[O510 ) Journal of
D D Experimental
) Medicine

ARTICLE

FoxP3 and Ezh2 regulate Tfr cell suppressive
function and transcriptional program

Shenda Hou?@®, Rachel L. Clement?, Alos Diallot, Bruce R. Blazar*®, Alexander Y. Rudensky>*@®, Arlene H. Sharpe"?”*@®, and Peter T. Sage>*®

Follicular regulatory T (Tfr) cells are a regulatory T cell subset that controls antibody production by inhibiting T follicular
helper (Tfh)-mediated help to B cells. Tfh and Tfr cells possess opposing functions suggesting unique programming. Here we
elucidated the transcriptional program controlling Tfr suppressive function. We found that Tfr cells have a program for
suppressive function fine-tuned by tissue microenvironment. The transcription factor FoxP3 and chromatin-modifying
enzyme EZH2 are essential for this transcriptional program but regulate the program in distinct ways. FoxP3 modifies the Tfh
program to induce a Tfr-like functional state, demonstrating that Tfr cells coopt the Tfh program for suppression.
Importantly, we identified a Tfr cell population that loses the Tfr program to become “ex-Tfr” cells with altered functionality.
These dysfunctional ex-Tfr cells may have roles in modulating pathogenic antibody responses. Taken together, our studies
reveal mechanisms controlling the Tfr transcriptional program and how failure of these mechanisms leads to dysfunctional

Tfr cells.

Introduction

Regulatory T (T reg) cells are a subset of CD4* T lymphocytes
that inhibit effector T cells and inflammation (Josefowicz et al.,
2012). T reg cells are largely defined by the forkhead box tran-
scription factor FoxP3, which acts as a master regulator for T reg
cell differentiation and function (Ziegler, 2006; Hill et al., 2007;
Josefowicz et al., 2012). Loss of FoxP3 leads to multiorgan au-
toimmune disease in mice and immune dysregulation, polyen-
docrinopathy, enteropathy, and X-linked syndrome in humans
(Bennett et al., 2001; Brunkow et al., 2001). FoxP3 can bind to a
large number of proteins and interact with thousands of ge-
nomic sites, which posits FoxP3 as a complex node of T reg cell
regulation (Hill et al., 2007; Marson et al., 2007; Zheng et al.,
2007; Rudra et al., 2012; Samstein et al., 2012).

FoxP3 can act as a transcriptional repressor in T reg cells by
binding to specific genes and recruiting the polycomb repressor
complex 2 (PRC2) through direct interactions with the enzy-
matic protein of the PRC2 complex, enhancer of zeste homologue
2 (Ezh2; Arvey et al., 2014). PRC2 recruitment results in altered
chromatin accessibility of specific genes targeted by FoxP3,
which elicits part of the T reg cell transcriptional program. Loss
of Ezh2 in T reg cells results in defective T reg cell expansion and

suppressive function (DuPage et al., 2015; Yang et al., 2015).
However, FoxP3 can also act as a transcriptional activator. Re-
cent studies have suggested that FoxP3 binds to active enhanc-
ers, and formation of a complex with either RELA-KAT5-EP300
or EZH2-IKZF3-YY1 can dictate target gene regulation (Samstein
et al., 2012; Kwon et al., 2017). Interestingly, FoxP3 in complex
with EZH2-IKZF3-YY1 may result in transcriptional activation
or repression. Therefore, the role of FoxP3 in regulating tran-
scriptional programs depends on specific enhancer regions as
well as molecular complexes bound by FoxP3.

T reg cell transcriptional programs also may be distinct in
different anatomical locations. Within particular tissue micro-
environments, T reg cells can express the same transcription
factors as the cells that they suppress, suggesting that T reg cells
may coopt some of the transcriptional program of effector cells
as part of their suppression machinery (Chaudhry et al., 2009;
Zheng et al., 2009; Cipolletta et al., 2012).

Follicular regulatory T (Tfr) cells are a subset of effector T reg
cells that express the chemokine receptor CXCR5, gain access to
the B cell follicle, and have specialized roles in inhibiting T
follicular helper (Tfh)-mediated B cell responses (Sage and
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Sharpe, 2015b, 2016). The vast majority of Tfr cells differentiate
from natural T reg cell precursors in lymphoid organs, although
a small number of Tfr cells may originate from induced T reg
cells under very limited circumstances (Chung et al., 2011
Linterman et al., 2011; Wollenberg et al., 2011; Sage et al., 2013;
Maceiras et al., 2017). Tfr cells require similar cues as Tth cells
for differentiation, including the requirements for dendritic
cells and B cells, inducible T cell costimulator (ICOS) and CD28
signals, and the transcription factor Bcl6 (Linterman et al., 2011;
Sage et al., 2014a). Tfr and Tth cell differentiation is also simi-
larly restrained by inhibitory receptors such as PD-1 and CTLA-4
(Sage et al., 2013, 2014b; Wing et al., 2014). Despite similar dif-
ferentiation cues, Tth and Tfr cells have opposing functions: Tfh
cells stimulate, whereas Tfr cells inhibit B cell responses. Tfr
cells inhibit IL-21 and IL-4 production in Tth cells and suppress
class switch recombination, antibody secretion, and somatic
hypermutation in B cells through altering metabolism (Sage
et al., 2014a, 2016). Tfr cells appear to be specialized in their
ability to suppress B cell responses because conventional T reg
cells are unable to suppress B cells to the same degree in vivo or
in vitro, although some studies have suggested they may sup-
press similarly in vitro (Sage et al., 2013, 2014b, 2016). The
transcriptional machinery facilitating maintenance of the Tfr
cell phenotype and suppressive function are still unknown.

Here we investigated the Tfr cell transcriptional program and
how it relates to Tth and T reg cell transcriptional programs. We
determined that Tfr cells have a transcriptional program thatisa
hybrid of a Tfh and T reg cell program and that the Tfr program
can be fine-tuned by the tissue microenvironment. We also
discovered that a population of Tfr cells loses FoxP3 expression
to become ex-Tfr cells, which exhibit an aberrant Tfr cell tran-
scriptional program and deficits in suppressive capacity. Ex-
pression of FoxP3 in Tth cells was sufficient to convert Tth cells
to Tfr-like cells that can suppress B cell responses. In addition,
we determined that Ezh2, like FoxP3, is essential for mainte-
nance of the Tfr cell transcriptional program and optimal Tfr cell
suppressive function. These results point to FoxP3 and Ezh2 as
key regulators of the Tfr transcriptional program and identify
mechanisms leading to the generation of dysfunctional ex-
Tfr cells.

Results

The Tfr cell transcriptional program has features of Tfhand T
reg transcriptional programs and is fine-tuned by

tissue microenvironment

To delineate the relationships among follicular CD4* T cell
populations, we first compared the transcriptional programs of
CD4* T cell subsets residing inside and outside of B cell follicles
during an immune response. To do this, we immunized
FoxP3'™RES-GFP mice with NP-OVA (emulsified in CFA) subcuta-
neously, and isolated draining lymph nodes 7 d later. We sorted
conventional CD4* T cells (referred to as “T conv” and sorted
as CD4'ICOSCXCR5CD19 FoxP3-), T reg cells (sorted as CD4*
ICOS~CXCR5~CD19-FoxP3+), Tth cells (sorted as CD4*ICOS*CXCR5*
CD19 FoxP3-), and Tfr cells (sorted as CD4'ICOS*CXCR5*CD19-FoxP3*)
and subjected these cells to RNA sequencing (RNA-seq) transcriptional
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analysis (Fig. S1, A and B). Tfr cells had 945 differentially ex-
pressed (P < 0.01) genes compared with T reg cells and 480
differentially expressed genes (P < 0.01) compared with Tfh
cells. When we compared all of these genes, we identified a
subset of differentially expressed genes that were more highly
expressed in Tfr and Tfh cells compared with T reg and T conv
cells, and a smaller subset that was more highly expressed in
Tfrand T reg cells compared with Tfh and T conv cells (Fig. 1 A).

To determine if Tfr cells more closely resembled Tth or T reg
cells transcriptionally, we performed a similarity matrix
analysis using Euclidean distance as a measure of dissimilarity.
Tfr cells had a similar Euclidean distance from Tth and T reg
cells, which was shorter than from T conv cells (Fig. 1 B). To
determine similarity in more detail, we performed gene set
enrichment analysis (GSEA) comparing Tfr cells to T conv cells
using specific gene sets. Tfr cells had a high enrichment score for
gene sets for T reg cell identity (T reg versus T conv) and Tth cell
identity (Tfh versus T conv; Fig. 1 C).

When we analyzed a gene set comprised of genes differen-
tially expressed in T reg versus Tfh cells, we found that Tfr cells
had higher enrichment in Tfh genes, suggesting that Tfr cells
more closely resembled Tfh cells than T reg cells, which we
confirmed using principal component analysis (PCA; Fig. 1 D).
FoxP3, the master T reg cell transcription factor, is thought to
function by recruiting distinct complexes, one of which is Ezh2
(Kwon et al., 2017). Therefore, we compared levels of FoxP3 and
Ezh2 in T conv, Tth, T reg, and Tfr cells. Tfr cells had signifi-
cantly higher expression of FoxP3 compared with CXCR5-ICOS-
T reg cells (Fig. 1 E). Similarly, Tfr cells had higher Ezh2 ex-
pression compared with CXCR5-ICOS™ T reg cells; however, Tfr
cells and Tth cells had comparable expression of Ezh2 (Fig. 1 F).
At the protein level, Tfr cells had higher expression of Ezh2 than
ICOS*CXCR5™ T regs which had intermediate expression com-
pared with ICOS-CXCR5™ T regs (Fig. S1 C).

We previously have found that Tfr cells from the blood have
distinct functions compared with lymph node Tfr cells, sug-
gesting that Tfr cells from different organs may have different
transcriptional programs and/or functionality (Sage et al.,
2014a). In addition, in mice and humans, blood Tfr cells arise
independently of interactions with B cells, suggesting distinct
differentiation cues (Sage et al., 2014a; Fonseca et al., 2017). To
test whether Tfr cells from different anatomical locations have
distinct transcriptional profiles, we performed RNA-seq tran-
scriptional analysis on T conv, T reg, Tth, and Tfr cells from
spleens (of mice immunized with NP-OVA intraperitoneally) or
blood (of mice immunized with NP-OVA either intraperitoneally
or subcutaneously) and compared these populations to the RNA-
seq performed in Fig. 1 A. Using PCA, we found that Tfr cells
separated from each other based on anatomical location
(Fig. 1 G). When we analyzed the differentially expressed genes
between Tfr cells and T regs in each tissue, we found that only
40 genes were differentially expressed in all tissues (Fig. 1 H).
These data suggest that the Tfr program may be fine-tuned
based on anatomical location. Lymph node Tfr cells expressed
higher levels of ICOS and CTLA-4 but lower amounts of PD-1
compared with splenic Tfr cells (Fig. 1, I-K). Changes in the Tfr
phenotype from different tissues were not simply due to
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Figure 1. The Tfr cell transcriptional program is a combination of a Tfh and T reg cell transcriptional program. (A) Hierarchical clustering of genes
differentially expressed (P < 0.05) between Tfr and T reg (945 genes) or Tfr and Tfh (480 genes) cells from RNA-seq data. (B) Similarity matrix showing
Euclidean distance between Tfr, Tfh, T conv, and T reg cells using RNA-seq data from A. AU, arbitrary units. (C) GSEA of indicated gene sets (generated using
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different activation states, because expression of the cell cycle
marker Ki67 was similar in lymph node and spleen (Fig. S1 D).

Since PD-1 signaling inhibits Tfr cell suppressive function
and CTLA-4 signaling is essential for Tfr cell suppressive func-
tion, we next determined how anatomical location impacted the
suppressive capacity of Tfr cells. We performed suppression
assays in which we cultured lymph node B cells with lymph node
or splenic Tth cells, and either lymph node or splenic Tfr cells for
6 d in the presence of anti-CD3/IgM, similarly to what we have
published previously (Sage and Sharpe, 2015a). Lymph node Tfr
cells suppressed class switching to a greater degree compared
with splenic Tfr cells (Fig. 1L). In addition, splenic Tth cells were
less potent at stimulating B cell class switching compared with
lymph node Tth cells. The diminished capacity of splenic Tfr
cells to inhibit class switching was not due to tissue imprinting
of Tfh or B cells because splenic Tfr cells also were less potent at
suppressing splenic Tth cells and B cells (Fig. 1 M and data not
shown). Taken together, these data indicate that Tfr cells have a
transcriptional program with features of both Tth and T reg cells
and that this program and Tfr cell suppressive function can be
altered by tissue microenvironment.

Instability of FoxP3 in Tfr cells results in loss of

suppressive function

Since the Tfr cell transcriptional program has features of a Tth
and T reg program, we next determined how T reg cell tran-
scription factors such as FoxP3 contribute to the identity and
function of Tfr cells. First, we investigated whether FoxP3 was
stably expressed in Tfr cells by crossing mice with a FoxP3-
driven Cre recombinase allele with mice expressing a lox-stop-
lox-TdTomato allele in the Rosa26 locus to generate FoxP3creYF?
Rosa2glox-Stop-Lox-TdTomato mjce that act both as a reporter for
current FoxP3 expression as well as a “fate mapper” for cells that
have expressed FoxP3 in the past. We immunized these mice
with NP-OVA and 7 d later assessed the frequency of FoxP3* and
TdTomato* follicular populations. Of the ~25% of CXCR5*CD4*
cells that expressed TdTomato, ~70% still expressed FoxP3,
suggesting that ~30% of the population of CXCR5*CD4" cells had
down-regulated FoxP3 (Fig. 2 A). We termed the in vivo gen-
erated CXCR5*CD4'TdTomato*FoxP3°% population “ex-Tfr”
cells. This result was not due to a “leaky” lox-stop-lox-TdTo-
mato allele because mice were prescreened for leakiness and
CD19* B cells consistently expressed very low levels of TdTomato
(data not shown). We confirmed these data using inducible FoxP3
fate mapper mice (FOXP3ERT2‘Cre Rosaz6LoxAStop—LoxATdTomato)’

which were injected with tamoxifen at the time of immuniza-
tion to activate fate mapping. Since tamoxifen is required to
induce Cre expression and TdTomato expression, this approach
identifies cells that down-regulate FoxP3 specifically during the
immunization period. In the inducible model, ~80% of CD4*
CXCR5*TdTomato* cells retained FoxP3 (referred to as Tfr
cells), whereas ~20% had lost FoxP3 (referred to as ex-Tfr cells;
Fig. 2 B). Temporal studies indicated that the frequency of ex-
Tfr cells increased after day 4 of immunization (Fig. 2 B). In
vivo generated ex-Tfr cells from both the FoxP3 fate mapper
and inducible FoxP3 fate mapper models consistently expressed
lower amounts of ICOS, CD25, GITR, and CTLA-4 compared
with Tfr cells that retained high expression of FoxP3 (Fig. 2, C
and D).

We next asked whether in vivo generated ex-Tfr cells have
a similar capacity to suppress B cell responses as FoxP3-
expressing Tfr cells. We immunized fate mapper (Foxp3creYFP
Rosa26Lox-Stop-Lox-TdTomato) mjce with NP-OVA and 7 d later
sorted Tfr cells (sorted as CD4*CXCR5*FoxP3*TdTomato*)
or in vivo generated ex-Tfr cells (sorted as CD4*CXCR5
*FoxP3°"TdTomato*) and cultured them with CD19* B cells and
Tth cells (sorted as CD4*CXCR5*FoxP3-) from FoxP3¢reGFP mice
that were immunized with NP-OVA 7 d previously, plus anti-CD3
and anti-IgM for 6 d. Tfr cells completely inhibited Tth cell-
mediated class switch to IgGl as previously published (Fig. 2 E;
Sage et al., 2014b, 2016; Sage and Sharpe, 2015a). In contrast,
in vivo generated ex-Tfr cells could not suppress Tfh cell-
mediated class switch recombination to IgGl in B cells (Fig. 2 E).
Because Tfr cells potently suppress metabolic pathways such as
glycolysis in B cells during suppression (Sage et al., 2016), we
also measured levels of the glucose transporter Glutl in B cells.
Ex-Tfr cells suppressed Glutl expression less well than Tfr cells,
suggesting that ex-Tfr cells are unable to suppress glycolysis in
B cells (Fig. 2 F). Moreover, ex-Tfr cells were less effective at
suppressing IL-4 production compared with Tfr cells, suggesting
that ex-Tfr cells are not able to suppress cytokine production in
Tth cells (Fig. 2 G). Likewise, in the inducible FoxP3 fate mapper
model, ex-Tfr cells were less potent at suppressing IgGl class
switching in B cells, Glutl expression in B cells, and IL-4 levels in
the culture supernatant, suggesting that ex-Tfr cells have defects
in B cell suppression (Fig. 2, H-]). To confirm that ex-Tfr cells
arise from loss of FoxP3 expression in Tfr cells (and are not ex-T
reg cells that up-regulate CXCR5), we adoptively transferred
CD45.1* Tfr cells (from FoxP3™FSCFP mice) along with CD45.2*
Tth cells to TCRo/~ mice that were immunized with NP-OVA.

differentially expressed genes from RNA-seq data as in A for Tfr versus T conv RNA-seq data). NES, normalized enrichment score. (D) PCA of T conv, Tth, Tfr,
and T reg cells using RNA-seq data from A. PC1, principal component 1; PC2, principal component 2. (E) Expression of FoxP3 in Tfr cells. Gating strategy to
identify Tfr and T reg cells by flow cytometry (left). Quantification of FoxP3 expression in T conv, T reg, and Tfr cells (right). (F) Quantification of Ezh2 ex-
pression in T conv, Tth, T reg, and Tfr cells taken from RNA-seq data as in A. (G) PCA of T conv, Tth, Tfr,and T reg cells from lymph node, spleen, or blood using
RNA-seq data. (H) Venn diagram of genes differentially expressed (P < 0.01) between Tfr and T reg from lymph node, spleen, and blood. (1-K) Expression of
ICOS (1), PD-1(J), and CTLA-4 (K) on Tfh and Tfr cells from lymph node and spleen. (L) Suppression assay in which lymph node B cells were cultured with lymph
node or splenic Tfh and/or Tfr cells for 6 d. IgG1* class-switched B cells were quantified. (M) Suppression assay in which lymph node B cells were cultured with
splenic Tth and lymph node or splenic Tfr cells for 6 d. IgG1* class-switched B cells were quantified. All error bars indicate standard error. *, P < 0.05; **, P <
0.01; ***, P < 0.001 using Student’s t test. Data are from individual experiments including 10 mice per replicate (A-G), from individual experiments of five mice
per group and representative of three independent experiments (F and I-K), or from an individual experiment with triplicate wells and representative of three
independent experiments (L and M).
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Figure 2. FoxP3 instability in Tfr cells results in loss of suppressive function. (A) Identification of Tfr cells that down-regulate the transcription factor
FoxP3. Gating strategy of ex-Tfr cells by flow cytometry from Foxp3<re Rosa26-ox-stop-Lox-TdTomato (Foxp3 fate mapper) mice immunized with NP-OVA 7 d
previously (left). Quantification of FoxP3* cells as a frequency of CD4*CXCR5*TdTomato* cells (right). (B) Quantification of FoxP3* cells as a frequency of CD4*
CXCR5*TdTomato* cells from Foxp3ERT2-Cre Rosg26Lox-stop-Lox-TdTomato (jndycible FoxP3 fate mapper) mice immunized with NP-OVA and injected with tamoxifen
7 d previously. (C) Expression of ICOS, CD25, GITR, and CTLA-4 on all CD4* T cells, Tfr cells, or ex-Tfr cells from FoxP3 fate mapper mice as in A. (D) Expression
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After 6 d, we assessed the frequency of CD45.1*CD4*CXCR5*
CD19- cells that lost FoxP3. We found a small, but substantial,
population of ex-Tfr cells that had attenuated levels of ICOS and
CD25 compared with FoxP3-sufficient Tfr cells (Fig. 2 K). Taken
together, these data suggest that a small population of Tfr cells
can down-regulate (or lose) FoxP3, resulting in diminished
suppressive function.

Ex-Tfr cells lose the Tfr transcriptional program

Next we determined how the Tfr transcriptional program is
altered in the dysfunctional ex-Tfr cells. To investigate this is-
sue, we required a system in which we could ensure that ex-Tfr
cells were in fact Tfr cells at the time of FoxP3 down-regulation
(and not an ex-T reg that up-regulates CXCR5 expression) and in
which FoxP3 loss occurs proximal to the time of analysis. Our
in vitro suppression assay fulfilled these criteria. We immunized
CD45.1* FoxP3°fP mice with NP-OVA and 7 d later sorted Tfr
cells (sorted as CD4*CXCR5*FoxP3*) and cultured these CD45.1
Tfr cells with CD19* B and Tth (sorted as CD4*CXCR5*FoxP3")
cells sorted from immunized CD45.2 mice, along with anti-CD3
and anti-IgM. After 3 d, we harvested the cultures and sorted Tfr
cells that still maintained FoxP3 (sorted as CD45.1*FoxP3*) and
ex-Tfr cells that had down-regulated FoxP3 expression in vitro
(sorted as CD45.1*FoxP3; Fig. 3 A). We characterized these
CD45.1 Tfr and ex-Tfr cells by RNA-seq transcriptional profiling
and compared them with CD45.2 Tth cells from B, Tth, and Tfr
cell cultures as controls. PCA of these populations revealed that
in vitro generated ex-Tfr cells separated from both Tfr and Tth
cells, but phenotypically resided more closely to Tth cells in PCA
space (Fig. 3 B). Of the 499 genes differentially expressed (P <
0.01) in Tfr versus ex-Tfr cells, only 72 genes overlapped with
the 241 genes differentially expressed (P < 0.01) between Tfr
versus Tfh cells (Fig. S2, A and B). A comparison of Tth genes
(Tfh versus Tfr, from analysis in Fig. 1) in Tfr versus ex-Tfr cells
revealed that ex-Tfr cells expressed more Tfh genes compared
with Tfr cells, suggesting that ex-Tfr cells are more Tfh-like than
Tfr cells (Fig. 3 C). Next, we determined if ex-Tfr cells lost Tfr
signature genes. To do this, we derived two Tfr signature gene
sets, one that contains Tfr genes compared with a follicular
signature (by comparing Tfr versus Tth cells) and a second that
contains Tfr genes as they compare to a T reg signature (by
comparing Tfr versus T reg). Using these two different Tfr gene
sets is necessary, since Tfr cells possess a transcriptional pro-
gram that contains both Tfh and T reg genes. A comparison of

Tfr genes derived from follicular phenotype in Tfr versus ex-Tfr
showed that Tfr cells expressed more Tfr genes (including
Prdmi/Blimpl) compared with ex-Tfr cells. When we compared
Tfr genes as they relate to the T reg phenotype in Tfr versus ex-
Tfr, we found that Tfr cells expressed more Tfr genes than ex-
Tfr cells. Lastly, we compared protein expression of molecules
that were differentially expressed from in vivo ex-Tfr cells
(compared with Tfr cells) including CTLA-4, as well as CD25 and
Helios, which were hits from our in vitro RNA-seq analysis, and
found reduced expression levels in ex-Tfr cells compared with
Tfr cells (Fig. 3 D). Taken together, these data indicate that
in vitro generated ex-Tfr cells lose the Tfr transcriptional pro-
gram and have a transcriptional signature more similar to

Tth cells.

Deletion of FoxP3 is sufficient for an ex-Tfr phenotype

One possible explanation for the ex-Tfr phenotype may be that
FoxP3 controls the Tfr program by directly promoting Tfr genes,
by repressing Tfh genes, or both. Alternatively, loss of FoxP3 in
unstable Tfr cells may occur simultaneously with loss of addi-
tional molecules that may directly regulate Tfr cells. To dis-
criminate among these possibilities, we next determined how
the Tfr cell phenotype changes with selective deletion of FoxP3
using a FoxP3f/f UBCERT?Cre strain in which FoxP3 can be in-
ducibly deleted by administration of tamoxifen. We immunized
these mice or control FoxP3f mice with NP-OVA subcutane-
ously, administered tamoxifen starting on day 0, and harvested
draining lymph nodes on day 7. Tamoxifen administration re-
sulted in a profound, but not complete, deletion of FoxP3 ex-
pression in CD4* T cells (Fig. 4 A). Importantly, deletion of FoxP3
with this protocol did not alter the frequency of total CD4* cells
expressing the high-affinity IL-2 receptor, CD25; the frequency
of CD25-positive CD4* cells was similar in mice that had deleted
FoxP3 and those that had not (Fig. 4 A). However, CD25 levels
were attenuated on T regs that had deleted FoxP3.

The frequency of FoxP3* Tfr cells (gated as CD4*CXCR5*ICOS*
FoxP3* cells) was reduced by ~50% of total CD4* T cells in im-
munized FoxP3ff UBCERT2-Cre mice compared with controls
(Fig. 4 B). However, the frequency of total CD4*CXCR5*ICOS*
CD25* cells was unchanged with FoxP3 deletion, suggesting that
deletion of FoxP3 does not result in diminished Tfr cell differ-
entiation or increases in cell death. The frequency of total CD4*
CXCR5*ICOS*FoxP3- cells (containing Tth and FoxP3-deleted Tfr
cells) was slightly increased, likely due to FoxP3-deleted Tfr cells

of ICOS, CD25, GITR, and CTLA-4 on all CD4* T cells, Tfr cells, or ex-Tfr cells from inducible FoxP3 fate mapper mice as in B. (E) Ex-Tfr cells fail to suppress Tfh-
mediated B cell responses. In vitro suppression assay in which B and Tth cells from WT mice were cultured with or without Tfr or ex-Tfr cells sorted from FoxP3
fate mapper mice as in A in the presence of anti-CD3/IgM for 6 d. IgG1*GL7* class-switched B cells are gated. Plots are pregated on CD19*IA*CD4" cells. (F)
Quantification of Glutl expression on B cells from suppression assays (Supp) as in E. (G) Quantification of IL-4 levels in culture supernatants from suppression
assays as in E. (H) In vitro suppression assay in which B and Tfh cells from WT mice were cultured with or without Tfr or ex-Tfr cells sorted from inducible
FoxP3 fate mapper mice as in B in the presence of anti-CD3/IgM for 6 d. IgG1*GL7* class-switched B cells are gated. Plots are pregated on CD19*IA*CD4~ cells.
(1) Quantification of Glutl expression on B cells from suppression assays as in H. (J) Quantification of IL-4 levels in culture supernatants from suppression
assays as in H. (K) Analysis of ex-Tfr cells after adoptive transfer of CD45.1* Tfr cells (along with CD45.2* Th cells) to Tcra™'~ recipients which were immunized
with NP-OVA and harvested 6 d later. Identification of ex-Tfr cells (left) and expression of CD25 and ICOS (right) are shown. All error bars indicate standard
error. **, P < 0.01; ***, P < 0.001 using Student’s t test. Data are from four combined experiments (A) or three combined experiments (B), are representative of
three independent experiments (C and D), are from individual experiments of triplicate wells and are representative of three independent experiments (E-J), or
are combined data from four independent experiments (K).
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Figure 3. Ex-Tfr cells lose the Tfr cell transcriptional program. (A) Representative gating strategy to identify in vitro generated ex-Tfr cells. CD45.2* Tfh
and CD45.1* Tfr cells were cultured for 4 d in the presence of anti-CD3/IgM before analysis. (B) Ex-Tfr cells are phenotypically separate from Tfr cells. PCA
analysis of Tfr, ex-Tfr, and Tfh cells using RNA-seq data as in A. (C) Ex-Tfr cells down-regulate the Tfr cell-specific transcriptional program and up-regulate Tth
genes. Volcano plots showing Tfr versus ex-Tfr RNA-seq data for all genes, Tth genes (left), Tfr genes (follicular; derived from Tfr versus Tth analysis; middle),
and Tfr genes (T reg; derived from Tfr versus T reg analysis; right; gene sets were generated from RNA-seq in Fig. 1 A). P value indicates y? test. (D) Expression
of CTLA-4, Helios, and CD25 on in vitro generated ex-Tfr, Tfr, and Tth cells. Cultures were performed as in A. Data are combined data from three independent

experiments (A-C) or are from an individual experiment that is representative

appearing in this gating strategy, but this did not reach statistical
significance. The frequency of FoxP3* Tfr cells of all follicular
CD4* cells (otherwise known as the Tfr ratio) was attenuated by
>50%, suggesting deletion of FoxP3 in ~50% of Tfr cells. The
percentage of germinal center (GC) B cells and NP-specific an-
tibody 14 d after NP OVA immunization was unchanged between
Cre* and Cre™ mice, suggesting that the Tfr cells that maintained
FoxP3 in the Cre* mice were able to control B cell responses (Fig.
S3 A).

To determine the role of FoxP3 in Tfr cells, we took advantage
of the suboptimal deletion strategy to delete FoxP3 on ~50% of
Tfr cells so that we could compare Tfr cells in which FoxP3 was
deleted or not in the same microenvironment, which was devoid
of autoimmunity. We immunized Foxp3f/f or Foxp3f/f UBCEr2-Cre
mice with NP-OVA and 7 d later harvested draining lymph nodes,
gated FoxP3-expressing Tfr cells as CD4"CXCR5ICOS*CD25*
FoxP3* and FoxP3-deleted Tfr cells as CD4*CXCR5*ICOS*CD25*
FoxP3- cells, and compared expression of proteins that are more
highly expressed on Tfr cells than Tfh cells to determine if FoxP3 is
required for the ex-Tfr phenotype (Fig. 4 C). We additionally gated
on CD4*CXCR5ICOS*FoxP3-CD25~ Tth cells from Foxp37f mice as
controls. Although recent reports have suggested that some Tfr cells
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of three individual experiments (D).

do not express CD25 (Botta et al., 2017; Wing et al,, 2017), the ma-
jority of Tfr cells in skin draining lymph nodes after immunization
with NP-OVA expressed CD25 (Fig. S3 B). Moreover, most (but not
all) CD25-expressing cells were derived from cells that expressed
FoxP3 previously, with the remaining cells being CD25* Tth cells
(Fig. S3 C). FoxP3-deleted Tfr cells expressed less GITR and CD25
compared with FoxP3-expressing Tfr cells, but moderately higher
GITR and CD25 compared with Tth cells (Fig. 4, D and E). The ex-
pression of the essential follicular costimulatory molecule ICOS was
severely diminished on FoxP3-deleted Tfr cells compared with
FoxP3-expressing Tfr cells, but similar to Tfh cells (Fig. 4 F).
Moreover, CTLA-4 expression was markedly attenuated on FoxP3-
deleted Tfr cells compared with FoxP3-expressing Tfr cells, consis-
tent with previous studies showing that FoxP3 regulates expression
of CTLA-4 (Fig. 4 G; Sage et al., 2014b; Wing et al., 2014). Expression
of PD-1 and CXCR5, however, was not reduced in FoxP3-deleted
versus FoxP3-expressing Tfr cells (Fig. 4, H and I). Similar results
were found if we used GITR as an alternative gating strategy to
CD25 (Fig. S3 D).

To further demonstrate that deletion of FoxP3 leads to an ex-
Tfr phenotype in vivo, we adoptively transferred CD4*ICOS*
CXCR5*GITR*CD19- Tfr cells from either control (Foxp3™f) or
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Figure 4. Deletion of FoxP3 is sufficient for an ex-Tfr phenotype. (A) Quantification of inducible FoxP3 deletion. Foxp3”fUBCE"2Cre mice (AFoxP3) or
Foxp3/f control mice were immunized with NP-OVA and given tamoxifen daily starting on day 2. Gating strategy to identify FoxP3*CD25* T regs (left; plots are
pregated on CD4*CD19- cells). Quantification of CD25* CD4* (middle) or CD25 MFI of CD4* cells (right). (B) Quantification of FoxP3 deletion in Tfr cells. Flow
cytometric plots showing the Tfr frequency of all CD4*CXCR5* cells in mice as in A (left). Quantification of FoxP3*Tfr cells, CD4*ICOS*CXCR5*CD25* cells, CD4*
ICOS*CXCR5*FoxP3~ cells, and FoxP3*Tfr frequency of follicular cells in mice as in A (right) are shown. (C) Gating strategy to identify Tfr cells in which FoxP3
was deleted. Plots are pregated on CD4*CXCR5*ICOS*CD25* cells. (D-1) Analysis of CD25 (D) and GITR (E), ICOS (F), CTLA-4 (G), PD-1 (H), and CXCRS (1)
expression on FoxP3* or FoxP3~ Tfr cells (gated as in C) in mice as in A. Tfh (CD4*ICOS*CXCR5*FoxP3-CD19") cells from control mice are included. MFI, mean
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Foxp3f/f UBCE2-Cre mice along with CD45.1* Tth cells into Tcra~/~
recipients that were subsequently immunized with NP-OVA and
given tamoxifen treatment to delete FoxP3. After 6 d, we as-
sessed CD25 and ICOS expression on FoxP3-deleted Tfr cells and
found that FoxP3-deleted Tfr cells had lower expression of CD25
and ICOS (Fig. 4 J). These data indicate that FoxP3 is responsible
for optimal expression of proteins that phenotypically separate
Tth and Tfr cells including GITR, ICOS, and CTLA-4 and suggest
that the phenotype of ex-Tfr cells is likely related to specific loss
of the transcription factor FoxP3 in these cells.

We next asked whether loss of FoxP3 resulted in loss of the
Tfr transcriptional program and/or a shift to a Tfh transcrip-
tional program. We immunized Foxp3/f or Foxp3f/f UBCEt2-Cre
mice with NP-OVA, induced deletion with tamoxifen, and 7 d
later harvested draining lymph nodes and sorted Tfr cells (by
gating on CD4*CXCR5'ICOS*GITR*CD25* cells) for RNA-seq
transcriptional analysis. It is important to note that without a
FoxP3 reporter allele, this gating strategy isolates Tfr cells from
Foxp3f/f UBCE"2-Cre mice in which ~50% have FoxP3 deleted. In
addition to Tfr cells, we analyzed FoxP3-expressing or FoxP3-
deleted T reg (sorted as CD4*CXCR5-ICOS-GITR*CD25*) and T
conv cells (sorted as CD4"CXCR5-ICOS-CD257). Using a simi-
larity matrix that calculates Euclidean distance, we found that
Tfr cells from Foxp3f/f UBCEt2-Cre (Cre*) mice were more similar
to Tth cells than Foxp3/f (Cre~) Tfr cells were to Tth cells, sug-
gesting that deletion of FoxP3 in Tfr cells results in a Tfh-like
state transcriptionally (Fig. S3, E-G). Taken together, these data
indicate that specific deletion of FoxP3 in Tfr cells results in an
ex-Tfr surface phenotype.

FoxP3 is sufficient to convert Tfh cells to Tfr-like cells

Because FoxP3 can regulate the Tfr cell transcriptional program
but is not sufficient for Tfr cell functionality (since conventional
T reg cells cannot suppress similarly to Tfr cells), we hypothe-
sized that FoxP3 may be modulating Tfh genes to induce a Tfr
transcriptional program. To determine if FoxP3 is sufficient to
convert a Tth cell to a Tfr-like cell, we forced FoxP3 expression
in Tfh cells. To do this, we cultured B and Tth cells (sorted from
Foxp3™ES-GFP mice immunized with NP-OVA) with a retrovirus
carrying the Thyl.l transduction reporter with or without WT
FoxP3. After culture overnight, the virus was washed away and
anti-CD3/IgM was added to stimulate B cell responses, and the
culture was analyzed 3 d later (Fig. 5 A). There was a small
population of Thyl.1 highly expressing cells in cultures trans-
duced with the Thyl.1 transduction reporter with or without WT
FoxP3 (Fig. 5 B). When cells were gated on the Thyl.1 highly
expressing cells, FoxP3 expression was found on Tth cells from
cultures containing the FoxP3-encoding virus, but not the con-
trol virus. Moreover, FoxP3-transduced Tth cells expressed
FoxP3 similarly to Tfr cells (Fig. S4 A). FoxP3 was not induced in
B cells, demonstrating that the virus elicits FoxP3 expression in

Tth cells specifically (Fig. S4 B and data not shown). Next, we
determined if FoxP3 expression in Tfh cells can result in a Tfr-
like phenotype by examining expression of surface receptors
that are typically highly expressed in Tfr cells, but not Tfh cells.
We gated on Thyl.1'°% and Thy1.1" Tth cells as well as Tfr con-
trols from cultures and stained for CD25 and CTLA-4. Trans-
duction with the FoxP3 virus resulted in much higher CD25
expression compared with control virus, with CD25 levels al-
most reaching those of Tfr cells (Fig. 5 C). Moreover, FoxP3
transduction resulted in higher expression of CTLA-4, which is
necessary for full Tfr cell suppressive capacity (Fig. 5 D; Sage
et al., 2014b; Wing et al., 2014). FoxP3 transduction did not alter
expression of Bclé or CXCRS (Fig. S4 C).

Next we determined if B cell responses were altered in cul-
tures in which FoxP3 was expressed in Tth cells. Control
retrovirus treatment resulted in a substantial induction of class-
switched B cells. When FoxP3 was transduced in Tfh cells, there
was an enormous decrease in the frequency of IgGl class-
switched B cells, suggesting that B cell responses were pro-
foundly attenuated (Fig. 5, E and F). The reduction in class-
switched B cells in cultures in which FoxP3 was expressed in
Tth cells was not due to presence of virus in the cultures, be-
cause titrating the amount of control virus did not alter the
frequency of class-switched B cells (Fig. S4 D). Moreover, the
suppressive capacity of FoxP3-transduced Tth cells was not due
to higher ratios of suppressive cells than Tfr cells, because the
total number of FoxP3-expressing Tth cells was less than Tfr
cells in typical suppression wells (Fig. S4 E). Glutl was more
highly attenuated on B cells when FoxP3 was expressed in Tth
cells, suggesting diminished glycolytic potential (Fig. 5 G).
Moreover, the Tfh cytokine IL-4 (which is suppressed in Tfh
cells by Tfr cells) was also attenuated in the presence of FoxP3-
expressing Tth cells to the same extent as Tfr cell suppression
(Fig. 5 H). To determine if the FoxP3-expressing Tth cells be-
came Tfr-like cells with suppressive capacity (and not just
dysfunctional Tfh cells), we compared the levels of Ki67 in
Thyl.17¢ Tth cells (which were not transduced with FoxP3) and
Thyl.1 FoxP3~ Tth cells. Nontransduced FoxP3~ Tfh cells in the
FoxP3 retrovirus culture had consistently less Ki67 compared
with cultures with control Thyl.1 retrovirus (Fig. 5 I). Moreover,
when we added freshly isolated responder CD45.1* Tth cells, we
found that these cells expanded less in wells containing FoxP3-
transduced Tth cells, suggesting active suppression (Fig. 5 J).
These data indicate that FoxP3 can coopt Tth programs to induce
a Tfr-like phenotype and suppressive state.

Ezh2 is required for suppressive function and transcriptional
program of Tfr cells

Recent work has suggested that one potential mechanism by
which FoxP3 can regulate transcriptional identity is by directly
binding to Ezh2 in the polycomb repressor complex, resulting in

fluorescence intensity. (J) Analysis of FoxP3 deletion on Tfr cells after transfer. Tfr cells (gated as CD4*ICOS*CXCR5*GITR*CD19-) from immunized control or
Foxp3"fUBCF"2-Cre mice were transferred to Tcra/~ mice along with CD45.1* Tth cells which were immunized with NP-OVA. 6 d later, ex-Tfr/AFoxP3 cells were
identified (left), and CD25 and ICOS levels were assessed on FoxP3-expressing versus deleted Tfr cell populations (right). All error bars indicate standard error.
*, P < 0.05 *** P < 0.001 using Student’s t test. ns, not significant. Data are from individual experiments and are representative of three (A-1) or two (J)

independent experiments.
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Figure 5. FoxP3 is sufficient to convert a Tfh program to a Tfr program. (A) Schematic of in vitro assay to express FoxP3 in Tth cells. Control Thyl.1
retrovirus or FoxP3-encoding Thyl.1 retrovirus was added to cultures (as described in Materials and methods) along with anti-CD3/IgM for 4 d. (B) Repre-
sentative gating of Thyl.1* (transduced) and FoxP3-expressing Tfh cells from cultures as in A (left) and quantification of FoxP3* Tth cells reported as a
percentage of Thyl.1* transduced cells (right). Cells are pregated on CD4*IA cells. (C) Expression of CD25 on Thy1.1* Tth cells from experiments as in A. (D)
CTLA-4 expression on Thy1.1* Tth cells from experiments as in A. (E and F) FoxP3 expression in Tfh cells results in suppression of B cell responses. Analysis of
lgG1*GL7* class-switched B cells from cultures as in A. Representative gating (E) and quantification (F) are shown. (G) Glutl expression in B cells from cultures
as in A. (H) IL-4 levels in culture supernatants as in A. (I) Tfr-like FoxP3* Tfh cells suppress nontransduced Tfh cells. Ki67 expression in Thyl.1~ Tfh cells from
cultures as in A. Representative gating (left) and quantification (right) are shown. (J) Relative count of responder CD45.1* Tth cells which were added to cultures
asin A 2 d after removal of virus and cultured for an additional 3 d. All error bars indicate standard error. *, P < 0.05; **, P < 0.01; ***, P < 0.001 using Student’s
t test. Data represent triplicate wells from an individual experiment and are representative of three (B-H) or two (J) independent experiments.
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targeted alterations in gene expression (Arvey et al., 2014; Kwon
etal., 2017). However, Ezh2 may have non-FoxP3 related roles in
modulating gene transcription, since Ezh2 has roles in non-T reg
cells. Since Ezh2 has been implicated as a potential mechanism
by which FoxP3 can change programs, we next asked whether
Ezh2 played a role in Tfr function. To test this, we bred Ezh2-
floxed (Ezh2ff) mice with FoxP3-Cre (Foxp3°*¢¥F?) mice to gen-
erate mice that will delete Ezh2 in T reg cell subsets. We first
assessed whether Ezh2 was deleted in T reg cells and Tfr cells by
immunizing Ezh2f Foxp3¢re or Ezh2f/*Foxp3°re control mice with
NP-OVA and 7 d later staining for Ezh2 expression. There was a
profound reduction of Ezh2 expression in T reg cells and Tfr
cells from Ezh2f/f Foxp3°re but not control mice, suggesting that
Ezh2 was deleted in both subsets (Fig. 6 A). As previously re-
ported, loss of Ezh2 on T reg cells resulted in autoimmunity
manifested as smaller size, hair loss, and increased cellularity of
lymphoid organs (DuPage et al., 2015; data not shown). To de-
termine if Ezh2 affects Tfr cell development, we assessed the
frequency of total T reg cells and Tfr cells in control versus Ezh2
deleted mice. The frequencies of total T reg cells and Tfr cells
(calculated as a percentage of total T reg cells) were increased
(Fig. 6 B). Tfr cells in Ezh2 T reg-deficient mice did not have a
defect in migration, because the B cell zone and GCs in these
mice had infiltrating FoxP3* cells (Fig. S5 A). Despite the in-
creased frequency of Tfr cells in Ezh2-deficient mice and the
ability of these cells to migrate to B cell follicles, we found an
increased frequency of GC B cells (Fig. S5 B). These data suggest
that Ezh2-deficient Tfr cells (or other T reg populations) may not
be able to fully suppress B cell responses.

To determine if loss of Ezh2 alters suppressive function of Tfr
cells, we assessed Tfr cell suppressive capacity using an in vitro
suppression assay. We immunized Ezh2f/f Foxp3tre/Cre or
Ezh2f/*Foxp3©re/Cre control mice with NP-OVA; 7 d later sorted B,
Ttfh, and Tfr cells; and cultured B and Tth cells (from control
mice) with or without Ezh2-deficient or control Tfr cells, plus
anti-CD3/IgM for 6 d. Control Tfr cells potently suppressed
class switching of B cells to IgG1, while Ezh2-deficient Tfr cells
suppressed class switching to a lesser degree (Fig. 6 C). Ezh2-
deficient Tfr cells also inhibited Glutl expression on B cells
less than control Tfr cells. Ezh2-deficient conventional T reg
cells (gated as ICOS-CXCR5 FoxP3* cells) did not have altered
suppressive capacity; however, total conventional T reg sup-
pressive capacity was quite low, as we have described previously
(Fig. S5 C).

Since Ezh2f/f Foxp3¢re/re mice have baseline inflammation
due to loss of Ezh2 on all T regs, we further investigated whether
Ezh2 deficiency exerted cell-intrinsic changes in Tfr cells by
taking advantage of random X-chromosome inactivation. We
immunized Ezh2f/f Foxp3©re/+ or Ezh2f/*Foxp3°re/+ control mice
with NP-OVA and 7 d later sorted Tfr cells to add into the in vitro
suppression assay. Because of X-linked inactivation, both ex-
perimental and control mice have at least 50% normal T regs,
which prevents potential autoimmunity. Ezh2-deficient Tfr cells
were less potent at suppressing class switch recombination to
IgGl and antibody secretion compared with control Tfr cells
(Fig. 6 D). These data suggest that Ezh2 has a cell-intrinsic role in
Tfr cells to ensure optimal suppressive capacity.
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Since Ezh2 alters Tfr cell suppressive capacity, we deter-
mined whether Ezh2 alters the Tfr cell transcriptional program.
We sorted T conv, T reg, and Tfr cells from Ezh2//f Foxp3¢re/Cre or
Ezh2f/*Foxp3©re/Cre mice that were immunized with NP-OVA 7 d
previously and performed RNA-seq transcriptional analysis.
Ezh2-deficient and control Tfr cells had 78 differentially ex-
pressed (P < 0.01) genes, including the transcript for Ezh2 (Fig.
S5 D and data not shown). PCA revealed that Ezh2-deficient and
control Tfr cells occupied a similar space in PC1 and PC2, which
was separate from T reg and T conv cells (Fig. 6 E). To determine
if loss of Ezh2 alters T reg, Tfh, or Tfr genes in Tfr cells, we
visualized sets of genes identified from data in Fig. 1 in control
versus Ezh2-deleted Tfr cells. T reg genes and Tfr (follicle) genes
(generated by comparing Tfr versus Tth) were not lost upon
deletion of Ezh2 in Tfr cells (Fig. 6, F and G). Tfr (T reg) genes
(generated by comparing Tfr versus T reg) as a group were
expressed less in Ezh2-deleted Tfr cells, suggesting that Ezh2
controls the follicular Tfr program (and not simply a T reg
program in Tfr cells). However, only a few of these genes
reached statistical significance individually. To determine the
frequency of genes that are coregulated by Ezh2 and FoxP3, we
compared the differentially expressed genes in Ezh2-deficient
Tfr cells and compared them to genes differentially expressed
in Tfr cells that down-regulated FoxP3 (in vitro generated ex-Tfr
cells; Fig. 3) or had FoxP3 deleted (FoxP3 floxed; Fig. S3). We
found that only a subset of genes differentially expressed in
Ezh2-deficient Tfr cells overlapped with FoxP3 down-regulated
or FoxP3 deleted, suggesting that Ezh2 and FoxP3 have non-
overlapping roles in modulating the Tfr transcriptional program
(Fig. 6, F, H, and I).

Discussion

In this study, we assessed how Tfr cells are transcriptionally
programmed to suppress B cell responses. We determined that
Tfr cells have a transcriptional program that can be fine-tuned
by the tissue microenvironment. We also identified important,
but nonoverlapping, roles for FoxP3 and Ezh2 in transcriptional
control of Tfr cell identity and function. FoxP3 is necessary for
Tfr cell identity and suppressive function, and some Tfr cells can
down-regulate FoxP3 to become dysfunctional ex-Tfr cells. Ezh2
also is essential for Tfr cell identity and suppressive function.
However, FoxP3 and Ezh2 appear to control the Tfr program in
distinct ways, because loss of FoxP3 or Ezh2 resulted in distinct
alterations to the Tfr cell transcriptional program. Together,
these data demonstrate that alterations in the Tfr transcriptional
program can lead to dysfunctional ex-Tfr cells. Further work is
needed to determine whether dysfunctional ex-Tfr cells con-
tribute to pathogenic antibody responses.

FoxP3 has a complex role in controlling T reg cell differen-
tiation and function. FoxP3 is thought to act predominantly as a
transcriptional repressor through direct binding and recruit-
ment of Ezh2 to specific loci, resulting in chromatin modification
and diminished gene accessibility (Arvey et al., 2014). However,
newer data have suggested that this model is oversimplified and
that FoxP3 predominantly binds to enhancer regions and then
potentiates or represses activity through associations with RelA
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Figure 6. Ezh2is required for Tfr suppressive function and transcriptional program. (A) Conditional deletion of Ezh2 on T reg cells. Ezh2/fFoxp3¢re/Cre or
control (Ezh2/*FoxP3¢re/“r¢) mice were immunized with NP-OVA, and 7 d later, T reg and Tfr cells were analyzed for expression of Ezh2 by flow cytometry.
Representative gating (left) and quantification (right) are shown. MFI, mean fluorescence intensity. (B) Loss of Ezh2 results in increased Tfr cell percentages.
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or Ezh2, respectively (Kwon et al., 2017). Interestingly, loss of
FoxP3 through natural down-regulation (or through deletion)
resulted in alterations in T reg genes and Tfr genes, suggesting
that FoxP3 is maintaining a T reg cell state as well as a distinct
Tfr state. Based on our data showing that FoxP3 can convert a
Tth cell to a functional Tfr cell, we hypothesize that FoxP3 is
binding to enhancer regions that are uniquely accessible in Tth
and Tfr (but not in conventional) T reg cells. These data are
reminiscent of adipose tissue T regs in which FoxP3 expression
and the adipose transcription factor Ppary were required to
obtain an adipose tissue-like T reg cell signature (Cipolletta
et al.,, 2012), or where T reg cells require the transcription fac-
tor IRF4 to specifically inhibit Th2 responses (Zheng et al.,
2009). In this way, FoxP3 can coopt transcription factors of
the cells they suppress in order to have specialized functional
roles. It is currently unclear which transcription factors in ad-
dition to FoxP3 are required to form a Tfr-like cell capable of
suppressing B cell responses. Canonical Tth transcription factors
such as Bclé or Ascl2 may be involved, because these tran-
scription factors control the Tth transcriptional program.

Our data demonstrate that FoxP3 is not only essential for
differentiation of Tfr cells, but also required to maintain the Tfr
cell program. FoxP3 expression was unstable and could be lost in
a subset of Tfr cells in vitro and in vivo. Ex-Tfr cells had lower
expression of CTLA-4 and CD25 compared with Tfr cells, but
higher expression compared with Tth cells. In addition, ex-Tfr
cells had a transcriptional program distinct from both Tfr and
Tth cells. Therefore, ex-Tfr cells seem to lose a proportion of the
Tfr program, but never fully become Tfh cells. Although the
precise frequency of ex-Tfr cells is still unclear, these data have
several important implications. First, ex-Tfr cells are likely
contained in Tth gating strategies, which may explain variability
in the association of Tth cell percentages and/or ratios with
B cell responses. Second, ex-Tfr cells may have special modu-
latory roles in the B cell follicle or GC reaction, which may or
may not overlap with Tth and Tfr cell functions. For instance, it
is possible that ex-Tfr cells may create a state of reduced sup-
pression due to lower, but still positive, levels of CTLA-4. Al-
ternatively, ex-Tfr cells may compete with Tfr cells for survival
or costimulatory signals, thereby preventing Tfr cell suppres-
sion. Since ex-Tfr cells lack suppressive capacity and may have
other functionalities, they may contribute to pathogenic anti-
body responses in some settings such as autoimmunity. It is

challenging to identify ex-Tfr cells in humans. However, CD25*
Bcl6'o"Blimp-11°" FoxP3- Tth cells are found in human tonsils,
which match ex-Tfr cells, at least phenotypically (Li and Pauza,
2015).

Our data also identified Ezh2 as essential for full suppressive
capacity of Tfr cells. Ezh2 has important roles in epigenetic
control of lymphocyte development (Raaphorst et al., 2001; Su
et al., 2003; Mandal et al., 2011), T helper cytokine production
(Tumes et al., 2013), and T reg cell stability (DuPage et al., 2015;
Yang et al,, 2015). T reg cells require a specific epigenetic
landscape for activity (Ohkura et al., 2012). We found that Ezh2
was essential for full suppressive capacity of Tfr cells, but
seemed to maintain the Tfr program in distinct ways compared
with FoxP3, since the overlap in differentially expressed genes
was fairly minor. Therefore, the role of Ezh2 in controlling the
Tfr cell program is likely multifaceted, with Ezh2 activity having
both FoxP3-dependent and -independent functions. This result
makes sense considering that Ezh2 has profound roles in con-
trolling gene expression in cell types which do not express
FoxP3. Similarly, FoxP3 likely has both Ezh2-dependent and
-independent functions, as would be predicted by the recent
finding that FoxP3 can bind to a number of different complexes,
only one of which utilizes Ezh2 for gene regulation (Kwon et al.,
2017). Based on these findings, we hypothesize that the tran-
scriptional program allowing Tfr cell identity relies on multiple
nodes of regulation that cooperate to allow full Tfr cell sup-
pressive function. Further studies are needed to determine how
Ezh2 affects the Ttfh transcriptional program compared with the
Tfr transcriptional program, since Tth cells also express high
levels of Ezh2, and Tth cell differentiation can be regulated by
histone demethylases (Cook et al., 2015). These data will be
useful to determine if inhibiting Ezh2 can result in diminished
Tfr cell functionality and might be a useful target for boosting
antibody responses to vaccines.

Our comparison of Tfr cells from different tissues demon-
strated that the Tfr cell transcriptional program and function-
ality can be altered by the local tissue microenvironment. In
murine models, Tth and Tfr cells in the circulation can act as
memory cells, and it has been suggested that the reduced sup-
pression of Tfr cells in the blood and increased stimulatory ca-
pacity of Tth cells in the blood facilitate strong antibody
production during memory responses (Sage et al., 2014a).
Moreover, numerous groups have shown that Tfh cells in

Mice as in A were analyzed for Tfr cells. Representative gating (left) and quantification (middle, right) are shown. (C) Ezh2-deficient Tfr cells are less sup-
pressive. In vitro suppression assay in which B and Tfh cells were cultured alone or along with Ezh2-sufficient or -deficient cells sorted as in B. IgG1*GL7* class-
switched B cells gating (left), IgG1*GL7* class switched B cell quantification (middle), and quantification of Glutl expression on B cells (right) are shown. (D)
Ezh2 deficiency leads to a cell-intrinsic loss of Tfr cell suppressive function. Tfr cells from Ezh2"/fFoxP3¢re/+ or Ezh2f/*FoxP3r/* mice (sorted based on Cre-YFP)
were used for suppression assays as in C. Representative flow cytometry of IgG1*GL7* class-switched B cells (left) and IgG secretion (right) are shown. (E) Loss
of Ezh2 results in loss of the Tfr cell transcriptional program. PCA of RNA-seq transcriptional data from Ezh2-deficient (Ezh27fFoxP3<") or Ezh2-sufficient
(Ezh2/+FoxP3¢r) Tfr and T reg cells sorted as in B. (F) Volcano plots showing control or Ezh2-deficient Tfr cell RNA-seq data with total T reg genes (T reg versus
T conv; left), Tfr (follicular) genes (Tfr versus Tfh; middle), and Tfr (T reg) genes (Tfr versus T reg; right; from Fig. 1; in red) compared with all genes (gray). P
value was calculated using a ? test. (G) Enrichment score traces from GSEA analysis comparing Ezh2 F/+ Tfr cells versus F/+ T reg or F/F Tfr cells using
indicated gene sets (generated from data in Fig. 1). (H and 1) Venn diagram illustrating the overlap of genes differentially expressed in Ezh2-deficient Tfr cells
versus control Tfr cells (AEzh2) compared with either genes differentially expressed in FoxP3-deleted Tfr cells compared with control Tfr cells (AFoxP3) or
genes differentially expressed in in vitro generated ex-Tfr versus Tfr cells (FoxP3 Down). All error bars indicate standard error. **, P < 0.01; ***, P < 0.001 using
Student’s t test. Data are from individual experiments and are representative of three independent experiments (A and B), are from individual experiments of
triplicate wells and are representative of three independent experiments (C and D), or are combined data from three independent experiments (E and F).
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human circulation are distinct from Tth cells found in lymphoid
organs (Rasheed et al., 2006; Crotty, 2011; Morita et al., 2011).
Our data demonstrate that Tth and Tfr cells from distinct lym-
phoid tissue such as lymph node and spleen also can have dis-
tinct functions. These findings may help resolve differences in
the literature between studies using splenic Tfr cells and lymph
node Tfr cells. Further work is needed to determine the cause of
changes to the Tfr program in different tissues; however, dis-
tinct dendritic cell subsets or cytokine milieu are likely causes.

In summary, we have demonstrated that the Tfr cell tran-
scriptional program requires FoxP3 and Ezh2 for maintenance,
and loss of either FoxP3 or Ezh2 results in diminished sup-
pression of B cell responses. Our studies showed that FoxP3 and
Ezh2 exert multifaceted and partially overlapping functions to
control Tfr cells. FoxP3 can coopt the Tth program and turn a Tth
cell into a functional suppressive Tfr-like cell. These findings
elucidate mechanisms that control the Tfr transcriptional pro-
gram and suppressive function and suggest potential targets to
modulate in Tfr cells to enhance vaccine responses or ameliorate
autoimmune diseases.

Materials and methods

Mice

Foxp3IRES'GFP, Foxp3CreYFP, Rosaz6Lox—Stop—Lox-TdTomato, Ptpr@
(CD45.1), and Ezh2 floxed mice were purchased from The Jackson
Laboratory. Foxp3 floxed mice were from the Rudensky labora-
tory (Williams and Rudensky, 2007). All mice were between 6
and 8 wk of age at the time of experiments and were housed in a
specific pathogen-free facility. Each individual experiment con-
tained one sex of mice, but replicates were performed with males
or females. All mice were used according to the Harvard Medical
School and Brigham and Women's Hospital Standing Committees
on Animals and National Institutes of Health Guidelines.

Immunizations

Mice were immunized with 100 ug NP-OVA (Biosearch Tech-
nologies) emulsified in H37RA CFA subcutaneously in the mouse
flanks or intraperitoneally as previously described (Sage et al.,
2013; Sage and Sharpe, 2015a). Mice were sacrificed 7 d later,
and inguinal lymph nodes or spleen were harvested.

Antibodies

The following antibodies were used for surface staining: anti-
CD4 (RM4-5), anti-ICOS (15F9), anti-CD19 (6D5), anti-CD25
(PCé1), anti-CXCR5 biotin (2G8), GL7 (GL-7), anti-PD-1 (RMPI-
30), anti-GITR (DTA-1), anti-Thyl.1 (OX-7), anti-CD45.1 (A20),
and anti-IA (M5/114.15.2). For intracellular staining, samples
were fixed with the FoxP3 Fix/Perm buffer set according to the
manufacturer’s instructions (eBioscience). Samples were then
intracellularly stained with anti-IgGl (A85-1), anti-FoxP3 (FJK-
16S), anti-Ki67 (B56), anti-Glutl (polyclonal; Abcam), anti-Helios
(22F6), or CTLA-4 (UC10-4B9).

Sorting
Single-cell suspensions were diluted in PBS supplemented with
1% FBS containing 1 mM EDTA. Tth and Tfr cells were isolated by
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first enriching CD4* cells with positive selection (Miltenyi Bio-
tec). CD4*-enriched cells were then stained and sorted as fol-
lows: Tth (CD4'ICOS*CXCR5*FoxP3-CD19-), Tfr (CD4*ICOS*
CXCR5*FoxP3*CD197), T conv (CD4*ICOS-CXCR5 FoxP3-CD197),
and T reg (CD4*ICOS-CXCR5 FoxP3*CD197). B cells were iso-
lated from the flow-through of CD4* selection, which was then
positively selected using CD19 beads (Miltenyi Biotec) to >98%
purity.

Suppression assays

In vitro suppression assays were performed as described pre-
viously (Sage et al., 2014b, 2016; Sage and Sharpe, 2015a).
Briefly, 5 x 10 B cells, 3 x 10* Tth cells, and/or 1.5 x 10* Tfr cells
were plated in 96-well plates along with 2 pg/ml anti-CD3 (Bi-
oXcell) and 5 pg/ml anti-IgM (Jackson ImmunoResearch). Cul-
tures were harvested after 4-6 d as described. For analysis,
B cells were gated as CD19*IA*CD4- cells, Tth cells were gated as
CD4*IA-CD19FoxP3~ cells, and Tfr cells were gated as CD4*
IA-CD19-FoxP3* cells. For FoxP3 stability assays, Tfr cells were
gated as CD45.1*CD4*TACD19- cells.

Retroviral transduction

WT FoxP3-encoding and empty retroviruses were a gift from the
Mathis/Benoist laboratory (Harvard Medical School, Boston,
MA; Kwon et al., 2017). For transducing FoxP3 in Tfh cells,
cultures were plated as above and cultured for 6 h. After 6 h,
cultures were spin-infected with virus in the presence of 8 pg/
ml polybrene and 50 U/ml IL-2 at 805 g for 2 h and subsequently
incubated at 37°c for 8-10 h. Culture supernatants were then
replaced with media containing anti-CD3/IgM as above and
cultured for an additional 3 d before analysis.

RNA-seq

Samples were sorted as described above. Each replicate indicates
a biological replicate that was prepared using different sets of
mice on different experimental days. RNA-seq library prepara-
tions were performed as previously described (Sage et al., 2016;
Kadoki et al., 2017). Briefly, RNA was isolated using MyOne Si-
lane Dynabeads (Thermo Fisher Scientific). RNA was frag-
mented and barcoded using 8-bp barcodes in conjunction with
standard Illumina adaptors. Primers were removed using
Agencourt AMPure XP bead cleanup (Beckman Coulter/Agen-
court), and samples were amplified with 14 PCR cycles. Libraries
were gel purified and quantified using a Qubit high-sensitivity
DNA kit (Invitrogen), and library quality was confirmed using
Tapestation high-sensitivity DNA tapes (Agilent Technologies).
RNA-seq reactions were sequenced on an Illumina NextSeq se-
quencer (Illumina) according to the manufacturer’s instructions,
sequencing 50-bp single-end reads. Analysis was performed
using the CLC Genomics Workbench version 8.0.1 RNA-seq
analysis software package (Qiagen). Briefly, reads were aligned
(mismatch cost = 2, insertion cost = 3, deletion cost = 3, length
fraction = 0.8, similarity fraction = 0.8) to the mouse genome,
and differential expression analysis was performed (total count
filter cutoff = 5.0). Results were normalized to reads per million.
Morpheus (Broad Institute) was used to generate heat maps and
similarity matrices.
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GSEA

For GSEA analysis, RNA-seq data were converted to human
nomenclature and compared with GSEA mSigDatabases in-
cluding Hallmarks and C3 and C5 collections using standard
settings (Broad Institute). For enrichment plots of specific gene
sets, pathways were analyzed along with 20 randomized gene
sets to ensure specificity.

ELISA

ELISA measurements of total IgG from culture supernatants
were performed as described previously (Sage and Sharpe,
2015a).

Confocal microscopy

Confocal microscopy was performed as previously described
(Sage et al., 2013). Briefly, lymph nodes were embedded in OCT
(Tissue-Tek), and 10-um sections were cut and stained for in-
dicated antibodies. Sections were imaged on an Olympus
FV3000 confocal microscope. Linear contrast enhancement was
performed using Image] (National Institutes of Health).

Statistics

Most statistical tests were performed using Prism 6.0 (Graph-
Pad) using Student’s two-tailed unpaired t test or one-way
ANOVA with Tukey’s correction as specified assuming Gauss-
ian distribution. Statistics for RNA-seq were performed using
CLC Genomics Workbench (Qiagen). Statistics for gene set en-
richment were performed in GSEA (Broad Institute). Statistics
for Volcano plots were performed in Excel using a y? test.

Deposition of data
RNA sequencing data have been deposited in the Gene Expres-
sion Omnibus database (accession no. GSE124884).

Online supplemental material

Fig. S1 shows gating strategies and further RNA-seq analysis of
Tfr cells. Fig. S2 shows additional RNA-seq analysis of in vitro
generated ex-Tfr cells. Fig. S3 shows additional analysis of
FoxP3-deleted Tfr cells. Fig. S4 shows additional controls for
FoxP3 expression in Tfh cells. Fig. S5 shows additional analysis
of Ezh2-deficient Tfr cells.
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