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Abstract:

Foxp3*Treg cells are essential modulators of immune responses, but the molecular mechanisms
underlying their phenotype and function are not fully understood. Here we show that the
transcription factor Blimp1 is a crucial regulator of the RORyt* Foxp3* Treg cell subset function.
The intrinsic expression of Blimp1 in these cells was required to prevent production of the
inflammatory cytokine IL17 and loss of suppressive function in vivo. Mechanistically, Blimp1 acts
as a direct repressor of the //17a/ll17f genes and binding of Blimp1 at this locus is associated with
increased accumulation of H3K27me3 and decreased H3K4me3, but unaltered binding of RORyt.
However, in the absence of Blimp1 the //17a/ll17f locus was activated, as shown by increased
occupancy of the co-activator p300 and more abundant binding of the transcriptional regulator
IRF4, which was required, along with RORyt for IL17A production in the absence of Blimp1. Using
dual reporter mice, we also show that despite their sustained expression of Foxp3, Blimp1-
deficient RORyt*-IL17-producing Treg cells lose suppressor function in vivo, indicating that

repression of IL17 expression by Blimp1 is a crucial requirement for this Treg subset function.
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Introduction:

Regulatory T cells (Treg) are a subpopulation of T cells with the capability to suppress immune
responses (Fontenot et al., 2005; Kim et al., 2011) and are crucial for the maintenance of
immune homeostasis. The most well characterized Treg cell subpopulation is defined by the
expression of the transcription factor Foxp3 (Fontenot et al., 2005; Kim et al., 2011). Mutations
or deficiency of the Foxp3 gene in mice and humans results in severe autoimmunity (Brunkow
et al., 2001) (Bennett et al., 2001). Foxp3* Treg can develop in the thymus and in the periphery
(Apostolou et al., 2002; Fontenot et al., 2005) and recent studies support the notion that
functional specification in Treg subpopulations requires the expression of transcription factors
previously associated with the differentiation and function of effector CD4" T-cell lineages
(Chaudhry and Rudensky, 2013; Levine et al., 2017; Wohlfert et al., 2011). Expression of these
Th cell lineage-specific transcription factors would drive the generation of effector Treg cells that
are specifically suited to regulate immune responses mediated by their corresponding
conventional effector CD4" T-cell lineages. Thus, in the context of T helper type 1 (Th1)-
mediated inflammation, Tregs can upregulate expression of the Th1-specific transcription factor
T-bet, leading to the accumulation of Foxp3* T-bet* Tregs at sites of inflammation. T-bet”
Foxp3*Tregs were shown to be essential for control of type-1 inflammation (Levine et al., 2017).
Similarly, the Th2-associated transcription factor GATA3 was found to play an important role for
Treg function, and mice with GATA3-deficient Tregs have defects in peripheral homeostasis
caused by impaired Tregs suppressive function (Wohlfert et al., 2011). In addition, Treg-specific
deletion of the transcription factors IRF4 (interferon regulatory factor 4)(Zheng et al., 2009) or
STATS3 (signal transducer and activator of transcription 3)(Chaudhry et al., 2009) resulted in an
impaired regulation of Th2- and Th17-dominated immune responses, respectively. More recent
studies have identified a CD4* Foxp3* Treg cell population that simultaneously expresses the

transcription factor retinoic acid-related orphan receptor-yt (RORyt)(Lochner et al., 2008;
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Ohnmacht, 2016; Ohnmacht et al., 2015; Sefik et al., 2015), initially described as crucial
requirement for development of Th17 cells. Foxp3*"RORyt* Treg cells were identified in both
mice and humans and are enriched in the intestinal mucosa, but can also be found in peripheral
organs such mesenteric lymph nodes and spleen (Ohnmacht, 2016; Ohnmacht et al., 2015;
Sefik et al., 2015). These cells lack expression of the transcription factor Helios, previously
associated with Foxp3™ Treg cells from thymic origin and differ from the GATA* Foxp3* Treg
cells, which can also be isolated from the intestinal mucosa (Wohlfert et al., 2011) but are in
their majority Helios*(Ohnmacht et al., 2015). Foxp3*"RORyt* Treg cells include the microbiota-
specific Treg cells and their frequency is greatly diminished in germ free mice or by treatment of
SPF mice with antibiotics (Ohnmacht, 2016; Ohnmacht et al., 2015; Sefik et al., 2015). This
Treg subpopulation expresses the regulatory cytokine IL10 and other molecules associated with
Foxp3* Treg cell function, such as ICOS, CTLA-4, CD39, and CD73 (Ohnmacht, 2016;
Ohnmacht et al., 2015). Despite their expression of RORyt and other genes associated with the
Th17 program, Foxp3*RORyt* Treg cells do not produce IL17 (Lochner et al., 2008; Sefik et al.,
2015) and have potent suppressor function, but the mechanisms underlying their phenotype are

poorly understood.

B-lymphocyte-induced maturation protein-1 (Blimp1/PRDI-BFI) is a transcription factor
expressed in several hematopoietic lineages, including lymphocytes and myeloid cells (Linterman
et al.,, 2011; Martins and Calame, 2008). Blimp1 directly regulates the expression of genes
associated with T cell effector function, including cytokines (Cimmino et al., 2008; Martins et al.,
2008; Salehi et al., 2012). Blimp1 is highly expressed in a subset of Foxp3* Treg cells and it is
required for IL10 expression in these cells (Cretney et al., 2011; Martins et al., 2006) as well as
in Foxp3-(Heinemann et al., 2014; lwasaki et al., 2013; Montes de Oca et al., 2016; Neumann et
al., 2014; Parish et al., 2014) T cells, thus playing non-redundant roles in the function of both

effector (Teff) and regulatory (Treg) cells. In line with these findings, mice with T cell-specific
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(CD4°™ or proximal LCK°®-mediated) deletion of Blimp1 spontaneously develop chronic intestinal
inflammation (Martins et al., 2008; Martins et al., 2006; Salehi et al., 2012). However, Foxp3*Treg
cell-specific deletion of Blimp1 leads to only mild intestinal inflammation associated with enhanced
production of IL10 by Foxp3- T effector cells (Bankoti et al., 2017), indicating differential
requirements for Blimp1 in Foxp3* and Foxp3™ T cells. The notion that Blimp1 plays differential
roles in Foxp3*" and Foxp3  CD4" T cells is also supported by the observation that Blimp1 regulates
a substantial amount of unique target genes in each cell type (Bankoti et al., 2017), however
intrinsic studies of Blimp1’s role in Foxp3* Treg cells have been somewhat hindered by the fact
that under homeostatic conditions, only a small fraction of Foxp3* Treg cells express Blimp1
(Bankoti et al., 2017; Cretney et al., 2011).

In this study, we have further investigated the role of Blimp1 in Foxp3* Treg cells and
report that Blimp1 expression in Foxp3* Treg cells greatly overlaps with the expression of the
Th17-associated transcription factor RORyt, which defines a subset of microbiome-specific
Foxp3* Helios Treg cells present under homeostatic conditions in mice and humans (Ohnmacht
et al., 2015; Sefik et al., 2015). We show that the expression of Blimp1 in this RORyt*Foxp3* Treg
cell subset is required and sufficient to repress expression of Th17-associated inflammatory
cytokines in an IL-10-independent manner. Using a dual reporter mice system, we show that
Blimp-1-deficient IL17-producing Foxp3* Treg cells lose suppressor activity in vivo but are not
sufficient to cause inflammation in an experimental model of colitis. Our findings also reveal that
specific binding of Blimp1 to regions upstream of the //17a and //17f genes in wild-type Foxp3*Treg
cells is associated with changes in the chromatin structure, including increased accumulation of
H3K27me3 and decreased accumulation of H3K4me3, histone modification markers associated
with the repression and activation respectively of the //17a and 1I17f genes in CD4*T cells (Wei et
al., 2009). Lack of Blimp1 expression and the chromatin changes associated with it did not

interfere with binding of RORyt, but was associated with increased binding of the co-activator
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p300 and of the transcription factor IRF4, which was required for RORyt-mediated induction of
the 1117 locus in the absence of Blimp1. Thus, RORyt" Foxp3™ microbiome-specific Treg cells rely

on Blimp1 to suppress production of Th17-associated cytokines and maintain their regulatory

function.

Results:

Blimp-1 is preferentially expressed in RORyt'Helios” Foxp3*Treg cells.

Previous studies have shown that Blimp-1 is highly expressed in both murine and human Foxp3*
Treg cells (Bankoti et al., 2017; Cretney et al., 2011; Ward-Hartstonge et al., 2017). To further
characterize Blimp1-expressing Foxp3™ Treg cells under homeostatic conditions we used dual
reporter mice (Foxp3~/Blimp1Y?) to isolate Foxp3*Blimp-1* and Foxp3*Blimp1- Treg cells and
evaluated the expression of several transcription factors previously associated with effector T cell
function. We found that expression of the Th17-associated transcription factor RORyt mMRNA was
upregulated in Blimp1*Foxp3*Treg cells in comparison with Blimp1-Foxp3*Treg cells
(supplemental Fig. 1A). RORyt"Foxp3* Treg cells were recently described as peripherally-induced
microbiome-specific, Helios™ Foxp3*Treg cells that are required to control effector responses in
the intestinal mucosa (Lochner et al., 2008; Ohnmacht, 2016; Ohnmacht et al., 2015; Sefik et al.,
2015). To confirm that Blimp1 was preferentially expressed in this Foxp3'Treg subset, we
compared Blimp1 mRNA expression in Foxp3*RORyt"Helios and Foxp3*RORyt' Helios Treg cells
isolated from naive mice. As shown in Fig. 1A, expression of Blimp1 mRNA (as reported by YFP)
under homeostatic conditions was consistently higher in Foxp3"RORyt*Helios™ than in
Foxp3*RORyt'Helios"* cells from both, the large intestines lamina propria (LI-LP) and mesenteric
lymph nodes (MLN). In addition, analysis of Blimp1 mRNA expression in RORyt*Foxp3* and
RORytFoxp3* Treg cells sort-purified from the intestinal mucosa of Foxp3 and RORyt dual

reporter mice showed preferential expression of Blimp1 in RORyt*"Foxp3* Treg cells (Fig. 1B).
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Conversely, expression of the transcription factor Bcl6 mRNA, which is directly suppressed by

Blimp1 (Cimmino et al., 2008) was less abundant in RORyt" Treg cells (Supplemental Fig. 1B).

2. Expression of Blimp1 in Foxp3*'RORyT" Treg cells is required to repress IL17 expression.
To further investigate Blimp1’s role in RORyt*Foxp3* Treg cells, we used PRDM17F mice crossed
with Foxp3YFP-CRE mice in which Blimp1 is specifically deleted in Foxp3*Trg cells(Bankoti et al.,
2017). Evaluation of Foxp3*RORyt* Treg cells in Prdm117F/Foxp3YFF-CRE*mice and their littermate
controls (Prdm1**Foxp3YFF-CRE*) showed that the frequency of RORyt* Foxp3* Treg cells was
elevated in mice with Blimp1-deficient Treg cells, whereas the frequency of RORyt GATA-3"
Foxp3* Treg cells was unaltered (Sup. Fig. 1C). Analysis of cytokine expression upon in vitro
stimulation revealed that Blimp1-deficient RORyt* Foxp3* Treg cells produce the inflammatory
cytokine IL17A (Fig. 1C) but not IFNy or IL-4 (data not shown). Similar results were obtained when
we evaluated IL17A expression in mice with T cell-specific deletion of Prdm1 (Prdm17F/CD4C°RE*)
crossed with Foxp3RFP and IL17°FP double reporter mice, in which we detected IL17A-expressing
RORyt*Foxp3* cells in the MLN and LI-LP in addition to the lungs (Supplemental. Fig. 2A), which
have also been previously show to contain RORgt"Foxp3* Treg cells (Lochner et al., 2008). Of
note, most the IL17F-expressing RORyt*Foxp3® Treg cells were also IL17A-positive
(Supplemental. Fig. 2B), indicating that both //17a and //1f genes were activated in these cells.
These findings were also reproduced in Prdm17F/CD4°R&*mice devoid of any reporter gene, in
which simultaneous staining of Foxp3 and IL17A proteins revealed significant expression of IL17A
by Blimp-1-deficient Foxp3® Treg cells (Supplemental Fig.2C). Moreover, in comparison to
Blimp1-sufficient, Blimp1-deficient sorted Foxp3*® Treg cells secreted measurable amounts of
IL17A and, as expected from previous studies implicating Blimp1 as a positive regulator of IL10
expression in Foxp3* Treg cells (Cretney et al., 2011; Martins et al., 2006), Blimp1-deficient

Foxp3* Treg cells produced reduced amounts of IL10 upon in vitro TCR stimulation (Supplemental
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Fig. 2D). Of note, all the IL17A-producing Foxp3* Treg cells in the Prdm17 Foxp3YFP-CRE* mice
expressed RORyt and co-expressed the transcription factor IRF4 (Fig. 1D), which has been
previously shown to be required for both Treg cell function (Zheng et al., 2009) and IL17
production in Th17 cells (Brustle et al., 2007; Ciofani et al., 2012) .However, lack of Blimp-1 did
not alter the amounts of RORyt or IRF4 protein expressed by Foxp3* Treg cells on a per cells
basis (Fig. 1D), indicating that Blimp1 does not regulate the expression of Rorc or Irf4 in these
cells. In line with that, expression of RORyt and IRF4 mRNA were similar in Blimp-1 sufficient and
Blimp1-deficient Foxp3*Treg cells (Supplemental Fig. 2E). To further confirm that production of
IL17A by a subset of Blimp1-deficient Foxp3* Treg cells is a cell-intrinsic effect, we next evaluated
female Prdm17FFoxp3YFP-CRE* mice which allowed the comparison of Blimp1-sufficient and
Blimp1-deficient Foxp3*Treg cells in the same animal. We found that even in the presence of
Blimp1-sufficient Treg cells, Blimp1-deficient CD4'Foxp3Y* cells produced IL17A protein
whereas expression of IL10 was diminished (Fig. 1E). In addition, although Blimp1-deficient Treg
cells expressed Foxp3 and RORyt mRNA at levels comparable to the control cells, they expressed
substantial amounts of IL17A and IL17F mRNA (Fig. 1F and Supplemental Fig. 2F), thus
confirming that Blimp1-deficient RORyt"T«q cells are intrinsically prone to produce Th17-
associated cytokines. Of note, in comparison to IL17-negative counterparts, IL17-producing
Blimp1-deficient Foxp3*RORyt* Treg cells expressed higher levels of activation markers and other
surface molecules known to be associated with Treg cell effector phenotype (Supplemental Fig.
3), which is in line with previous observations that Blimp1 is preferentially expressed in effector
Treg cells (Bankaoti et al., 2017; Cretney et al., 2011; Dias et al., 2017).

We also found that addition of recombinant IL10 to Blimp1-sufficient and deficient Foxp3™ Treg
cells cultured in vitro in the presence of inflammatory cytokines did not abrogate production of
IL17A or altered RORyt expression (Supplemental Fig. 4A-B) in the absence of Blimp1, indicating

IL17A expression by these cells is not a secondary effect of the diminished IL10 expression. This
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was further confirmed by the observation that in comparison with wild type Foxp3* T.eq cells, IL10-
deficient Foxp3® Ty have only a small, non-significant increase in IL17A expression
(Supplemental Fig. 4C).

We next sought to determine if the Foxp3*"RORt" Treg cells that produce IL17A in Blimp1CKO

mice were susceptible to depletion of the microbiome, as previously observed for

RORYt*Foxp3*Treg cells (Ohnmacht et al., 2015). We found that treatment of Blimp-1CKO mice

with a combination of antibiotics previously shown to eliminate most of the intestinal microbiome
and to reduce the numbers of RORyt" Foxp3* Treg cells, led to a significant decrease in IL17-
producing Blimp1-deficient Foxp3*Treg cells (Fig. 1G). Thus, expression of Blimp1 in RORyt*
Foxp3*Teg cells is intrinsically required to prevent production of Th17-associated inflammatory

cytokines, and Blimp-1-deficient RORyt* IL17-producing Treg cells are reduced upon disruption

of the intestinal microbiota by antibiotic treatment.

3. Blimp1 binding to the /I77a and lI17f genes locus results in diminished accessibility of
chromatin.

The observation that Blimp1-deficient Foxp3*Treg cells produce Thi7-associated cytokines but do
not have increased expression of Th17-inducing transcription factors along with our previous
observation that Blimp1 could directly bind to a regulatory region in the //17a gene in Tn cells
(Salehi et al., 2012) indicated that Blimp1 could function as a direct suppressor of the I/17a/ll17f
genes in Treg cells. To address this, we first determined if enforced expression of Blimp1 in
Blimp1-deficient Foxp3* Treg cells was sufficient to abrogate expression of IL17. We found that,
differently from observed in in vitro-differentiated Th17 cells, retroviral-driven expression of Blimp1
led to significant repression of IL17 in Blimp1CKO Treg cells (Fig. 2A). We next performed ChIP
analysis of Blimp1-suficient Foxp3°* cells stimulated in vitro in conditions that induced //17a and

1117f mMRNA expression. We found that Blimp1 directly binds to a previously identified site located
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downstream of conserved non-coding sequence 2 (CNS2) upstream of the [//17a gene
transcription start site and strongly binds to two other previously unidentified consensus sites
located at the //17a promoter and at the CNS7 region located upstream of the 1/717f promoter but
not to another region containing Blimp1 consensus binding site (//17a intron 1) or to a non-related
region in the same locus (Fig. 2B). Binding of Blimp1 at these sites in Treg cells was significantly
higher than in pathogenic Th17 cells, in which Blimp1 is expressed at very low levels (Bankoti et
al., 2017), but was reported to bind to similar regions of the //77 locus (Jain et al., 2016). Thus,
Blimp1 directly binds to conserved regulatory regions at the //17a and I/17f genes and could
directly repress the expression of this locus in a subset of Foxp3*Treg cells. To determine whether
recruitment of Blimp1 to the //17a and 1117f locus in Treg cells would correlate with changes in
histone modifications associated with the repression or activation of the locus, we evaluated the
enrichment of Histone 3 trimethylated at Lys9 (H3K9me3), which is associated with activation of
the ll117a and I117fgenes in Th17 cells and H3K27me3, associated with repression of these genes
in other T cell subsets (Bankoti et al., 2017; Kim and Belza, 2017). We found that recruitment of
Blimp1 is associated with increased H3K4me3 in three different regions of the //17a and /I17f
locus including CNS2, /I17a intron 1 and CNS7 (Fig. 2C). Importantly, lack of Blimp1 resulted in
significantly decreased deposition of H3K27me3 specifically at CNS7 but not at CNS2 or //17a
Intron 1, indicating that Blimp1 binding at the CNS7 region could be required for H3K27me3
accumulation and most likely suppression of //17a and //17ftranscription. This is further supported
by the observation that binding of p300, a histone acetyltransferase that usually marks active
transcription in regulatory domains, was also significantly increased at the CNS7 region of the
1117 locus in Blimp1-deficient Foxp3*Treg in comparison to Blimp1-sufficient Treg cells (Figure
2D). Of note, the amounts of p300 bound at this region in Blimp1-deficient Treg cells were similar
to the observed in wild type pathogenic Th17 cells, in which the /17 locus is fully active.

Using a luciferase reporter construct containing the CNS7 region upstream of the //17a
promoter region, we find that the CNS7 region can function as an enhancer for the //17a promoter

10
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and this activity is abrogated in the presence of a full-length but not of a truncated Blimp1 construct
lacking a DNA-binding domain (Fig. 2E). Thus, binding of Blimp1 at the //17a/ll17f CNS7 region
help to prevent/control locus activation and therefore the production of Th17-associated cytokine

by Foxp3*Treg cells

4. Increased binding of IRF4 at the //177 locus promotes expression of Thi7-associated
cytokines in Blimp1-deficient Treg cells.

The activation and increased accessibility of the 1/17a/l117f locus resulting from lack of Blimp1 in
Treg cells, led us to interrogate if in the absence of Blimp1 binding of RORyt could be facilitated,
and therefore mediate the increased //77a and I/17f transcription observed in Blimp1-deficient
Treg cells. We thus performed ChIP of RORyt in Blimp1-sufficient and deficient Treg cells, but
found no significant increase in RORyt binding at the //17a/f locus in the absence of Blimp1 (Fig.
3A), indicating that Blimp1-mediated repression of the I/l17a/ll17f genes in Treg cells is not
achieved by impairment of RORyt binding to the locus. However, RORyt expression was required
for the expression of IL17 by Blimp1-deficient Treg cells, as IL17 expression was significantly
inhibited in Blimp-1 and RORyt double knock out cells (Fig. 3B).

We next interrogated if IRF4, which is highly expressed in Treg cells and one of the pioneer
transcription factors required for Th17 specification (Ciofani et al., 2012) could be involved in
regulating activation of the /17 locus in Blimp1-deficient Treg cells. Although IRF4 expression
levels were similar in Blimp1-sufficient and deficient Treg cells (Fig. 1D and Supplemental Fig.
2E) ChIP assays revealed that Blimp1-deficient cells had a significant increase in IRF4 binding at
the /117 CNS7 region (Fig. 3C). Binding of IRF4 at the //10 intron 1, a region previously shown to
be bound by IRF4 in Treg was not altered in Blimp1-deficient Treg cells. Thus, lack of Blimp1 led

to a specific increase in IRF4 binding at the //717 locus.
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To determine if increased binding of IRF4 to this locus could mediate the increased
transcription of //177a and //17f in Blimp1-deficient Treg cells, we used short interference RNA to
mediate silencing of IRF4 in Blimp1-deficient Treg cells and interrogate if IRF4 knock down could
interfere with IL17A expression in these cells. As shown in Fig. 3D, a reduction of approximately
50% in IRF4 expression resulted in significant decrease in IL17A expression, but unaltered IL10
expression in Blimp1-deficient Treg cells, indicating that the production of IL17A in these cells is
at least partially mediated by IRF4, and IRF4 binding is increased at the //17 locus in the absence

of Blimp1.

5. Blimp1-deficient IL17-producing Foxp3* T.g cells lose suppressor activity in vivo.

We and others have previously shown that despite their impaired IL10 production, peripheral
Blimp1-deficient T4 cells preserve their suppressive function in vitro and in some circumstances
in vivo as well (Martins et al, 2006; (Crotty et al., 2010; Kim et al., 2007). However, these results
might have been confounded by the fact that Blimp1-deficient Foxp3* Treg cells are a
heterogenous population in which only the RORyt-expressing cells produce IL17A. To specifically
test the function of the IL17A-producing Blimp1-deficient Foxp3* Treg cells, we used Foxp3RFP
and IL17ASFP double reporter Prdm1¥F/CD4°RE* mice to sort IL17A® P-producing and
nonproducing Blimp1-deficient Foxp3* Treg cells (Supplemental Fig. 5A) and evaluate their
function on a T cell adoptive transfer colitis induction model. As shown in Fig. 4, transfer of allotype
marked (CD45.1%) naive (CD45RB") CD4" T cells to Rag1”- mice, led to inflammation in the colon,
associated with impaired body weight gain (Fig. 4A), colon shortening (Fig. 4B) and histological
changes (Fig. 4C). Co-transfer of Blimp-1-deficient, Foxp3R™™* IL17A®F™ single positive cells
prevent colitis development, whereas Blimp-1-deficient Foxp3RPF* IL17ACSFP*- double positive Treg
cells failed to prevent colitis induction in this model (Fig. 4A-C). Importantly, although expression
of expression of IL10 is reduced in Blimp1-deficient Foxp3*Treg in comparison to wild type cells,

expression of IL10 in Blimp1-deficient Treg cells did not preferentially segregated with expression
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of IL17 (Supplemental Fig. 4B). Similarly, expression of CTLA-4, ICOS (Supplemental. Fig. 5C)
and GITR (Supplemental Fig 5D) were comparable in IL17* and IL17--Blimp1-deficient Treg cells.
In addition, although we detected significant loss of Foxp3 expression upon transfer of both
Foxp3*IL17A-producing and non-producing Treg cells, expression of Foxp3 in the recovered cells
(CD45.2") was about three times higher in IL17-producing cells (Fig. 4D). Importantly, the
numbers of recovered CD45.1* cells (originating from adoptively transferred naive CD4* T cells)
were consistently decreased in the intestinal mucosa and spleens of mice that also received
IL17A-non-producing Foxp3* Treg cells, whereas mice co-transferred with IL17-producing
Foxp3*Treg cells had variable numbers of recovered CD45.1* cells, which in average were not
significantly different from the observed in the other experimental groups. Together, these
observations suggest that IL17-expressing Foxp3® Treg cells might be less efficient in
suppressing effector T cell expansion in this model. Of note, Foxp3*IL17A-producing Treg cells
retained IL17A production upon transfer (Fig. 4E), which resulted in higher secretion of IL17A by
intestinal lamina propria cells from mice adoptively co-transferred with these cells, in comparison
to mice that only received naive cells or naive cells co-transferred with Foxp3*IL17A non-
producing cells (Fig. 4F). Despite their impaired suppressor activity, Blimp1-deficient IL17-
producing Treg cells were not sufficient to cause intestinal inflammation when compared with in
vitro differentiated pTh17 cells on an adoptive cell transfer model of colitis (Supplemental Fig. 6).
Thus, expression of Blimp1 in RORyt* microbiome-specific Foxp3* Treg cells is required to

prevent expression of Th17-associated cytokines and to maintain suppressive function in vivo.
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Discussion:

Our studies described here reveal a novel, unexpected role for the transcription factor
Blimp1 in controlling key functional aspects of a specific Foxp3* Treg cell subset. We show that
Blimp-1 is preferentially expressed by a RORyt* Foxp3™Treg subset found under homeostatic
conditions in mice and men, and the intrinsic expression of Blimp1 in these cells is required to
restrain production of Thi7-associated cytokines and maintain their suppressive function in vivo.
Blimp1 functions as a direct repressor of the //17a and //17flocus in Foxp3*Treg cells and its direct
binding to this locus alters chromatin structure and restricts binding of the Tni7-associated factor
IRF4, which is required, along with RORyt for IL17-production in Blimp1-deficient Foxp3* cells
(Supplemental Fig. 7). These findings uncover a new aspect of Blimp1’s role in Foxp3* Treg cell
biology and sheds light on the intricate mechanisms that regulate Ty cell phenotypic stability.

RORyt"™-microbiome-specific Foxp3*Treg cells were recently described as an important
component of the NRP-1"Helios'Foxp3* Treg cell pool that controls homeostasis in the intestinal
mucosa, including control of Th1, Th2 and Th17 effector responses (Lochner et al., 2008;
Ohnmacht, 2016; Sefik et al., 2015). These cells seem to develop in response to pathobionts (Xu
et al., 2018) and also depend on the transcription factor cMaf for their differentiation and function
(Wheaton et al., 2017; Xu et al., 2018). Expression of the Th17-associated transcription factor
RORyt by this Treg subset was shown to be required for their homeostasis such that Foxp3-
specific deletion of RORyt resulted in substantial decrease in the numbers of Foxp3*Helios™ Treg
cells in the intestinal mucosa and, at least in one model, led to spontaneous increase in Th17
responses (Sefik et al., 2015). Despite their constitutive expression of RORyt, under homeostatic
conditions these cells do not produce IL17 (Sefik et al., 2015) and have potent regulatory function,
associated with the expression of IL10 and CTLA-4 (Ohnmacht, 2016; Ohnmacht et al., 2015;
Sefik et al., 2015). Of note, these RORyt*Foxp3* T reg cells are found under homeostatic

conditions and differ a from a recently described subset of Foxp3 *RORyt"Helios* Treg cells that
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appear to develop or expand from a population of antigen-specific thymic-derived Foxp3* Treg
cells upon induction of inflammation in mice (Kim et al., 2017). The latter is thought to be specific
to auto-antigens and don’t seem to be present under homeostatic conditions.

Here we show that expression of Blimp1 is required to prevent production of Th17-
associated cytokines in HeliossRORyt*Foxp3* Treg cells that are found under homeostatic
conditions and enriched at the intestinal mucosa. Blimp1-deficient RORyt*"Foxp3* Treg cells
produce IL17A, F and although these cells are not sufficient to cause inflammation, they have
impaired suppressive function in vivo. Importantly, Blimp1-deficient RORyt" Foxp3*Treg cells
produced IL17A in the presence of exogenous IL10 in vitro, and IL10-deficient Treg cells do not
produce significant amounts of IL17A. Thus, acquisition of inflammatory properties by these cells
is not a secondary effect of the impairment in IL10 production associated with lack of Blimp1
(Cretney et al., 2011; Crotty et al., 2010). Moreover, we show that IL17A production by Blimp1-
deficient Foxp3™ RORyt" Treg cells does not preferentially segregate with lower expression of
molecules required for Treg suppression function (Josefowicz et al., 2012), including IL10, CTLA-
4, GITR and ICOS. Although we have not directly specifically addressed TCR specificity in the

IL17-producing Blimp1-deficient Foxp3*RORt* Treg cells, we find that antibiotic treatment greatly
reduces the number of these cells in Blimp1-deficient mice, suggesting that these cells are

microbiome dependent, as previously shown for RORyt* Foxp3* Treg cells.

We also show that IL17A-producing Blimp1-deficient, RORyt* Treg cells maintain
expression of Foxp3 protein, suggesting that these cells are not immediately transitioning from
Treg into Th17 cells, a phenotype observed in some inflammatory conditions (Rubtsov et al.,
2008). These observations would indicate that other mechanisms in addition to direct action of
Foxp3 are used in Treg cells to repress production of inflammatory cytokines. Of interest, Blimp1
expression can be induced in Treg cells by inflammatory stimuli, such IL6 [(Cretney et al., 2011)

and data not shown], possibly as a negative feedback to protect Treg cells from turning into
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pathogenic cells. In addition, Foxp3 could also function as a direct inducer of Blimp1 expression
in Treg, as Prdm1 was previously shown to be a direct target of Foxp3 in these cells (Zheng et
al., 2007). In line with this, “ex-Twey" cells that lost Foxp3 expression and produce IL17 under
chronic inflammatory conditions in a RA model have diminished expression of Blimp1 (Rubtsov
et al., 2008).

The mechanisms underlying the repression of the production of Thi7-associated cytokines
by Blimp1 in Foxp3* Treg cells do not involve repression of the expression of known Th17-
promoting transcription factors (Zhou and Littman, 2009) such as RORyt, RORa , B-ATF, IRF4,
or Runx, as we found no significant differences in the expression of these factors in Ctrl and CKO
Foxp3* cells. These data, in addition to our finding that Blimp1 can specifically bind to regulatory
regions in the //17a and //17flocus and its binding to the CNS7 region can suppress //17a promoter
activity, points to a direct role for Blimp1 in repressing this locus in Treg cells. This is further
supported by the observation that Blimp1 binding is associated with decreased deposition of the
permissive chromatin modification markers H3K4me3. In addition, Blimp1-deficient Treg had
decreased levels of H3K27me3 at the CNS7 region, which is in close proximity to a region
previously shown to be highly active in Th17 but repressed in Treg cells (Wei et al, 2009) (Bankoti
etal., 2017) (Bankoti et al., 2017) (Bankoti et al., 2017), thus suggesting an important role for this
region in regulating expression of //17a and I/17f. Importantly, in addition to the chromatin changes
at the /I17a and II17f locus associated with the absence of Blimp1 in Foxp3* Treg cells, Blimp-1-
deficiency was also associated with increased binding of the co-activator p300, which occupancy
at the CNS7 region in Blimp-1-deficient Ty cells reached similar levels to those observed in
pathogenic (p)Th17 cells, in which the //717 locus is fully active, further confirming activation of this
locus in Blimp1-deficient Foxp3* Treg cells.

Although we cannot establish direct causality between binding of Blimp1 at the //17a and
I117f locus and the histone modifications discussed above, it is intriguing that CNS7 is the only

region with significant changes in H3K27me3 accumulation in Blimp1-deficient Treg cells. The
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other two locus regions (CNS2 and //17a intron |) with increased H3K4me3 but no significant
H3K27me3 changes in CKO cells either lack Blimp1 binding sites (CNS2) or have a consensus
binding site that is not enriched for Blimp1 (//77a Intron I). Thus, it seems likely that direct binding
of Blimp1 is required for the deposition of this specific repression marker. Trimethylation on
H3K27 is added by the Polycomb repressive complex (PRC) 2, which contains the
methyltransferase enhancer of Zeste homolog 2 (EZH2) which contains a SET domain
responsible for H3K27me3 (Ahn et al., 2017). Targeting of EZH2 and PRC2 to specific loci is
thought to be mediated by a variety of sequence elements including CpG islands, conserved
elements and the presence of specific transcription factors binding motifs (Yamanaka et al.,
2017). Thus, it is conceivable that Blimp1 binding could be involved in targeting EZH2/PRC2 to
the /l17a and 1/17f locus, but this remains to be tested.

Of note, the chromatin changes associated with Blimp1 deficiency did not alter binding of
RORyt to the il17af locus. This suggests that the physical interaction between RORyt and Foxp3,
which has been previously reported to inhibit RORyt- mediated transcription of the il17a/f locus in
Treg cells (Ichiyama et al., 2008; Zhou et al., 2008) is preserved in Blimp1-deficient Treg cells.
Instead, we found that in the absence of Blimp1, IRF4 occupancy of the /17 locus CNS7 region
was increased. IRF4 knockdown led to significant reduction of IL17A production by Blimp1-
deficient Foxp3* Treg cells, indicating a requirement for IRF4 in mediating production of the Th17-
associated cytokines in Blimp1-deficient Treg cells. In addition, genetically ablation of RORyt led
to abrogation of IL17A expression in these cells. Together these observations support a model
by which IRF4 function in RORyt" Treg cells can be, is modulated by Blimp1, such that in the
absence of Blimp1 IRF4 is more prone to bind to the locus and potentially facilitate RORyt-
induced IL17 expression (Supplemental Figure 7).

Our finding that Blimp1 functions as a suppressor of the //17a locus in Foxp3* Treg cells

might seem at odds with a recent study in which Blimp1 was implicated as an activator of the 1/17
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locus in pTh17 cells(Jain et al., 2016). In that study, in vivo differentiated pTh17 cells were shown
to have a small reduction in IL17A expression in the absence of Blimp1 but the expression IL17A
was not evaluated in Blimp1-deficient Foxp3* cells. In the same study Blimp1 was shown by ChlIP-
seq to be bound to different regions of the //17a/f locus, including the CNS7 region in pTh17 cells.
However, in our experiments side-by-side comparison of Blimp1 occupancy of the /77 locus in
nTreg and pTh17 cells by gPCR- ChIP detected significant binding of Blimp1 to the CNS7 (and
two other /117 locus regions) in nTreg but not in pTh17 cells (Fig. 2B). It is possible that these
conflicting results could be explained by technical differences (e.g. use of different antibodies,
different ChIP methodologies).

An alternative explanation could be that Blimp1 does have opposite functions in the same
locus in nTreg and pTh17 cells, functioning as a repressor in the former and as an activator in the
later. Previous studies indicate that Blimp1 function can be dose-dependent (Robertson et al.,
2007), and we find that that the amount of Blimp1 protein expression in pTh17 cells is significantly
lower than in nTreg (Bankoti et al., 2017). In addition, Blimp1 function could also depend on the
differential availability of co-factors in these cells types. This could also explain why enforced
expression of Blimp1 suppress the il17a/f locus in Treg but not in Th17 cells (Fig. 2 and (Salehi
et al., 2012).These possibilities remain to be investigated.

Overall, our results support the idea that Blimp1 is required to prevent the production of
Th17-associated cytokine in RORyt-expressing, microbiome-specific Foxp3*Treg cells, by a
mechanism that involves direct regulation of the //17a/f locus. In addition, our study provides
evidence that Foxp3*Treg cells that acquire the capability to produce inflammatory cytokines have
impaired suppressor function in vivo. Together these findings shed new light in to the mechanisms

regulating Treg cell phenotypic stability and function.
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Methods:

Mice: C57BL/6Prdm11o¥iox C57BL/6 Prdm1710¥loxC4-Cret gng Prgm1++CP4Cre*mice were previously
described (Crotty et al., 2010; Johnston et al., 2009). B6.SJL-*aPer35/BoyJ (CD45.1%), mice
expressing CRE recombinase and yellow fluorescent protein (YFP) under the control of Foxp3
promoter, Foxp3"FP-CRE (C57BL/6-Foxp3™* (YFFere)dy or Foxp3YFP-CRE) mice expressing GFP under
control of the IL17 regulatory region (C57BL/6-/117a""8°%"/J, or IL17A%C"P), mice expressing red
fluorescent protein (RFP) under control of the Foxp3 promoter (C57BL/6-Foxp3™'FV/J, or
Foxp3RFP), mice with “floxed” Rorc alleles B6(Cg)-Rorc™/J or Rorc™ %) and IL107 (B6.129P2-
1110™7¢97/J) mice were obtained from Jackson labs. Mice bearing a BAC transgene encoding YFP
under the control of Blimp1 regulatory elements (Blimp1YfPmice) in which YFP expression
faithfully reports Blimp1 mRNA expression (Johnston et al., 2009; Salehi et al., 2012) were

obtained from Eric Meffre (Yale University) and bread to Foxp3®" mice to generated

Blimp1YFPFoxp3RFF dual reporter mice. Foxp3RFP mice were also bred to ROR(yt)-GFP mice or
to IL17A°CP mice to generate Foxp3RFPIL17¢FP or Foxp3-RFP/RORYt-GFP dual reporter mice

or to C57BL/6Prdm1" X mice to generated Prdm11o/1oxFoxp3RFF mice. Foxp3YFP-CRE mice were
bred to C57BL/6Prdm1™"i°ox mice to generate mice with Treg-specific deletion of Blimp1
(Prdm 171X/ Foxp3YFP-CRE mice). Prdm17°¢1X/Foxp3YFP-CRE mice were then bred to Rorc™1°* mice
to generate mice with Treg-specific double deficiency of Blimp1 and Roryt. IL10” mice were bred
with Foxp3°7* to generate IL10KOFoxp3¢*. All mice were bred and maintained in the CSMC SPF

animal barrier facility and handled in accordance with the institutional guidelines.

Antibodies and reagents: The following antibodies (all from Biolegend, San Diego, CA) were
used for cell surface or intracellular staining: Alexa Fluor (AF) 700-conjugated anti-TCRf (clone
H57-597), APC-Cy7 or Pacific Blue (PB)-conjugated anti-CD4 (clone RM4-5), PB-, APC-Cy7 or
APC-conjugated anti-CD44 (clone IM7), AF700-conjugated anti-ICOS (clone C398.4), APC or

19



462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

PE-conjugated anti-IL17A (TC11-18H10.1), and APC-conjugated anti-IFNy (clone XMG1.2).
APC-conjugated anti-CD25 (clone PC61), PE and APC-conjugated anti-Foxp3 (clone FJK-16s)
eFluor 450-conjugated anti Helios (22F6), PE-conjugated anti IL10 (JES5-16E3), PE-conjugated
anti IRF4 (3E4), eFluor 450-conjugated anti-CD103 (clone 2E7), and PE-conjugated anti-RORyt
(clone AFKJS-9) from eBiosicences, Inc. (San Diego, CA). BV786 or BV421-conjugated anti
RORgt (Q31-378), BUV395-conjugated anti Gata3 (L50-823) and BV510-conjugated anti IL10
(JES5-16E3) from BD Biosciences (San Jose, CA). Rabbit anti-GFP antibody (catalog 600-402-
215 Rockland Immunochemicals, Gilbertsville, PA) was used to stain Blimp1Y® and Foxp3¢"
reporter cells when intracellular staining for Foxp3 was performed. Foxp3 staining was done
using eBioscience Foxp3 staining kit (catalog 42-1403) or BioLegend’s FOXP3 Fix/Perm Buffer
Set (catalog 421403). Samples were acquired on a LSRII analyzer and FACSymphony (BD

Biosciences).FACS data was analyzed with FlowJo software (Treestar, Ashland OR).

Antibiotic treatment: Mice were treated for 6 wks with a cocktail of the following antibiotics in
their drinking water: 1mg/ml vancomycin (Gold Biotechnology, St. Louis, MO), 0.5mg/ml
metronidazole (Sigma-Aldrich, St. Louis, MO), 1mg/ml neomycin (Gold Biotechnology), 1mg/ml
ampicillin (Sigma-Aldrich), 0.5mg/ml Fluconazole (Sigma-Aldric) and 1.5% glucose (Sigma-

Aldric).

Cytokine production measurement: Cytokine production was measured in the supernatant of
cell culture using eBioscience kits (IL10; IL17A) per the manufacturer instructions. Cytokine-
expressing cells were detected by intracellular staining and flow cytometry analysis. For
Intracellular cytokine staining, single cell suspension from peripheral organs were stimulated
with plate-bound anti-CD3 (5 pug/ml; BioXcell, West Lebanon, NH) and anti-CD28 (2.5 ug/ml;

BioXcell) for 24 hrs or with PMA (2 ng/ml; Sigma-Aldrich) and lonomycin (0.2 ng/ml; Sigma-
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Aldrich) for 4 hrs. Brefeldin A (Sigma-Aldrich) was added in the last 6 or 2 hrs of incubation,
respectively. Cells were collected, surface stained and fixed with 4% paraformaldehyde followed

by staining of cytokines.

In vitro T helper 17 differentiation: Blimp1-deficient Th17 cells used for retroviral transduction
were stimulated as previously described (Salehi et al., 2012). pTh17 cells used for ChiP assays
were generated as previously described (Jain et al., 2016). To generated IL17%* Th17 cells used
in the adoptive transfer colitis experiments, naive (CD62L"9"CD44*"Foxp3R"-) were sorted from
IL-17A°CF? Foxp3RFP double report mice and cultured with irradiated antigen presenting cells (1:4
ratio), in the presence of soluble anti-CD3 mAb (2C11, 1 ug/mL), rMulL6 (20 ng ml), rMulL23 (50
ng/mL) and rHUTGFB1 (0.25 ng/mL) along with neutralizing antibodies for IFN-y (XMG1.2 clone,
10 yg/mL) and IL4 (11B11 clone, 10 ug ml). All antibodies and cytokines obtained from Biolegend.
After 5 days of in vitro culture, pTH17 (CD4" IL-17°CFP* Foxp3R~FP~) were FACS sorted for injection

into Rag1™" mice.

Adoptive transfer-induced colitis: LNs and spleen were pooled from Blimp1-deficient
Foxp3RFP IL17ACSFP reporter mice. CD4*Foxp3RFP*IL17ACFP- (SP) and CD4*Foxp3RFF* IL17ASHP+
(DP) cells were sorted and co-injected (1x10°, i.v.) into C57BL/6 RAG1~~ mice along with
CD45RB"CD4*T cells (1x105) sorted from CD45.1 mice. In some experiments,
CD4*'Foxp3RFP*IL17ACS™ or IL17ACS™P* cells or in vitro differentiated wild type IL17°F"*Th17 cells
(5x10* cells/mouse, i.p. generated as described above) were transferred in the absence of naive
cells. For all experiments, recipient mice were weighed weekly. At 4-8 weeks post-transfer, mice
were sacrificed and colons were removed for histological analysis. Histology samples were
stained with H&E and scored as previously described (Read and Powrie, 2001), by a pathologist

in a blinded fashion.
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In vitro Treg culture: CD4*CD25*Foxp3°™* cells sorted from Blimp1-sufficient or deficient
Foxp3° reporter mice and cultured with plate coated anti-CD3 (5 pug/ml) and anti-CD28 (2.5
pg/ml) in the presence of rMulL-2 (100 U/ml) and TGFB (2 ng/ml) or rMulL-6 (10ng/ml) plus
rMulL1B (20 ng/ml) plus rMulL23 (50 ng/ml) (all cytokines from Biolegend). Cells were cultured

for 3.5 days and then re-stimulated with PMA and lonomycin for 4 hrs before analysis.

Retroviral transduction: The cording sequence of Prdm1 was cloned into the MSCV MigR1
retroviral vector. CD4*Foxp3~* Treg and CD4*Foxp3~™CD44'"° naive T cells were sorted from
Blimp1-deficient Foxp3RF” mice and activated using plate-bound anti-CD3 (5 pg/ml) and anti-
CD28 (2.5 ug/ml) antibodies supplemented with 100 U/ml rhiL2 (Roche) for Treg cells or with
rMulL1pB (20 ng/ml; Biolegend), rMulL23 (50 ng/ml; Biolegend), rMulL6 (10 ng/ml, Biolegend), and
rHUTGF-B1 (5 ng/ml; Biolegend) for Th17 cells. After 32 h of activation, cells were resuspended
in retrovirus-containing supernatants supplemented with 8 g/ml polybrene (Sigma-Aldrich) and
rhiL2 (50 U/ml) for Treg cells or IL23 (50 ng/ml) for naive T cells, followed by centrifugation (7500
rpm) for 90 min at 25°C. Viral supernatant was removed and cells were re-cultured for 48 h in the
presence of rhiL-2 (200 U/ml) and rhTGF-1 (10 pg/ml) for Treg cells or with media containing

IL1B, IL6 and TGFp (as described above) for Th17 cells.

Chromatin Immunoprecipitation: CD4*Foxp3° T cells were sort-purified from LN and SP
from Control and Blimp1CKO Foxp3°" mice and stimulated with PMA and ionomycin before
crosslinking by fixation with 1.1 % paraformaldehyde for (10 min, RT). Sonicated chromatins
from 1-2x108 cells were subjected to ChIP using ChIP-IT High Sensitivity kit (Active motif,
Carlsbad, CA). Chromatin was incubated O/N at 4°C with 5 ul of rabbit anti-Blimp1 polyclonal
antibody (clone 267, recognizing the C terminal of Blimp1), 5 ul of pre-immune serum, 0.8 ug of
anti-histone H3 (tri methyl K4) antibody (ab8580; Abcam, Cambridge, MA), 0.8 ug of anti-

histone H3 (tri methyl K27) antibody (07-449; Millipore, Billerica, MA), 2.5 ug of anti-RORy
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antibody (sc-28559; Santa Cruz Biotechnology, Dallas, TX), 2.5 ug of anti-IRF-4 antibody (sc-
6059; Santa Cruz Biotechnology), 2.5 ug of anti-p300 antibody (sc-585; Santa Cruz
Biotechnology) or 0.8 ng/2.5 pug of normal rabbit IgG (sc-2027; Santa Cruz Biotechnology), after
which protein G Agarose beads were added, followed by incubation at 4°C O/N. gRT-PCR was
performed in DNA recovered from IP and input samples [primers sequences in Supplementary
Table | and (Salehi et al., 2012)Analysis of sequence homology and identification of putative
Blimp1, Rorc previously confirmed binding sites, RORE consensus sites and IRF4 binding sites

were performed using rVista 2.0 software. Genomic sequences were obtained from Ensembl.

Luciferase reporter assays: A 2 kb fragment containing the //17a promoter was cloned into the
PGL4.10 luciferase reporter plasmid (Promega, Madison, WI), with or without the CNS7 region.
Full length wild type Blimp1 (Blimp-Full) or a DNA-binding-lacking construct (Blimp-AZF) was
clone into pcDNA3.1(+) expression vector (Invitrogen, Waltham, MA). All primers used for
cloning are listed in Table Sll. EL4 T cells (5%10°) were transfected with luciferase reporter
plasmids (5 (1g), Blimp1-expression plasmids (5 ug) and phRL-TK (2 ug) (Promega) as internal
control plasmid. Transfections were performed with BTX ECM830 Square Wave Electroporation
System (Harvard Apparatus, Holliston, MA). Total DNA amount was adjusted with the empty
pcDNA3.1(+) vector. Transfected cells were incubated 18 h, and then stimulated, lysed and

luciferase activity measured with a dual luciferase assay system (Promega).

siRNA-mediated IRF4 knock down: CD4*Foxp3°* cells were sorted from Blimp-1-sufficient
or deficient -Foxp3°* reporter mice. A mixture of three different IRF-4 specific siRNAs (100
pmol of each siRNA) (Integrated DNA Technologies, San Diego, CA) or scrambled control (SC)

siRNA (300 pmol) (Thermo Fisher Scientific, Waltham, MA) were transfected into
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CD4*Foxp3°FF* cells (2x108) by using 4D-Nucleofector System (Lonza, Basel, Switzerland) or
Neon Transfection system (Thermo Fisher Scientific). Transfected cells were cultured with
plate-boundanti-CD3 and anti-CD28. After 18 h post-transfection, cells are collected and mRNA
expression measured by gqRTPCR. Sequences for IRF4 specific siRNAs are as previously

described (Staudt et al., 2010).

Real-time quantitative PCR (qQRT-PCR): For some experiments cells were directly FACS-sorted
into RLT buffer (Qiagen) supplemented with 32-mercaptoethanol. Total mMRNA was isolated using
RNAeasy kits (Quiagen) and reverse transcribed as previously described (Salehi et al., 2012).
SYBR Green incorporation gqRT- PCR was performed using FastStart SYBR Green Master mix
(Roche) in the Realplex? Mastercycler machine (Eppendorf). For some experiments in which cell
yeled was very low, Linear amplification of mRNA was performed using the MessageBooster
cDNA kit (Epicentre). Primers sequences for //17a, RORC, and BATF are as previously described

(Salehi et al., 2012). All other expression primers sequences are listed in Table Sl.

Statistics: Statistical significance was calculated by one-way ANOVA, unpaired two-tailed
Student's t-tests (JMP software; SAS Institute). p<0.05 was considered significant. p values

denoted in figures as follows: *, p< 0.05; **,p<0.01;%x*%,p<0.001.

Author Contribution: G.A.M. and C.O. designed all experiments. C.0., G.A.M., R.B., C.O and
N.H. did all experiments, collected and analyzed all data with assistance from T.N. and M.C. R.P.

assisted with antibiotic treatment experiment; X.F. and D.D. performed all histological analysis.
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Figure legends:

Figure 1: Blimp1 is preferentially expressed in microbiome specific RORyt'Foxp3*Treg

cells and it is required to repress IL17A expression.

(A) Blimp1YF? expression in RORyt*Helios™ (purple) and RORytHelios* (black) Foxp3* Treg
subsets cells (FACS plot, left and histograms, middle) and frequency of RORyt* cells in
Foxp3*Blimp1""* and Foxp3*Blimp1"™ cells (bar graph, right) in the large intestines lamina
propria (LI-LP) and mesenteric lymph nodes (MLN) from Blimp1YF" reporter mice.

(B) Prdm1 (Blimp1) mRNA expression (QPCR) in Foxp3*RORyt* and Foxp3*RORyt cells sorted
from the lamina propria of the small intestine from RORyt®""Foxp3RFF dual reporter mice. Data
shown is expression of Prdm1 mRNA relative to the mean of two housekeeping genes of indicated
populations form two independent experiments.

(C) IL17A expression in splenic CD4*Foxp3"RORyt* cells from Prdm1**Foxp3°REYFP* and
Prdm1FFFoxp3°REYFP* mice (FACS plot, left and cumulative bar graph, right).

(D) IL17A expression in CD4*Foxp3*RORyt*IRF4* cells (top plots; bar color indicate intensity of
IL17 expression); and representative histograms showing expression of RORyt (top left) or IRF4
(bottom left) in Blimp1-sufficient (blue) or sufficient (red) Foxp3* cells. Bar graphs (right side) show
average MFI of RORyt (top right) or IRF4 (bottom right) in Blimp1-sufficient or sufficient Foxp3*
cells.

(E) IL17A (top) and IL10 (middle) expression in Blimp1-sufficient (CRE") and Blimp1-deficient
(CRE") TCRB*CD4*Foxp3* cells from the same mice (PRDM1FFFoxp3°REYFP* female mice).
Representative FACS plots showing gating of CRE* and CRE cells in the MLN (top) and Spleen
(SP; bottom) and bar graphs showing frequency of IL17A* (left) and IL10™ (right) cells.
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(F) Expression of Prdm1, ll17a, Rorc and Foxp3 mRNA (gRT-PCR, relative to f2microglobulin)

in CD4+Foxp3+ cells sorted from Prdm1F/F and Prdm1+/+Foxp3CREYFP+ mice and re-stimulated in
vitro.
(G) Expression of IL17A in TCRB"CD4"Fxop3" cells from the MLN from antibiotic treated (VNAM)

or non-treated (NT) Prdm1FFCD4°RE* mice.

Data is representative of at least two independent experiments; bars show average and error
bars, SEM (n = 3, per group); each symbol represents one mouse. *p<0.05 and **p<0.01,
unpaired student’s t test (A, C, D, F and G), paired student’s t test (E).

Figure 2: Binding of Blimp1 to the /117a/ll17f locus in Foxp3®* Treg cells is associated with
decreased locus accessibility.

(A) Representative FACS plots (top) and bar graph showing IL17A expression in gated GFP*
Blimp1-deficient Foxp3* Treg cells transduced with MIG-R1 or Blimp1-expressing MIG-R1
retrovirus (MIG-R1Blimp1) (plots) and Blimp1-deficient in vitro-differentiated Th17 cells (bar
graphs).

(B) ChIP assays in CD4+Foxp36FP+ Treg cells (sorted from Blimp1-sufficient Foxp3°F* reporter
mice) and in vitro differentiated pTh17 cells showing binding of Blimp1 to different regions of the
I117a/l117f locus. NG, negative control (non-relate gene lacking Blimp1 binding sites); NR, non-
relate region in the /117a/ll17f locus lacking Blimp1 binding sites. Top schematic illustrates the
location of sites evaluated in B-D. //17a and //17f genes are represented by arrows indicating the
transcription direction; promoter regions, black ovals and CNS regions grey ovals.

(C) ChIP assays showing enrichment of H3K4me3 (black bars) and H3K27me3 (grey bars) at

different regions of the /117a/ll17f locus in blimp1-suffcient (Control; Ctrl) or Blimp1-deficient

(CKO) CD4+Foxp3GFP+Treg cells (empty bars show results from Ctrl antibody IP).
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(D) ChIP assays showing enrichment of p300 at the //77a promoter and //17 CNS7 regions in

CD4+Foxp36FP+Treg cells sorted from Ctrl and CKO mice and in wild type pTh17 cells.

(E) Representation of promoter constructs (top) and luciferase activity assay (bottom) showing
increased activity of the //177a promoter in the presence of the CNS7 region containing a Blimp1
binding site and its inhibition by co-transfection of full length but not truncated Blimp1 constructs.
Striped bars, control plasmid; black bars, Blimp1-full length; grey bars, truncated Blimp1, lacking
the zinc finger-containing region.

Data shown is from two (A) or three independent experiments (B-E); error bars, SEM (n = 3, per

group). *p<0.05 and **p<0.01, one-way ANOVA.
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Figure 3: Increased binding of IRF4 at the //717 locus and IRF4 requirement for IL17A

production in Blimp1-deficient Foxp3+Treg cells.
(A) Schematic representation (upper) of the l/17alll17f locus indicating RORyt and IRF4 binding

sites evaluated in ChIP assays (shown in A and C), and RORyt ChIP assay (lower) in Blimp1-

sufficient or deficient CD4+Foxp3GFP+Treg cells compared to in vitro differentiated wild type
pTh17 cells.

(B) IL17A expression (top FACS plots and bar graph) in TCRB"CD4*Foxp3*Treg cells from the
MLN from Prdm1**Rorc**Foxp3°REYFP* (Control, Ctrl), Prdm17FRorc**Foxp3°REYFP* (KO) and
Prdm1FFRorc"FFoxp3CREYFP* mice and expression of Foxp3, Prdm1, Rorc and /l17a mRNA
(gRT-PCR, relative to 2microglobulin) (bottom graphs) in sorted and in vitro stimulated (PMA
and ionomycin for 4hr) CD4*Foxp3°REYFP* cells.

(C) ChIP assay showing binding of IRF4 at the /l17a/ll17f CNS7 and //10 Intron | regions in

Blimp1-sufficient and deficient CD4+Foxp3GFP+Treg cells compared to in vitro differentiated wild
type pTh17 cells.
(D) Evaluation of IRF4, I117a and /10 mRNA expression following IRF4 knockdown. Expression

levels (relative to f2Microglobulin) were determined by qRT-PCR using total RNA from Ctrl and

CKO Foxp3+Treg cells 18 h after transfection with IRF4 siRNA or negative control (SC) siRNA.
(N=1mice/group; data shown is from one experiment; similar results were obtained in two

additional independent experiments).

Data shown in A-C is representative from at least two independent experiments. Error bars,

SEM (n = 3, per group). *p<0.05 and **p<0.01, one-way ANOVA.
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Figure 4: IL17A-producing Blimp1-deficient Foxp3*Treg cells fail to suppress intestinal

inflammation.

(A) Body weight of Rag” mice adoptively transferred with allotype-marked (CD45.1) naive
(CD45RB") CD4"T cells alone or in combination with Blimp-1-deficient IL17A-producing

(IL17*Treg) or non-producing (IL17A Treg) Foxp3* Treg cells.

(B) Colon length in mice shown in (A) and analyzed 8 weeks’ post adoptive cell transfer.

(C) Colon histological sections (Hematoxylin-eosin-stained; 10x magnification) from mice shown

in A-B, 8 weeks after cell transfer.

(D) Frequency (FACS plots, left) of IL17°FP* cells in CD45.1* Treg cells and absolute numbers
(bar graphs, right) of naive CD4*T cells (CD45.1" cells) recovered from the colonic lamina

propria from mice show in A-C.

(E) Frequency cumulative of IL17ACSP* cells in Treg cells recovered from the LI-LP, MLN and

SP from mice show in A-D.

(F) IL17A expression (ELISA) in the supernatants of total LI-LP cells stimulated with PMA and

ionomycin for 4hr.

Data shown is from one experiment. Error bars, SEM (N=3-4 mice/ group). *p<0.05 and

**p<0.01, one-way ANOVA (A, B, D and F) and unpaired student’s t test (E).
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Supplementary Table I. Primers sequences used for gene expression analysis.

Gene/Site Primer Sequence (5’-3’)
B2M FWR GCTCGCGCTACTCTCTCTTT
B2M REV TCTGAATGCTCCACTTTTTCAA
PRDM1 FWR TTGAGATTGCTTGTGCTGCT
PRDM1 REV TCTCCAACCTGAAGGTCCAC
1110 FWR AGCTGGACAACATACTGC
1110 REV CTTGTAGACACCTTGGGTC
IM7f FWR CAAAACCAGGGCATTTCTGT
1117f REV ATGGTGCTGTCTTCCTGACC
SOCS2 FWR TACCGGTACGATCTGGGGACTGC
SOCS2 REV AGGGCCTCTGGGTTCTCTTTC
CCR5 FWR CATCCGTTCCCCCTACAAGA
CCR5REV GGAACTGACCCTTGAAAATCCA
IRF4 FWR GCCCAACAAGCTAGAAAG
IRF4 REV TCTCTGAGGGTCTGGAAACT
Foxp3 FWR CAGCTGCAGCTGCCTACA
Foxp3 REV GATCCCAGGTGGCAGGC

Supplementary Table Il. Primers sequences used for ChlP.

Gene/Site Primer Sequence (5’-3’)
SNAILNG FWR ATTGCCGTCCCAGAGAAGGAT
SNAIL/NG REV TACACAGATATGGCCATTTGCC

I117a/l117f CNS2 FWR TGTGGTTGTCTAAGCCATGC
I117a/ll17f CNS2 REV CAGCAACTGACTGGGTTTCA
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1117a-3.3 Kb FWR

GCCTCCCATGTGGTCATTAT

I117a-3.3 Kb REV AGGCTCCTTCTCCATTGGTT
I117a intron | FWR CTCATCACAATGAGTTTGTCA
I117a intron | REV AGGCTCAGCAGCAGCAAC
I117a/l117f CNS7 FWR CTGAGTTGGGGGCTGTGTAT
I117a/ll17f CNS7 REV CATATCGAGGGTGTCGGACT
I117a Promoter FWR GTAGTCTCCACCCGGCAGT
I117a Promoter REV TTTGAGGTTCGGTATCAAGC
I117a/f NR FWR ACCCCAGATCCAAGGAGACT
I117a/f NR REV CCTAAGCATGCACCTGTGTG
Rorc-1 FWR CACAGCGTGTGGTTTGGTTT
Rorc-1 REV GCGCATGCAAATTCTTTGAC
Rorc-2 FWR TATCGGTCCACCTCATGCTG
Rorc-2 REV ACTGCCGGGTGGAGACTACT
Rorc-3 FWR ATGGCTGCTTCTTCCCTCAG
Rorc-3 REV CCTTTGATTCCCCTTCAGGA
Rorc-5 FWR CTTTCTTTCATCTGTTTGAGATAGG
Rorc-5 REV CCAGGCAGCTGATGAAGATA
Rorc-6 FWR TTGTTGCTGCTTGGGTATGC
Rorc-6 REV TGCTTTAAGGGCCACCATTT

1110 Inrton | FWR

GCAAAAATAGCTCTCCTTCTCC

/110 Intron | REV

GGATGTGCCTGGGTTTAGTT

Supplementary Table Ill. Primers sequences used for cloning.
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Primer name Primer Sequence (5-3)
Il17apro-F ACATAGCTCGAGAACAGACAGCCACATACCAAA
I117apro-R CAGTCTAAGCTTGTGGATGAAGAGTAGTGCTCCT
I117CNS7-F ACATAGGGTACCTATAGCCTGCAGCCCTGCA
II17CNS7-R CAGTCTGAGCTCGGTGTCGGACTTTACATTAGCAGAC
Blimp-F ACATAGGAATTCATGAGAGAGGCTTATCTCAGATGTTG
Blimp-R ACATAGCTCGAGTTAAGGATCCATCGGTTCAACTG

Blimp-ZFdel-R

ACATAGCTCGAGTTACTGTTTCTTCAGAGGGTAAGGAAGAG
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Figure 2

GFP* Treg cells
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Figure 3

A

Rorc1

—_

10

O SC siRNA
B IRF4 siRNA

|

0 RORyt ChIP O
Sg LI CKO
£ B Th17
e
S6
5
o4
o
- Iﬂﬂ f |ﬂﬁ|
i B an
Rorc1 Rocm RorcS RorcS RorcG
B
TCRp*CD4*Foxp3*
Ctrl
»+]0.698% 5.
<]
N
¥ @
Foxp3 T en T Ctrl KO DKO
Foxp3 Prdm1 Rorc I17a
c
S NS
@ 9000 0,3 1 0,4 - 617 x _x
S
& 6000 0.2 - 0.3 - 4 -
2 0,2 -
T 3000 - 01 - 2 1
4 ’ 0,1
) 0 - 0 - 0 -
Prdm1 ++ FIF FIF +/+ FIF FIF +/+ FIF FIF +/+ FIF FIF
Rorc +/+ +/+ FIF +/+ +/+ FIF +/+ +/+ FIF +/+ +/+ FIF
D
18 4 'RF4ChIP Ol Gt Irf4 I17a
CJCKO
£15 1 WTh17 5 0.06) _ 0081
£ 12 - * @ 0.003{
S £ 0.04 0.04]
= 4 a .U4 .
£ 9 % 0.002]
i ()]
30 2 0.021 0.004 0.02]
L 3 I %
no- U omz- | g ¢ ¢ 8 ¢ ¢
Intron| CNS7 o O o 0O

Ctrl

CKO
CKO



Figure 4
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Supplemental Figure 1
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Supplemental Figure 1: Blimp1 expression in RORyt*Foxp3*Treg cells. (A) Prdm1 and
Rorc mRNA expression (QRT-PCR, relative to p2microglobulin) in CD4*Foxp3RFP*Blimp1 Y-
and CD4*Foxp3RFP*Blimp1YFP* cells sorted from Blimp1Y*Foxp3RFP dual reporter mice. (B)
Bcl6 mRNA expression (QRT-PCR) in same cells shown in Fig. 1B. (C) Frequency of RORyt*
and GATA3* cells in CD4*Foxp3CREYFP* cells from the mesenteric lymph nodes from
Prdm1**Foxp3CREYFP+ or Prdm1FFFoxp3CREYFP* mice. Data shown is from at least two
independent experiments. Bars show average and error bars, SEM (N = 3 mice/group).
*p<0.05 and **p<0.01, unpaired student’s t test.
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Supplemental Figure 2: Requirement of Blimp1 to suppress IL17 expression in
Foxp3*RORyt*Treg cells. (A) Representative Facs plots (left) and cumulative data
(graphs, right) showing the frequency of IL17A* cells in CD4*Foxp3*RORyt* cells from the
mesenteric lymph nodes (MLN), colonic intestinal lamina propria (LI-LP) and lungs (LNG)
from Ctrl or Prdm1FFCD4CRE* (CKO) mice. Cells were stimulated by PMA and ionomycin
for 4 h with addition of Brefeldin A for the last 2 h before intracellular cytokine staining. (B)
Expression of IL17A and IL17F in CD4*Foxp3*RORyt* cells from the MLN of Ctrl and
Prdm1FFCD4CRE*Foxp3CFP (CKO) mice. Cells were stimulated as in (A) before staining.
(C) Expression of IL17A and Foxp3 protein in cells from the MLN of Ctrl or
Prdm1F/FCD4CRE* (CKO) mice. Cells were stimulated as in (A) before staining. (D) IL17A
and IL10 expression (ELISA) in supernatants of CD4*Foxp3C¢FP* cells sort purified from
Ctrl or Prdm1FFCDA4CRE*Foxp3CFP mice and stimulated with anti-CD3 and CD28 for 18 h.
(E) If4 and Rorc mRNA expression (qRT-PCR, relative to B2microglobulin) in
CD4*Foxp3CFP* cells sorted from Ctrl and Prdm1FFCD4CRE*Foxp3CFP (CKO) mice. (F)
I117a and /117f mMRNA expression (QRT-PCR) in CD4*Foxp3C¢FP* cells sorted from SP and
MLN from Ctrl and Prdm1FFCD4CRE*Foxp3CFP (CKO) mice and stimulated in vitro with
anti-CD3 and CD28 for 24 h. Data shown is from at least two independent experiments.
Bars show average and error bars, SEM (N = 3 mice/group). *p<0.05 and ***p<0.001,
unpaired student’s t test.



Supplemental Figure 3
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Supplemental Figure 3: increased expression of effector molecules in IL17 producing
Blimp1-deficient RORyt* Treg cells. Left panel: (A) Representative FACS plots of IL17ACFP
and effector molecules (CD44, ICOS and CD103) expression in CD4*Foxp3RFP*Treg cells from
the spleen from Prdm1FFCD4CRE*Foxp3RFPIL17ACFP mice. (B) Cumulative expression data (MFI
and frequency) of same molecules as in A, in IL17A%FP* and IL17ACFP- CD4*Foxp3RFP*Treg cells.
Bars (B) show average and error bars, SEM (N = 3 mice). *p<0.05 and **p<0.01, paired
student’s t test.
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Supplemental Figure 4: Expression of IL17 by Blimp1-deficient Foxp3* Treg cells is not
secondary to impaired IL10 expression. (A) FACS plots (left) showing expression of IL17A and
Foxp3©FP in sorted CD4*Foxp3CP* cells from Prdm1**CDA4CRE* (Ctrl) and Prdm11FFCD4CRE*
(CKO) mice. Sorted cells were in the presence of IL2 and TGFp, (regulatory conditions; top plots),
or IL6, IL1b and IL23 (inflammatory conditions; bottom plots) or inflammatory condition plus
rMulL10 for 5 days and then re-stimulated for 6 hours (anti-CD3 and CD28). Bar graph (right)
shows frequency of IL17A* cells in CD4*Foxp3CFP* cells. Numbers in bold in FACS plots are MFI
of IL17A staining. (B) Rorc mRNA expression (QRT-PCR, relative to f2microglobulin) in same
cells shown in (A). (C) FACS plots (left) and scatter plots (right) showing expression of IL17A and
IL10 in splenic CD4*Foxp3CFP* cells from Blimp1-suffcient (Ctrl), Blimp1-deficient (CKO) and
Blimp1-sufficient 11107~ mice (IL107-). Data shown is representative from at least two independent
experiments. Bars show average and error bars, SEM (N = 3 mice/group). *p<0.05, **p<0.01,
unpaired student’s t test (A and B), one-way ANOVA (C).
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Supplemental Figure 5: Expression of Treg effector molecules does not segregate with
IL17A expression in Blimp1-deficient Foxp3* Treg cells. (A) FACS plots showing gating
strategy for sorting of IL17AGFP* and IL17AGFPCD4*Foxp3RFP* cells from
Prdm1F/FCD4CRE*Foxp3RFPIL17ACFP mice. (B) IL10 expression in Blimp1-sufficient (CRE-) and
Blimp1-deficient (CRE+ ) in IL17ACSFP*and IL17ACFP- Foxp3* Treg cells from Prdm1F/F Foxp3CRE*
female mice. (C) Expression (median intensity fluorescence, MFI) of ICOS and CTLA-4 in the
same cells shown in (B). (D) Expression (MFI, left and frequency, right) of GITR in Blimp1-
sufficient, and Blimp1-deficient Foxp3*IL17A* and Foxp3*IL17A- cells from Prdm1F/FCDA4CRE+
mice. Bars show average and error bars, SEM (N = 3 mice/group). ***p<0.001, one-way
ANOVA (B and C).
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Supplemental figure 6: IL17A-producing Blimp1-deficient Foxp3*Treg cells are not sufficient to
cause intestinal inflammation.

(A) Body weight of Rag”- mice adoptively transferred with in vitro differentiate wild type Th17 cells (Th17),
Blimp-1-deficient IL17A-producing (IL17*Treg) or non-producing (IL17A-Treg) Foxp3* Treg cells.

(B) Colon length in mice shown in (A) and analyzed 4 weeks’ post adoptive cell transfer.

(C) Colon histological scores from mice shown in A-B, 4 weeks after cell transfer.

Data shown is from one experiment. Error bars, SEM (N=2-6mice/ group). *p<0.05 and **p<0.01, one-way
ANOVA (A, B, D and F) and unpaired student’s t test (E). Similar data was obtained on a separated
experiment.



Supplemental Figure 7
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Supplemental Figure 7: A model for Blimp1-mediate repression of the //77a/f locus in Foxp3* Treg
cells. Constitutive expression of Blimp1 in effector Foxp3* Treg cells is likely induced downstream of
Foxp3 and/or IL2 signaling. Binding of Blimp1 to the CNS7 region of the //17a/f locus prevents binding of
IRF4 and thus impedes RORyt-mediate transcription of /17 (left). Lack of Blimp1 (right) results in
increased locus accessibility, associated with decreased amounts of H3K27me3, and increased levels of

H3K4me3 and p300 binding to the locus. The increased locus accessibility would favor IRF4 binding,
which in turn facilitates //77 transcription by RORyt.



