Schwartzberg PL, Cook MC,
Walters GD, Vinuesa CG. Follicular helper T cells are required for systemic autoimmunity. J Exp
Med. 2009; 206:561-576. [PubMed: 19221396]

8. Odegard JM, Marks BR, DiPlacido LD, Poholek AC, Kono DH, Dong C, Flavell RA, Craft J.
ICOS-dependent extrafollicular helper T cells elicit IgG production via IL-21 in systemic
autoimmunity. J Exp Med. 2008; 205:2873-2886. [PubMed: 18981236]

9. YuD, Rao S, Tsai LM, Lee SK, He Y, Sutcliffe EL, Srivastava M, Linterman M, Zheng L, Simpson
N, Ellyard JI, Parish 1A, Ma CS, Li QJ, Parish CR, Mackay CR, Vinuesa CG. The transcriptional
repressor Bcl-6 directs T follicular helper cell lineage commitment. Immunity. 2009; 31:457-468.
[PubMed: 19631565]

10. Nurieva RI, Chung Y, Martinez GJ, Yang XO, Tanaka S, Matskevitch TD, Wang YH, Dong C.
Bcl6 mediates the development of T follicular helper cells. Science. 2009; 325:1001-1005.
[PubMed: 19628815]

11. Johnston RJ, Poholek AC, DiToro D, Yusuf I, Eto D, Barnett B, Dent AL, Craft J, Crotty S. Bcl6
and Blimp-1 are reciprocal and antagonistic regulators of T follicular helper cell differentiation.
Science. 2009; 325:1006-1010. [PubMed: 19608860]

12. Dent AL, Hu-Li J, Paul WE, Staudt LS. T helper type 2 inflammatory disease in the absence of
IL-4 and STAT®6. Proc Natl Acad Sci U S A. 1998; 95:13823-13828. [PubMed: 9811885]

13. Dent AL, Shaffer AL, Yu X, Allman D, Staudt LM. Control of inflammation, cytokine expression,
and germinal center formation by BCL-6. Science. 1997; 276:589-592. [PubMed: 9110977]

14. Mondal A, Sawant D, Dent AL. Transcriptional repressor BCL6 controls Th17 responses by
controlling gene expression in both T cells and macrophages. J Immunol. 2010; 184:4123-4132.
[PubMed: 20212093]

15. Toney LM, Cattorretti G, Graf JA, Merghoub T, Pandolfi PP, Dalla-Favera R, Ye BH, Dent AL.
BCL-6 regulates chemokine gene transcription in macrophages. Nat Immunol. 2000; 1:214-220.
[PubMed: 10973278]

16. Kaji T, Ishige A, Hikida M, Taka J, Hijikata A, Kubo M, Nagashima T, Takahashi Y, Kurosaki T,
Okada M, Ohara O, Rajewsky K, Takemori T. Distinct cellular pathways select germline-encoded
and somatically mutated antibodies into immunological memory. J Exp Med. 2012; 209:2079—
2097. [PubMed: 23027924]

17. Lee PP, Fitzpatrick DR, Beard C, Jessup HK, Lehar S, Makar KW, Perez-Melgosa M, Sweetser
MT, Schlissel MS, Nguyen S, Cherry SR, Tsai JH, Tucker SM, Weaver WM, Kelso A, Jaenisch R,
Wilson CB. A critical role for Dnmtl and DNA methylation in T cell development, function, and
survival. Immunity. 2001; 15:763-774. [PubMed: 11728338]

18. Temple L, Kawabata TT, Munson AE, White KL Jr. Comparison of ELISA and plaque-forming
cell assays for measuring the humoral immune response to SRBC in rats and mice treated with
benzo[a]pyrene or cyclophosphamide. Fundamental and applied toxicology. 1993; 21:412-419.
[PubMed: 8253294]

19. Sawant DV, Sehra S, Nguyen ET, Jadhav R, Englert K, Shinnakasu R, Hangoc G, Broxmeyer HE,
Nakayama T, Perumal NB, Kaplan MH, Dent AL. Bcl6 controls the th2 inflammatory activity of

J Immunol. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hollister et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 9

regulatory T cells by repressing gata3 function. J Immunol. 2012; 189:4759-4769. [PubMed:
23053511]

Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in tolerance and immunity.
Annu Rev Immunol. 2008; 26:677-704. [PubMed: 18173375]

Oestreich KJ, Huang AC, Weinmann AS. The lineage-defining factors T-bet and Bcl-6 collaborate
to regulate Th1 gene expression patterns. J Exp Med. 2011; 208:1001-1013. [PubMed: 21518797]
Oestreich KJ, Mohn SE, Weinmann AS. Molecular mechanisms that control the expression and
activity of Bcl-6 in TH1 cells to regulate flexibility with a TFH-like gene profile. Nat Immunol.
2012; 13:405-411. [PubMed: 22406686]

Ohtsuka H, Sakamoto A, Pan J, Inage S, Horigome S, Ichii H, Arima M, Hatano M, Okada S,
Tokuhisa T. Bcl6 is required for the development of mouse CD4+ and CD8alpha+ dendritic cells.
J Immunol. 2011; 186:255-263. [PubMed: 21131418]

Barish GD, Yu RT, Karunasiri M, Ocampo CB, Dixon J, Benner C, Dent AL, Tangirala RK, Evans
RM. Bcl-6 and NF-kappaB cistromes mediate opposing regulation of the innate immune response.
Genes Dev. 2010; 24:2760-2765. [PubMed: 21106671]

Kusam S, Toney LM, Sato H, Dent AL. Inhibition of Th2 differentiation and GATA-3 expression
by BCL-6. J Immunol. 2003; 170:2435-2441. [PubMed: 12594267]

Cai G, Nie X, Zhang W, Wu B, Lin J, Wang H, Jiang C, Shen Q. A regulatory role for IL-10
receptor signaling in development and B cell help of T follicular helper cells in mice. J Immunol.
2012; 189:1294-1302. [PubMed: 22753938]

Chacon-Salinas R, Limon-Flores AY, Chavez-Blanco AD, Gonzalez-Estrada A, Ullrich SE. Mast
cell-derived 1L-10 suppresses germinal center formation by affecting T follicular helper cell
function. J Immunol. 2011; 186:25-31. [PubMed: 21098222]

Saraiva M, O’Garra A. The regulation of IL-10 production by immune cells. Nat Rev Immunol.
2010; 10:170-181. [PubMed: 20154735]

Fazilleau N, McHeyzer-Williams LJ, Rosen H, McHeyzer-Williams MG. The function of follicular
helper T cells is regulated by the strength of T cell antigen receptor binding. Nat Immunol. 2009;
10:375-384. [PubMed: 19252493]

Ranuncolo SM, Polo JM, Dierov J, Singer M, Kuo T, Greally J, Green R, Carroll M, Melnick A.
Bcl-6 mediates the germinal center B cell phenotype and lymphomagenesis through transcriptional
repression of the DNA-damage sensor ATR. Nat Immunol. 2007; 8:705-714. [PubMed:
17558410]

J Immunol. Author manuscript; available in PMC 2014 October 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Hollister et al.

Page 10

zinc finger exons
=2kb

Bam — Bam
A | exons: 2 3 4 5 6 7 89 10 WT (+)
’ e —— . allele
R Rl R xhxooXoxn R Xh| b x
ATG / \Stop
// |
p \
5§ 6 » 7 89 v 10
(oo i o Ta1GE1ING
x'n'xb XoXb Xh R b >&|| construct
Stop
Posy Bam Eloxed allele
exons: 2 3 4 5 6 7 89 10 i
| 1 — ! with Neo
e ene
A R RXo  XnXb XoXb Xn T b e 9
ATG Stop
Bam Bam
exons: 2 3 4 5 6 7 89 10
| 1 | ‘Nl 14 | | Floxed
5 R R Mo xhx ot R h| b b % allele (i)
ATG Stop

Creco4 Creco4

3’ loxP —
germline —»

5’ loxP —
germline—»

Figure 1. Development of a conditional deletion system for BCL6

(A) A targeting construct containing BCL6 exons 7 through 9 and a Neo gene was inserted
into the wild type (+) allele. The Neo gene was removed by mating with a CreE!12 mouse,
which resulted in a BCL6 floxed allele (fl). (B) B220* CD19* B cells and CD3* CD4* T
cells were sorted via FACS from mice heterozygous for the floxed allele. DNA from the
cells was used to PCR-amplify the loxP-containing sites. In B cells, both the 5" and 3’ loxP
sites were detected. However, in CD4* T cells expressing Cre, only the germline allele of
BCL6 was amplified, signaling deletion of the floxed region.
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Figure 2. Normal T cell development in mice with conditional deletion of Bcl6in T cells

(A) Thymus cell percentages in 8 week old unimmunized Bcl6*/* Cre€P4 and Bcl6fl/fl
CreCP4 mice were enumerated via flow cytometry. From left, double positive CD4 CD8
cells, single positive CD4 and CD8 cells, natural killer T cells, and gamma delta T cells. n =
4, mean + SE. (B) T cell percentages in spleen of 7 — 9 week old mice immunized with
SRBC and sacrificed on day 10. n = 4, mean + SE. (C) Percentage of Ty¢q cells in spleen of
7 — 8 week old unimmunized mice. Gated on CD3* CD4*. n = 4, mean * SE.
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Figure 3. Conditional deletion of Bcl6in T cellsleadsto loss of Tgy cellsand loss of B cell helper
activity

Representative flow plots of (A) GC B cell and (B) Tgn cell populations in spleen of 7 -9
week old Bcl6** Cre€P4 and Bel6f/fl CreCP4 mice immunized i.p. with SRBC and
sacrificed on day 10. GC B cells gated on CD19* B220* Fas*. Ty cells gated on CD3*
CD4* CXCR5*. (C) Titers of 1gG specific for SRBC, from serum of mice analyzed in (A
and B) and unimmunized mice. n =4 -5, mean £ SE. (B and C) Symbols in bar graphs
represent individual mice. (A-C) Data shown are representative of four to five separate
experiments. *** p < 0.001
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Figure 4. Bcl6 maintainsthe survival of PD-10igh TEn cells

Mice were immunized with SRBC and sacrificed on day 10. Spleen cells were analyzed. (A)
Representative flow plots of Tg cells. Gated on CD3* CD4* CXCR5*. Gates for different
levels of PD-1 expression are shown. (B) Percentage of Caspase-3* cells in different
populations of PD-1 subsets are shown. “Non Try” cells are gated on CD3* CD4*
CXCR5™9 |COS"®8 PD-1"¢9, n = 3 — 4, mean + SE. (C) Percentage of AnnexinV* cells in
different populations of PD-1 subsets. Same gating as in (B). n =4 -5, mean + SE. (B and
C) Symbols in bar graphs represent individual mice. (A—C) Data shown are representative of
three separate experiments. * p < 0.05, *** p < 0.001.
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Figureb5. Lossof Bcl6in T cellsdoes not lead to increased Thl, Th2 or Th17 differentiation

(A) Mice were immunized with SRBC and sacrificed on day 10. Total CD4* T cells were
isolated via magnetic bead separation and stimulated with PMA and ionomycin for 5 hours
before being fixed and stained for flow cytometry. Representative flow plots for ICS of IFN-
y, IL-17A, and IL-4 are shown. Gated on CD3* CD4*. (B) Graphs of ICS. n =3 -4, mean
SE. Data shown is representative of four separate experiments. (C) Total CD4* T cells were
isolated as in (A) and stimulated with anti-CD3 and anti-CD28 antibodies for 24 hours in
ThO culture conditions. Cytokine levels in supernatants were measured via ELISA. n=3 -
4, mean * SE. Data shown is representative of four separate experiments. (D) Naive CD4*T
cells were sorted via FACS and stimulated with anti-CD3 and anti-CD28 Abs for 24 hours
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in either TH0, TN or Tgy culture conditions. Gene expression was measured by QPCR. n =

3 -4, mean = SE. This experiment was repeated once with similar results. Symbols in bar
graphs represent individual mice. (B-D) * p < 0.05, ** p < 0.01
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Figure6. Bcl6isacritical repressor of IL-10 expression in T helper cells

Total CD4™ T cells from immunized mice were isolated and stimulated as in Figure 5C. (A)
Levels of IL-10 secretion measured by ELISA. n = 3 — 4, mean + SE. (B) IL-10 gene
expression was measured by QPCR, under Ty0, TyN and Tgy conditions, as in Figure 5D. n
=3 -4, mean = SE. (C and D) ICS for IL-10 was performed on CD4* T cells from
immunized mice, isolated and stimulated as described in Figure 5A; dead cells were
excluded by use of a viable cell staining gate. n = 3 — 5, mean + SE (C) IL-10-expressing
cells as a percent of total CD4 T cells. (D) IL-10 expression levels in IL-10" cells measured
by mean fluorescent intensity (MFI). (A-D) Symbols in bar graphs represent individual
mice. Data shown are representative of 3 to 4 separate experiments. * p < 0.05, ** p < 0.01

J Immunol. Author manuscript; available in PMC 2014 October 01.



