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BCL6 corepressor contributes to Th17 cell formation
by inhibiting Th17 fate suppressors

Jessica A. Kotov'@®, Dmitri I. Kotov!®, Jonathan L. Linehan’@®, Vivian ). Bardwell?, Micah D. Gearhart*®, and Marc K. Jenkins'@®

CD4* T helper 17 (Th17) cells protect vertebrate hosts from extracellular pathogens at mucosal surfaces. Th17 cells form from
naive precursors when signals from the T cell antigen receptor (TCR) and certain cytokine receptors induce the expression of
the RORyt transcription factor, which activates a set of Th17-specific genes. Using T cell-specific loss-of-function
experiments, we find that two components of the Polycomb repressive complex 1.1 (PRC1.1), BCL6 corepressor (BCOR) and
KDM2B, which helps target the complex to unmethylated CpG DNA islands, are required for optimal Th17 cell formation in mice
after Streptococcus pyogenes infection. Genome-wide expression and BCOR chromatin immunoprecipitation studies revealed
that BCOR directly represses Lefl, Runx2, and Dusp4, whose products inhibit Th17 differentiation. Together, the results
suggest that the PRC1.1 components BCOR and KDM2B work together to enhance Th17 cell formation by repressing Th17 fate

suppressors.

Introduction

CD4* T cells participate in host immunity by using TCRs to
recognize MHCII-bound microbial peptides on host cells. TCR
signaling causes naive CD4* T cells to proliferate and differ-
entiate into specialized T helper 1 (Th1), Th2, Th9, Thi7, T
follicular helper (Tfh), or induced regulatory T (T reg) cells
depending on signals from cytokine receptors. Th17 cells are
generated from naive precursors that proliferate in the con-
text of signals from receptors for innate immune system cy-
tokines IL-6 and TGF-p (Bettelli et al., 2006; Veldhoen et al.,
2006). These receptors activate the transcription factors
STAT3 and SMAD3 (Zhong et al., 1994; Derynck and Zhang,
2003), which activate transcription of Rorc, the gene encoding
RORyt, the master transcription factor for Thi7 cells (Ivanov
et al., 2006). RORyt binds to the promoters of Thl7-specific
genes such as IlI7a, I117f, 1122, and Ccré and stimulates their
expression (Skepner et al., 2014; Xiao et al., 2014). CCRé6 di-
rects Thi7 cells to effector mucosal sites (Sinclair et al., 2008;
Yamazaki et al., 2008), where they secrete cytokines, in-
cluding IL-17A, IL-17F, and IL-22. These cytokines act on other
immune cells, including neutrophils, to promote clearance of
extracellular bacteria, such as Streptococcus pyogenes (Sp),
Klebsiella pneumoniae, and Bordetella pertussis (Higgins et al.,
2006; Liang et al., 2006, 2007; Aujla et al., 2008; Dileepan
et al., 2011; Fan et al., 2014).

Repression of genes that dictate other fates is another im-
portant component of Th differentiation. For example, RORyt
promotes Th17 differentiation by inhibiting expression of Tbx21
and Foxp3 (Xiao et al., 2014; Fang and Zhu, 2017), which encode
proteins that promote Thl or T reg cell formation, respectively
(Szabo et al., 2000; Fontenot et al., 2005). Similarly, the tran-
scription factor BCL6 promotes the Tth fate by repressing Thx21
and Rorc to suppress the Thl and Thi7 fates, respectively (Yu
et al.,, 2009). Previous work from our laboratory and others
suggests that BCL6 represses genes and promotes the germinal
center subset of Tfh cells by recruiting the BCL6 corepressor
(BCOR), a component of a variant Polycomb repressive complex
1.1 (PRCLI; Nance et al., 2015; Yang et al., 2015). BCOR-mediated
repression is required for orchestrating many aspects of cellular
differentiation (Ng et al., 2004; Wamstad et al., 2008), and al-
though originally named for its interaction with BCL6 (Huynh
et al., 2000), BCOR can be recruited independently of BCL6 by
other components of PRC1.1 such as KDM2B (Farcas et al., 2012;
Wang et al., 2018).

Here, we show that BCOR-mediated repression also facili-
tates the formation of Thi7 cells. We found that the loss of BCOR
or KDM2B, but not BCL6, led to a reduction in the formation of
Th17 cells after Sp infection. Chromatin immunoprecipitation
sequencing (ChIP-seq) and RNA expression analysis revealed
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that BCOR was bound to and repressed the Lefl, runt-related
transcription factor 2 (Runx2), and dual-specificity phospha-
tase 4 (Dusp4) genes, which encoded proteins that suppress the
Th17 cell fate, thereby enhancing Th17 development.

Results

BCOR is required for optimal Th17 differentiation after

Sp infection

We previously found that T cell BCOR mutant mice produce
fewer of the germinal center subset of Tfh cells and more Thl
cells than WT T cells during an immune response to Listeria
monocytogenes (Yang et al., 2015). We compared T cell responses
of WT and BCOR mutant T cells to a Th17-inducing pathogen to
determine whether BCOR also influences Th17 differentiation.
As in our previous study (Yang et al., 2015), we used a Bcor
conditional allele, Beorfl, with Lck-cre to mutate Beor in T cells.
Cre-mediated deletion of this allele removes exons 9 and 10 and
results in a premature stop codon. The resulting truncated
protein product, if stable, is incapable of incorporation into
PRCL.1. We refer to Beor/f:Lck-cre mice as “BCOR deficient”
throughout the paper.

We used Sp infection to generate a robust Thl7 response
(Dileepan et al., 2011; Ruiz-Romeu et al., 2016). Our studies relied
on an engineered Sp strain expressing a model antigenic peptide
called 2W (Sp-2W; Rees et al., 1999; Dileepan et al., 2011). Both
WT and BCOR-deficient mice are on a C57BL/6 (B6) background
and express I-AP MHCII molecules. The Sp-2W strain was used
so that a fluorochrome-labeled 2W:I-AP tetramer and flow cy-
tometry could be used to monitor the fate of a Th population
specific for an epitope from the microbe, because no natural
I-AP-binding Sp epitopes have been discovered.

We first determined whether BCOR deficiency affected the
clonal expansion of 2W:-AP-specific CD4* T cells. 2W:I-AP
tetramer-based cell enrichment (Moon et al., 2007) was per-
formed to identify 2W:I-AP-specific CD4* T cells in spleen and
lymph node samples on day 7 after Sp-2W infection. The ~300
2W:I-AP-specific CD4* T cells in uninfected mice (Moon et al.,
2007) underwent extensive and similar clonal expansion in WT
and T cell BCOR-deficient mice (Fig. 1, A and B).

We then examined CD4* T cell subsets within the 2W:I-AP-
specific population by staining for the lineage-defining markers
RORyt (Th17), CXCR5 (Tth), BCL6 (Tfh), TBET (Thi1), and FOXP3
(T reg; Szabo et al., 2000; Fontenot et al., 2005; Ivanov et al.,
2006; Crotty, 2011). Approximately half of the 2W:I-AP-specific
T cells in WT mice did not express CXCR5, and approximately
two thirds of these cells were RORyt* Thi7 cells (Fig. 1 C). The
CXCR5- cells that lacked RORyt contained some TBET* Thl cells,
other cells of unknown lineage, and a few FOXP3* T reg cells.
The 2W:I-AP-specific population in WT mice also contained
CXCR5* Tth cells, some of which expressed low amounts of
RORyt. The RORyt° and RORyt™ Tfh populations contained
BCL6% and BCL6™ subsets (Fig. 1 C) that expressed more BCL6
than CXCR5~ cells (data not shown), likely corresponding to
germinal center and non-germinal Tfh cells described in other
systems (Johnston et al., 2009; Pepper et al., 2011; Liu et al,,
2012). In total, the 2W:I-AP-specific population in WT mice
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was composed of 35% Thl7, 6% RORyt'°® BCL6l Tth, 8% RORytl®
BCL6M Tfh, 14% RORyt™ BCL6'" Tth, 15% RORyt™ BCL6M Tfh, 5%
Thi, 0.4% T reg cells, and 16% cells of unknown lineage (Fig. 1D).

The 2W:I-AP-specific population in T cell BCOR-deficient
mice contained significantly smaller fractions of Th17, RORyt!°
BCL6! Tfh, and RORyt'® BCL6M Tth cells, a significantly larger
fraction of RORyt™ BCL6!° Tth cells and cells of unknown lineage,
and the same fraction of RORyt™ BCL6™ Tfh, Thi, and T reg cells
as WT mice. T cell BCOR deficiency resulted in a more signifi-
cant reduction in RORyt BCL6M than in RORyt'® BCLé6'° Tth
cells. Thus, BCOR was required for maximal formation of Thi7
cells and RORyt!° Tth cells, especially the BCL6M subset (Fig. 1D).

We also determined whether BCOR was required for ex-
pression of CCR6 and IL-17, two proteins that provide canonical
functions of Thi7 cells. Most of the 2W:I-AP-specific RORyt*
CXCR5™ Thi17 cells in WT mice on day 7 after Sp-2W infection
expressed CCR6 and produced IL-17A 2 h after intravenous
injection of 2W peptide (Fig. 2, A-D). BCOR deficiency led to
significant reductions in CCR6* Th17 cells and peptide-induced
IL-17A production by Th17 cells. The total CXCR5* Tth population
containing all the subsets shown in Fig. 1 C was also examined.
This population contained very few CCR6* or IL-17A-producing
cells in WT or BCOR-deficient mice. In summary, these data
suggest that BCOR is important for Th17 cell formation and
function.

KDM2B, but not BCLS, is required for optimal

Th17 differentiation

We asked whether BCL6, which is known to directly interact
with BCOR (Huynh et al., 2000), promotes Thi7 cell differenti-
ation. This possibility was tested by immunizing WT and Bcle/1,
Lck-cre mice, which have a Bcl6 mutation in T cells, with a 2W
peptide-phycoerythrin (2W-PE) conjugate in CFA. This immu-
nization strategy was used so that effects on antigen-specific
germinal center B cells could be monitored. In WT mice, the
2W-PE immunogen induced 2W:I-AP-specific Th17 and Tth cells
(Fig. 3 A). The mutation of Bcl6 in T cells led to reduced ex-
pansion of 2W:I-AP-specific CD4* T cells (Fig. 3 B) and signifi-
cant defects in the formation of all CXCR5* Tth (Fig. 3, A and B)
and PE-specific germinal center B cells (data not shown). In
contrast, WT and Bcl6Wf;Lck-cre mice contained the same
number of Thi7 cells (Fig. 3 B), indicating that BCOR does not
cooperate with BCL6 to promote Th17 differentiation.

To confirm the importance of the PRC1.1 complex in Th17
differentiation, we investigated the role of KDM2B, a second
unique component of PRC1.1. KDM2B is a histone demethylase
and has a CXXC motif that can recruit BCOR/PRC1.1 to non-
methylated CpG islands in other cell types (Farcas et al., 2012;
Wang et al., 2018). We adopted an in vitro clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9-based
gene targeting approach to test the role of KDM2B in Th17 dif-
ferentiation in vivo. OT-II TCR transgenic CD4* T cells ex-
pressing Cas9 and a chicken OVA peptide:I-AP-specific TCR
(Robertson et al., 2000) were transduced in vitro with retro-
viruses encoding the mAmetrine fluorescent protein and guide
RNAs (gRNAs) targeting genes of interest. The Il2ra (encoding
CD25) and Cd27 genes, which are highly expressed during the
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in vitro stimulation protocol, were targeted to assess the effi-
ciency of this approach. mAmetrine* OT-II cells transduced with
IRra or Cd27 gRNAs had 93% and 83% fewer CD25* or CD27*
cells, respectively, than mAmetrine* OT-II cells transduced with
irrelevant LacZ gRNAs (data not shown) indicating that this
targeting system was very efficient.

This approach was then used to determine the role of KDM2B
in Thi7 differentiation in vivo. mAmetrine* Cas9-expressing
CD90.1* OT-II cells were sorted after transduction with retro-
viruses encoding gRNAs targeting LacZ, Bcor, or Kdm2b and then
transferred into naive CD90.2* B6 mice (Fig. 3 C). The recipients
were inoculated intranasally with heat-killed Sp expressing the
chicken OVA peptide (Sp-OVA; Park et al, 2004) 4 d after
transfer. 6 d later, the OT-II cells were enriched from spleen and
cervical lymph node cells after staining with CD90.1 antibody.
Heat-killed Sp bacteria were used for these experiments to
eliminate the possibility that mice lacking critical gene products
in T cells might develop different levels of infection, which could
influence Th cell differentiation.

Kotov et al.
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Treg Unknown

The results of these experiments are shown Fig. 3, D-G. The
LacZ-targeted OT-II cells maintained mAmetrine expression
(Fig. 3 D) and proliferated and differentiated into RORyt* Thi7
cells, Tth cells, or uncommitted cells but did not become RORyt!®
Tth cells, as in the case of live Sp infection (Fig. 3 E). Deletion of
Kdm2b or Beor did not affect OT-II cell proliferation (Fig. 3 F).
The Bcor-targeted OT-1I cell population, however, contained a
smaller fraction of Thi17 cells than the LacZ-targeted population
(Fig. 3 G). Beor deletion also led to a reduction in Tth cells, which
was only observed for the RORyt!° Tth subsets during live Sp-2W
infection (Fig. 1 D). The Kdm2b-targeted OT-II cell population
exhibited reduced Thi17 formation with no significant alteration
in Tfh differentiation as compared with the LacZ control (Fig. 3,
E-G), confirming the importance of the PRC1.1 complex in Th17
differentiation and suggesting that KDM2B may contribute to
the recruitment of BCOR to DNA in Th17, but not Tfh, cells. Both
Bcor- and Kdm2b-targeted OT-II cell populations had increased
fractions of RORyt~ CXCR5- other cells (Fig. 3 G), which pri-
marily consists of uncommitted cells (Fig. 1 C). These results
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indicate that BCOR and KDM2B drive uncommitted cells to be-
come Thi7 cells.

Expression profiling discriminates T cell subsets in WT and
BCOR-deficient CD4* T cells

We used genome-wide expression profiling to further charac-
terize the T cell subsets generated upon Sp infection in both WT
and BCOR-deficient populations. WT RorcS*® or Beor/%;Lck-cre*;
Rorc®FP mice were infected with the Sp-2W bacterial strain, and
7 d later, cells were harvested from the spleen and cervical
lymph nodes. 2W:I-AP tetramer-binding Th17, Tth, and RORyt™
CXCR5™ other cells were sorted based on RORyt and CXCR5
expression (Fig. 4 A). The RorcSF? reporter-based strategy led to
better resolution of the RORyt'® Tfh cells than RORyt
antibody-based intracellular staining used in other experi-
ments. As noted in Fig. 1, however, very few of these cells were
present in BCOR-deficient mice, precluding their inclusion in
this analysis. Libraries for RNA sequencing were generated, and
gene expression values were used for principal component
analysis. As shown in Fig. 4 B, WT Th17 cells, Tth cells, and other
subsets formed distinct clusters, and BCOR-deficient Thi7 cells,
Tth cells, and other populations formed clusters that were re-
lated to but distinct from those formed by the WT populations.
The first principal component along the horizontal axis sepa-
rated the Tth and Thi7 cell subsets and was driven by variation
in expression of Ccr2, Adams, Cxcr5, Nhsl2, and Ili7re. The second
principal component separated the WT and BCOR-deficient
samples within each subset and was driven by variation in
Spock2, Ccré, Ili7re, Nkg7, and Rorc (encoding RORyt). The
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analysis revealed that Th17 cells highly expressed Thl7-related
genes such as Rorc, Ceré, and Maf, while Tth cells highly ex-
pressed Tfh-related genes such as Bcl6, Cxcr5, and Pdcdl (en-
coding PD-1). The other population expressed higher levels of
Tbx21 and Ifng than the Th17 and Tfh populations (Fig. 4 C),
consistent with the observation that the other population con-
tains a Thl subset (Fig. 1, C and D). Taken together, the ex-
pression profiles recapitulate the known characteristics of Thi7,
Tfh, and Thi cells.

Identification of genes directly regulated by BCOR

We sought to identify BCOR-regulated genes given the distinct
nature of the BCOR-deficient cells in the principal component
analysis. We found only 16 differentially expressed genes for the
Thi17 cell subset, while 478 and 468 genes were identified in the
Tfh and RORyt~ CXCR5~ other populations, respectively (two-
fold, up or down, and Benjamini-Hochberg adjusted P value <
0.05; Fig. 5 A). Because of the possibility that BCOR enhances
Th17 cell formation by acting as a repressor, we focused on the
157 genes that were expressed more highly in BCOR-deficient
than WT cells for one or more subsets (twofold up and
Benjamini-Hochberg adjusted P value < 0.05). We then used
BCOR-specific ChIP-seq to determine which of these genes were
direct BCOR targets. WT CD4* T cells were cultured in vitro for
3 d under Thl7-inducing conditions to mimic a situation
whereby BCOR represses gene targets in the context of Thi7
differentiation. We identified 10,761 BCOR peaks above thresh-
old levels (g-value < 0.05), 82% of which were found at pro-
moters. CpG islands were observed at 83% of the peaks,
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Figure 3. KDMZ2B, but not BCL6, is required for optimal Th17 cell differentiation. WT and Bcl6/f;L ck-cre* mice were immunized with 2W-PE in CFA. After
9 d, 2W:I-Ab-specific CD4* T cells were enriched from spleen and cervical lymph nodes using 2W:I-AP tetramer and a magnetic based bead strategy. (A) B220~
CD11b~ CD1lc™ CD4* CD44* 2W:I-Ab-specific T cells from tetramer-enriched samples with gates on RORyt* Th17 and CXCR5* Tth cells. (B) Numbers of total
2W:I-Ab-specific cells, Tfh, and Th17 cells in WT and Bcl6M/f;Lck-cre* mice based on gates in A, with horizontal bars at the means. Cas9-expressing CD90.1* OT-
Il transgenic CD4* T cells were stimulated in vitro and transduced with retroviruses encoding gRNAs and mAmetrine. (C) Transduced CD4+ T cells were sorted
based on mAmetrine expression, and 10,000 were transferred into naive B6 mice. After 4 d of in vivo rest, mice were immunized with heat-killed Sp expressing
OVA bacteria, and spleen and cervical lymph nodes were taken 6 d later to assess OT-l differentiation. Transduced OT-Il cells were enriched from spleen and
cervical lymph nodes with CD90.1 antibody. (D) Gating strategy used to identify B220~ CD11b~ CD1lc~ CD4* T cells, CD90.1* OT-Il cells, and CD90.1- CD4*
T cells of the recipient and their expression of mAmetrine. (E and F) Identification of Th17, Tfh, and other cells in LacZ-, Bcor-, or Kdm2b-targeted OT-II cell
populations (E) and their numbers (F), with horizontal bars at the means. (G) Percentages of each subset among OT-Il cells based on gates in E, with horizontal
bars at the means. Numbers in flow cytometry plots indicate percentages of gated populations. Data shown in A and B are representative of two independent
experiments (n = 2-6 mice per group). Data shown in C-G are representative of three independent experiments (n = 2-5 mice per group). Student’s t test; **,
P < 0.0} *** P < 0.001.

consistent with the CXXC domain of KDM2B contributing to the
recruitment of BCOR. Of the 157 genes that were more highly
expressed in BCOR-deficient cells, 123 were directly bound by
BCOR in Thi17 cells (Table S1).

11 of the 123 BCOR-repressed direct target genes (Tsc22d3,
Runx2, Id3, Bach2, Scml4, Foxo3, Hipk2, Dusp6, Dusp4, Ptchl, and
Lefl) were chosen for further study based on expression level
(mean counts in BCOR-deficient cells >150) and because they
encoded proteins with the potential to suppress differentiation
by regulating transcription or phosphatase activity. BCOR was
found at promoters and CpG islands for 10 of the 11 target genes
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(examples for Lefl, Dusp4, and Hipk2 are shown in Fig. 5 B).
BCOR-deficient Tth and RORyt~ CXCR5~ other cells expressed
these genes to a higher level than the comparable WT subsets
(Fig. 5 C). BCOR deficiency led to more modest increases in the
expression of these genes in the Thi7 cells that formed in the
absence of BCOR (Fig. 5 C). This observation led us to investigate
the efficiency of Cre-mediated deletion of exons 9 and 10 of Bcor
in each subset, since inefficient deletion would result in ex-
pression of intact BCOR protein. Indeed, quantification of RNA
sequence reads mapping to exons 9 and 10 indicated that the
residual Th17 cells in Beorf/;Lck-cre* mice retained these exons
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more often than Tth or RORyt~ CXCRS5" other cells (Fig. 5 D). The
presence of intact Beor alleles in some Thi7 cells is consistent
with the small numbers of significant gene expression changes
observed for this subset (Fig. 5 A). This result suggests that
many of the Thi7 cells that developed in Beor/f;Lck-cre* mice
arose from precursors that expressed intact BCOR. The enrich-
ment of cells that failed to delete Bcor in the Th17 subset is strong
evidence that BCOR is beneficial to their development.

In vivo CRISPR/Cas9 screen reveals novel Th17 regulators

As described above, we found genes that were significantly up-
regulated in Tfh and RORyt~ CXCR5~ cells upon BCOR depletion
(Fig. 5 C). We tested the hypothesis that products of these genes
suppress the Th17 fate during normal Th cell differentiation.
Cas9* OT-II cells were transduced in vitro with retroviruses
expressing mAmetrine and gRNAs targeting each of the 11 genes.
mAmetrine* cells were transferred into recipient mice, which
were immunized intranasally with heat-killed Sp-OVA bacteria
4 d after transfer. The transferred OT-II cells were enriched
from spleen and cervical lymph node cells after staining with
fluorochrome-conjugated CD90.1 antibody and fluorochrome
antibody-conjugated magnetic beads. Targeting the BCOR-
repressed genes did not result in significant alterations to OT-
II cell proliferation when compared with a LacZ control (Fig. 6
B). Ablation of Id3, Foxo3, Bach2, Scml4, and Ptchl had little to no
effect on the differentiation of the OT-II cells. In contrast, dis-
ruption of Lefl, Runx2, and Dusp4 enhanced Th17 differentiation,
reduced Tfh differentiation, and had no effect on other cells
(Fig. 6, A and B). These results indicate that the products of these
genes suppress the Th17 fate. BCOR repression of these genes in
WT cells would therefore be predicted to enhance Th17 differ-
entiation. Surprisingly, disruption of Duspé, Hipk2, and Tsc22d3
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reduced the number of Thi7 cells and increased the differenti-
ation of uncommitted cells (Fig. 6, A and B), indicating that the
products of these genes enhance Thl7 differentiation in
WT cells. These results suggest that BCOR is targeted to some
genes that enhance Th17 differentiation and others that suppress
it. Enhancement must dominate suppression, however, since the
net effect of BCOR deficiency is a reduction in Th17 formation.

The CD25-STAT5-BLIMP1 pathway promotes

Th17 differentiation

The mechanism of action of DUSP4, the protein product of the
Dusp4 gene, during Th17 formation was explored in more detail.
DUSP4 is a phosphatase that inhibits the phosphorylation and
action of the STATS transcription factor (Huang et al., 2012;
Hsiao et al, 2015). During Thl priming conditions, STATS
phosphorylation is triggered by TCR signaling and induces Il2ra
encoding CD25, a component of the IL-2 receptor, which pro-
motes the Thi fate (Nakajima et al., 1997; Welte et al., 1999; Liao
et al., 2011; Johnston et al., 2012). It was therefore possible that
STATS5 signaling is also required to promote the Th17 fate during
Th17 priming conditions and that BCOR promotes this process by
preventing DUSP4 from dephosphorylating STATS.

We assessed the plausibility of this model by examining the
pattern of CD25 expression at early times after Sp infection.
RORyt~ CXCR5* and RORyt* CXCR5~ 2W:I-AP-specific T cells
were already present on day 3 after intranasal infection with live
Sp-2W bacteria (Fig. 7 A). Approximately 60% of the RORyt*
CXCR5~ cells, but only ~10% of the RORyt~ CXCR5* cells, ex-
pressed CD25 (Fig. 7 B). Although CD25 expression fell by day 5,
more RORyt* CXCR5™ than RORyt™ CXCR5* cells retained this
molecule. Thus, a much larger fraction of the early Th17 popu-
lation expressed CD25 than did the early Tth population.
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Figure 5. RNA expression analysis and BCOR ChIP-seq reveal genes directly regulated by BCOR. (A) Venn diagram displaying the number of BCOR-
regulated genes identified by RNA sequencing in the sorted Th subsets shown in Fig. 4 A (twofold, up or down, and Benjamini-Hochberg-adjusted P value <
0.05). (B) Input and BCOR-enriched ChIP tracks for select BCOR-bound genes in WT CD4* T cells cultured in vitro with Th17-polarizing conditions for 3 d.
(C) BCOR-repressed genes identified by RNA sequencing were cross-referenced with BCOR-specific binding peaks from ChIP-seq data, and 11 genes were
chosen for further analysis based on expression level (mean counts of BCOR-deficient cells > 150) and potential of the encoded proteins to suppress dif-
ferentiation by regulating transcription or phosphatase activity. ChIP peak score (10 x ~log10 g-value), scaled log2 FPKM values, and gene ontology terms are
displayed for each sample. (D) Representative RNA sequencing tracks for BCOR exons 7-10 (left) and splicing efficiency of exons 9-10 (right) with horizontal
bars at the means. RNA sequencing data shown in A, C, and D are representative of two independent experiments (n = 2-3 mice per data point and n = 1-3 data
points per group). Statistical significance testing to determine the number of differentially expressed genes shown in A was performed using the Wald test in
DESeq2, and P values were calculated using the Benjamini-Hochberg correction for multiple testing. ChIP-seq data shown in B and C are representative of two
independent experiments (n = 3 mice per experiment). The g-values for each ChIP peak were determined using MACS software. Statistical significance for D
was determined using Student’s t test. **, P < 0.01; ***; P < 0.001.

We then determined whether CD25 was required for Thl7
differentiation using a radiation chimera-based approach. A

mice were immunized with heat-killed Sp-2W bacteria, and
CD44bigh QW:I-Ab* CD4* T cells were identified 6 d later. WT or

mixture of 80% WT CD45.1* and 20% Il2ra~/~ CD45.2* bone
marrow cells was transplanted into lethally irradiated CD90.1*
B6 mice (Fig. 7 C). This strategy was used to prevent the auto-
immunity that occurs in intact I2ra~/~ mice due to T reg cell
insufficiency (Sadlack et al., 1995). After reconstitution, these
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I2ra~/- 2W:I-AP-specific CD4* T cells were identified based on
congenic markers and classified as Th17, Tth, or other cells based
on the expression of RORyt, CXCRS5, or neither (Fig. 7 D). CD25
deficiency reduced Thi7 cell differentiation, enhanced Tth dif-
ferentiation, and had no effect on the other population (Fig. 7, D
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Figure 6.

In vivo CRISPR/Cas9 screen reveals novel Th17 regulators. Cas9-expressing OT-Il transgenic CD4* T cells were in vitro stimulated and ret-

rovirally transduced with guides targeting LacZ or the genes listed in Fig 5 C. 10,000 mAmetrine* transduced CD90.1* OT-Il cells were adoptively transferred
into naive B6 mice and immunized with heat-killed Sp-OVA bacteria 4 d later. Spleen and cervical lymph nodes were harvested 6 d after immunization to assess
OT-II differentiation. (A) Flow cytometry plots displaying B220~ CD11b- CD1lc~ CD4* CD44* CD90.1* OT-II T cells and Th17 cells, Tth cells, and other subsets
from CD90.1-enriched samples. (B) Numbers of OT-Il CD4* T cells and percentages of each subset in the population, with horizontal bars at the means.
Numbers in flow cytometry plots indicate percentages of gated populations. Data shown in all panels are representative of two to four independent ex-

periments (n = 2-5 mice/group). Student’s t test. *, P < 0.05; **, P < 0.01 ***, P < 0.001.

and E). Furthermore, CD25 expression was critical for IL-17A
production, a function of Th17 cells (Fig. 7 F). These results
demonstrate that CD25 expression is beneficial for Th17 differ-
entiation and detrimental for Tth differentiation after inocula-
tion of the heat-killed Sp bacteria.

The CRISPR/Cas9-based approach described above was then
used to determine whether CD25 and STAT5 enhance Thi7
formation in part by preventing the Tth fate via activation of
Prdmi (BLIMPI) as observed for Thi cells (Johnston et al., 2012;
Nurieva et al., 2012). Rorc, which encodes RORyt, the master
transcription factor for Thi7 cells (Ivanov et al., 2006), was also
targeted to serve as a control. As expected, Rorc-targeted OT-II
cells exhibited reduced Th17 differentiation and enhanced dif-
ferentiation of Tth and RORyt~ CXCR5- other cells (Fig. 8, A-C).
Ablation of Stat5 or Prdml had similar effects. These results
demonstrate that STAT5 and BLIMPI are required for optimal
Th17 cell differentiation and raise the possibility that DUSP4 acts
as a Th17 fate suppressor by inhibiting the CD25-STAT5-BLIMPI
signaling pathway.
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Discussion
We found that Sp infection causes Sp epitope-specific naive

CD4* T cells to differentiate into CXCR5~ non-Tth effector cells
as observed in Listeria monocytes, lymphocytic choriomeningitis
virus, and influenza A virus infections (Johnston et al., 2009;
Pepper et al., 2011; Ballesteros-Tato et al., 2012). The non-Tth
cells induced by the L. monocytes infection, however, are TBET*
Thi cells (Pepper et al., 2011), whereas the Sp-induced non-Tth
cells are RORyt-dependent Th17 cells. This difference is probably
related to the fact that Sp epitope-specific naive CD4* T cells are
stimulated by IL-6- and TGF-p-producing dendritic cells in
nasal-associated lymph nodes, whereas naive T cells are stimu-
lated by IL-12-producing dendritic cells in the spleen in the
other infections (Linehan et al., 2015). Despite this difference,
the non-Tth cells induced in all these infections depend on CD25.
Thus, epitope-specific Th cells that express the largest amounts
of CD25 may experience IL-2 receptor-induced phosphorylation
of STATS5, which induces BLIMPI, a repressor of the Tth path-
way (Johnston et al., 2009). CD25P cells that are denied the Tth
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Figure 7. CD25 is selectively expressed by Th17 cells early after Sp infection and is important for Th17 cell differentiation. WT mice were infected with
Sp-2W bacteria, and 2W:I-AP-specific CD4* T cells were enriched from spleen and cervical lymph nodes 3 or 5 d later. (A) Flow cytometry gates used to identify
2W:I-Ab—specific CD4* T cells, 2W:I-AP-specific Th17 and Tfh cells, and CD25 expression by 2W:I-AP-specific Th17 or Tth cells (right). (B) Percentages of CD25*
2W:I-Ab—specific Th17 or Tth cells, with horizontal bars at the means. (C) Diagram of the WT plus /[2ra~/~ mixed bone marrow chimera experiment. (D) Flow
cytometry gates used to identify 2W:I-AP-specific WT or I2ra~/= CD4* T cells and their differentiation into Th17, Tfh, or other cells 6 d after administration of
heat-killed Sp-2W bacteria. (E) Percentages of the 2W:I-AP-specific WT or Il2ra~/~ subsets, with horizontal bars at the means. (F) WT and /[2ra~/~ mixed bone
marrow chimeras were infected with Sp-2W bacteria for 7 d and challenged with heat-killed Sp-2W bacteria for 3 h before IL-17A expression analysis. Numbers
in flow cytometry plots indicate percentages of gated populations. Data shown in all panels are representative of two independent experiments (n = 2-8 mice

per group). Student’s t test; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

option would then be free to become Th17 or Thl cells depending
on which innate immune cytokines are present. The CD25 de-
pendence of Th2 cells induced by house dust mite inhalation
(Hondowicz et al., 2016) indicates this model also applies to this
Th cell subset. It may, however, not apply to the in vitro situa-
tion, since STAT5 signaling inhibits Thl7 cell formation
(Laurence et al., 2007) in a cell culture system.

Some Sp epitope-specific Th cells, presumably those that
expressed lesser amounts of CD25 early after infection, became
CXCR5* Tfh cells. The Tth population consisted of BCL6" ger-
minal center and BCL6' subsets, as observed during other in-
fections (Johnston et al., 2009; Pepper et al., 2011; Liu et al.,
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2012). Unlike infections that also induce Thl cells, however,
some of the Sp-induced Tth cells expressed RORyt, although in
lower amounts than Thi7 cells. Sp-infected lymphoid tissues
may contain microenvironments in which IL-6, TGF-f, and Tth-
inducing cytokines are all produced, thereby causing some Sp
epitope-specific Th cells to acquire characteristics of Th17 and
Tth cells. This finding, together with reports on hybrid Tth cells
in other systems (Crotty, 2014), suggests that the lines of Tth
lineage commitment can be blurry.

We found that BCOR is essential for the optimal differentia-
tion of Sp-induced Thi17 cells. Unlike RORyt, which primarily
binds to and activates the genes that define the Thi7 lineage,
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Figure 8. The STAT5-BLIMP1 pathway promotes Th17 differentiation. Cas9-expressing CD90.1* OT-Il transgenic CD4* T cells were transduced in vitro
with gRNAs targeting LacZ, Rorc, Stat5, or Prdm1 before in vivo transfer to assess differentiation in response to heat-killed Sp-OVA bacteria as in Fig. 6. (A) Flow
cytometry plots used to identify B220~ CD11b~ CD11c~ CD4* CD44* CD90.1* Thi7, Tfh, and other OT-II T cells from CD90.1-enriched samples. (B) Numbers of
OT-Il CD4* T cells, with horizontal bars at the means. (C) Percentages of OT-II cells in each subset, with horizontal bars at the means. Numbers in flow
cytometry plots indicate percentages of gated populations. Data shown in all panels are representative of two independent experiments (n = 2-8 mice per

group). Student’s t test; *, P < 0.05; **, P < 0.01; ***, P < 0.00L.

BCOR promoted the Th17 fate by repressing genes that encode
proteins that promote the differentiation of Tth cells and other
subsets. The fact that T cell BCOR deficiency causes increases in
Tth cells, as Thl7 cells are lost, supports this contention. The
significant occupancy of BCOR at CpG islands in Thil7 cells
suggests that BCOR recruitment to DNA is based on its inter-
action with KDM2B, which contains a CXXC DNA-binding do-
main that specifically targets unmethylated CpG nucleotides
(Farcas et al., 2012). This result, and the fact that ablation of
Kdm2b reduced Th17 formation, suggest that KDM2B recruits
BCOR to unmethylated CpG islands in Thi7 cells to repress genes
encoding proteins that promote other fates. BCOR-KDM2B
complexes may be mainly responsible for alternate fate sup-
pression in Thi7 cells, because the relevant target genes become
unmethyated under Th17 polarizing conditions, and Th17 cells do
not express the other BCOR partner, BCL6.

Maximal formation of RORyt® Tfh cells, and especially
RORytl° BCL6M Tth cells, was also dependent on BCOR. Differ-
ential BCOR dependence of Tth subsets was previously observed
with L. monocytogenes infection, which generates BCL6!° and
BCL6M Tfh that express small amounts of TBET instead of
RORyt. The BCL6M, but not the BCL6°, Tth cells induced by L.
monocytogenes infection are dependent on BCOR (Yang et al.,
2015). The RORyt® BCL6M Tth cells in Sp infection and the
TBET!® BCL6M Tth cells in L. monocytogenes infection may depend
on BCOR-BCL6, BCOR-KDM2B, or both complexes. In contrast,
the RORyt™ Tth cells in Sp infection and BCL6! Tfh cells in L.
monocytogenes infection appear to depend only on BCOR-BCL6
complexes, perhaps because the requisite target genes are
methylated and thus unavailable to KDM2B.

ChIP-seq and CRISPR/Cas9 targeting studies suggest that
BCOR is targeted by KDM2B to unmethylated CpG islands in the
Lefl, Runx2, and Dusp4 genes, the products of which promote
Th17 formation by suppressing Th17 inhibitors. The fact that the
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Lefl, Runx2, and Dusp4 gene products have different functions
indicates that BCOR-mediated repression facilitates Thl7 cell
formation via multiple pathways. For example RUNX2, which
promotes the Tfh fate in the context of lymphocytic chorio-
meningitis virus infection (Choi et al., 2015), could activate
transcription of genes encoding proteins that repress Th17 cell
differentiation. In contrast, BCOR-mediated repression of Dusp4
could enhance Thi7 cell formation by reducing DUSP4 and de-
phosphorylation of STAT5, thereby increasing BLIMP1 and
preventing pre-Th17 cells from becoming Tth cells.

Although we found that BCOR enhances Thi7 cell formation by
repressing genes that suppress the Th17 cell fate, we also identified
BCOR target genes such as Dusp6, Hipk2, and Tsc22d3, which en-
coded proteins that enhanced Th17 formation. The role of DUSP6
in promoting the Thl7 fate is consistent with previous findings
showing that Dusp6~/~ CD4* T cells have reduced production of the
Th17 cytokine IL-17A after in vitro stimulation (Bertin et al., 2015).
The roles of homeodomain-interacting protein kinase 2 (HIPK2)
and TSC22 domain family member 3 (TSC22D3) will require ad-
ditional studies to understand their importance in the context of
Th17 differentiation. In any case, although BCOR represses genes
encoding proteins that promote and suppress the Th17 cell fate,
the fact that BCOR is required for optimal Th17 cell formation
suggests that its dominant activity in Th cell differentiation is to
repress genes that inhibit the Th17 cell fate.

Materials and methods

Mice

Mice with a conditional Beor allele (Bcorf!) were generated by
homologous recombination (unpublished data). Bcor! mice
contain LoxP sites flanking Bcor exons 9 and 10 on the X chro-
mosome, and Cre-mediated deletion causes a premature stop
codon and a null allele. Bcorf+ mice were fully backcrossed with
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B6 mice (NCI Frederick) for over 10 generations. Beorf/* mice
were bred with Lck-cre mice (B6.Cg-Tg(Lck-icre)3779Nik/J;
stock 012837; The Jackson Laboratory; Wang et al., 2001) to
generate WT (Bcorf/f;Lck-Cre~ or Bcor¥;Lck-Cre”) and BCOR
T cell-deficient (Bcor/f;Lck-Cre* or Beorf/¥;Lck-Cre*) mice.
Beorf/f,Lck-Cre*/~ mice were bred with RorcSFP reporter mice
(B6.129P2(Cg)-Rorct™2Litt/]; stock 007572; The Jackson Labora-
tory; Eberl et al., 2004) to generate Beor/%;Lck-cre=;RorcS® or
Beor;1.ck-cre*;Rorc®F reporter mice for cell sorting and RNA
sequencing analysis. Bcl6M/! mice (B6.129S(FVB)-Bclgt™11Pent/J;
stock 023727; The Jackson Laboratory; Hollister et al., 2013) were
bred with Lck-cre mice described above to generate Bcl6Mf;Lck-Cre*
mice. Cas9 eGFP* mice (B6(C)-Gt(ROSA)26Sorem!(CAG-caso",-EGFP)Rsky 1.
stock 028555; The Jackson Laboratory; Chu et al., 2016) were
crossed with CD90.1* OVA peptide 323-339:1-AP-specific (OT-
II) Ragl”/~ TCR transgenic mice (Barnden et al., 1998) to
generate CD90.1* Cas9 eGFP* OT-II Ragl~/~ mice for CRISPR
experiments. CD45.1 (B6.SJL-Ptprc2PepcP/Boy]; stock 002014;
The Jackson Laboratory), CD90.1 (B6.PL-Thy?/Cy]; stock
000406; The Jackson Laboratory), and Il2ra~/- mice (B6;
12984-112rat™Pw/]; stock 002462; The Jackson Laboratory;
Willerford et al., 1995) were used for bone marrow chimera
experiments. All mice were housed in specific pathogen-free
conditions at the University of Minnesota. All experimental
protocols were performed in accordance with guidelines of
the University of Minnesota Institutional Animal Care and
Use Committee and National Institutes of Health.

Bone marrow chimera

Bones from CD45.1* WT and CD45.2* [I2ra~/~ mice were crushed
separately with a mortar and pestle in PBS to prepare bone
marrow cells. Bone marrow cells were resuspended in 10%
DMSO in FBS (Omega), aliquoted, and frozen. Frozen aliquots
were thawed, spun down in DMEM containing 10% FBS, Pen
Strep (Gibco), and Glutamax (Gibco), and resuspended in PBS.
For the experiment shown in Fig. 7 C, recipient CD90.1* mice, 28
wk of age, were irradiated with 2 x 500 rad with 6 h between
doses. After the second irradiation, each CD90.1* recipient was
retro-orbitally injected with 4 x 10° CD45.1* WT and 10° Il2ra~/~
CD45.2* bone marrow cells. Alternatively, 1:1 WT and Il2ra~/~
mixed bone marrow chimeras were made for the experiment
shown in for Fig. 7 F. After reconstitution, mice were infected
with Sp-2W bacteria and challenged with heat-killed Sp-2W
bacteria for 3 h before analysis of IL-17A expression.

Infections and immunizations

Male or female mice 6-12 wk of age were infected intranasally
with 10 pl of 2 x 108 CFUs per mouse of live Sp expressing 2W
(Sp-2W) peptide in PBS (Dileepan et al., 2011). Alternatively,
mice were immunized intranasally with 15 pl of 3 x 108 CFUs of
heat-killed Sp-2W bacteria (Dileepan et al., 2011) or Sp ex-
pressing OVAg,s 330 peptide (Sp-OVA) in PBS (Park et al., 2004).

CRISPR/Cas9 and retroviral transductions

Interpro was used to identify functional motifs within target
genes, and two or three gRNAs targeting the functional motifs
for each gene were designed using Benchling (Finn et al., 2017).
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Primers encoding the gRNA were generated using the Voytas
laboratory toolkit, and the cloning of the transfer RNA
(tRNA)-gRNA array was performed as described previously
(Cermdk et al., 2017), with modifications as follows. An MSCV-
based gamma retroviral vector was created for generating gRNA
delivery. This vector involves modification of the LMP-Amt
vector (Chen et al., 2014), a gift from S. Crotty (La Jolla Insti-
tute, La Jolla, CA). The Sapl cut site in the vector was disrupted
by mutation. Then, the shRNA-encoding segment was replaced
with cytotoxic protein CCDB bacterial gene flanked by SapI cut
sites using In-Fusion cloning (Takara Bio). The CCDB gene de-
rived from the pMOD_B2303 plasmid from D. Voytas (Univer-
sity of Minnesota, Minneapolis, MN). The PGK promoter
present in the LMP-Amt vector was replaced with an internal
ribosome entry site (plasmid 52109; Addgene) to generate the
PMCIA vector. A golden gate reaction was performed to generate
the tRNA-gRNA arrays (Xie et al., 2015; Dong et al., 2017; Xu
et al., 2017) using Aarl (Thermo Fisher Scientific) and T4 DNA
ligase (New England Biolabs). The product was purified with a
MinElute PCR Purification Kit (Qiagen), and a second golden
gate reaction was performed using Sapl (New England Biolabs)
and T4 DNA ligase (New England Biolabs) to replace the CCDB
gene in the pMCIA vector with the tRNA-gRNA arrays made
from the first golden gate reaction.

Retroviral supernatant was prepared as previously described
(Choi et al., 2013), with some alterations. Briefly, Platinum-E
cells (Cell Biolabs) were plated in 6-well plates the evening be-
fore transfection. Platinum-E cells were grown in D10 media
containing DMEM media (Gibco) supplemented with 10% FBS
(Omega), penicillin/streptomycin (Life Technologies), Glutamax
(Life Technologies), p-mercaptoethanol (Sigma), Hepes (Life
Technologies), sodium pyruvate (Life Technologies)) MEM
nonessential amino acids (Life Technologies), and Plasmocin
prophylactic (Invivogen). The following morning, media was
replaced and after 1-2 h, a transfection solution was added
dropwise to the cells. The transfection solution contained
DMEM media (Gibco) with polyethylenimine (linear, mol wt
25,000) for transfection (Polysciences), pCL-Eco, and plasmid
DNA containing gRNA. After 5-6 h, the media was aspirated and
D10 media supplemented with ViralBoost reagent (Alstem Cell
Advancements) and 30 pM water-soluble cholesterol (Sigma)
was added to the cells. After 24 and 48 h, viral supernatant was
collected, combined, filtered through a 0.45-um nylon 25-mm
syringe filter (Thermo Fisher Scientific), and frozen at -80°C for
retroviral transductions.

Retroviral transduction of CD4* T cells was performed as
previously described (Choi et al., 2013), with some alterations.
Cas9 eGFP* CD90.1* OT-II Ragl~/~ CD4* T cells were isolated
using a negative CD4* T cell isolation kit (Stemcell Technologies)
and incubated in a 96-well plate coated with anti-CD3 (8 ug/ml;
2Cl11; Bio X Cell), anti-CD28 (8 ug/ml; 37.51; Bio X Cell), and IL-7
(2 ng/ml; Tonbo Biosciences). Cells were grown in 110 media
containing IMDM (Sigma) supplemented with 10% FBS (Omega),
penicillin/streptomycin (Life Technologies), Glutamax (Life
Technologies), p-mercaptoethanol (Sigma), Hepes (Life Tech-
nologies), sodium pyruvate (Life Technologies), MEM nones-
sential amino acids (Life Technologies), and Plasmocin
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prophylactic (Invivogen). At ~24 and 40 h after stimulation,
two spin transductions were conducted by removing the media,
adding retroviral supernatant, and spinning the cells at
1,500 rpm for 2 h at 37°C. After transductions, retroviral su-
pernatants were replaced with 110 media containing IL-
2 (10 ng/ml; Peprotech). Approximately 24 h after the second
transduction, cells were removed from the anti-CD3- and anti-
CD28-stimulating conditions and split into a 24-well plate. The
next day, additional IL-2-containing media was added, and the
day after that, the cells are washed out of the IL-2-containing
media and resuspended in 110 media containing IL-7 (2 ng/ml;
Tonbo Biosciences). After 24 h, OT-II cells were cell sorted for
guide-mAmetrine expression using a FACS Aria (BD). Then
10,000 mAmetrine* OT-II cells were transferred into B6 mice.
After 4 d of in vivo rest, the mice were immunized with heat-
killed Sp-2W bacteria, and organs were harvested 6 d later for
processing as described below.

Cell enrichment and flow cytometry

Spleen and cervical lymph node cells were stained with CXCR5
antibody (L138D7; BioLegend) and fluorochrome-labeled I-AP
tetramers containing 2W (2W:I-AP) for 1 h at room temperature
(Moon et al., 2007). For the detection of CD90.1* OT-II CD4*
T cells, suspensions were incubated with CD90.1 antibody (OX-7;
BioLegend) for 8 min at room temperature and then CXCR5
antibody for 1 h at room temperature. Cell suspensions were
enriched for 2W:I-AP-specific or CD90.1* CD4* T cells using the
EasySep Mouse fluorochrome positive selection kit (Stemcell
Technologies). Briefly, cells were incubated with 12.5 pl of
EasySep fluorochrome selection cocktail per sample for 15 min at
room temperature and 12.5 pl of EasySep magnetic particles per
sample for 10 min at room temperature. The magnetically bound
cells were isolated using magnets (Stemcell Technologies) ac-
cording to the manufacturer’s protocol. The positively enriched
CD4* T cells were surface stained with fluorochrome-labeled
antibodies specific for B220 (RA3-6B2; all antibodies are from
eBioscience unless otherwise indicated), CD11b (M1/70), CDllc
(N418), CD44 (IM7), CD27 (LG.3A10; BD), and CD4 (GK1.5; BD).
For intracellular staining, cells were incubated in intracellular
fixation and permeabilization buffer (eBioscience) for 1 h at
room temperature and stained with fluorochrome-labeled
RORyt (Q31-378; BD), BCL6 (K112-91; BD), TBET (4B10; Bio-
Legend), and FOXP3 (FJK-16s) antibodies in permeabilization
buffer (Tonbo Biosciences) overnight.

For in vivo cytokine secretion analysis, mice were injected
intravenously with 100 ug of 2W peptide or heat-killed Sp-2W
bacteria. Cells from the spleen and cervical lymph nodes were
harvested 2 or 3 h later and processed in Brefeldin A
(eBioscience)-containing FACS media for all steps before fixa-
tion with Cytofix/Cytoperm (BD) for 15 min at 4°C and staining
with fluorochrome-labeled anti-IL-17A antibody (TC11-18H10;
BD) overnight. Cells were analyzed on a Fortessa (Becton Dick-
inson) flow cytometer and analyzed with FlowJo (TreeStar).

RNA sequencing
BeorfLek-cre~;RorcS™?  or  Beor/f;Lck-cre*;RorcS™P  reporter
mice were intranasally infected with Sp-2W bacteria, and
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2W:I-AP-specific CD4* T cells were isolated 7 d later and surface
stained as described above. Th17 (RORyt* CXCR5"), Tfh (RORyt"
CXCR5*), and RORyt~ CXCR5~ 2W:I-AP-specific CD4* T cells
were individually sorted with a FACS Aria (BD) into tubes
containing Trizol (Invitrogen). Total RNA was isolated from the
Trizol samples and treated with DNase using an RNA isolation
kit (Qiagen). Sequencing libraries were made from PolyA+
mRNA using the KAPA mRNA Hyper Prep kit per the manu-
facturer’s instructions (KAPA Biosystems). The libraries were
submitted to the University of Minnesota Genomics Center for
2 x 50-bp sequencing using the High-Output HiSeq 2500 (Illu-
mina). Demultiplexed reads were trimmed with Trimmoma-
tic (v0.32, parameters: ILLUMINACLIP:TruSeq3-PE.fa:2:30:10
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:5 MINLEN:25).
Trimmed reads were mapped to the GRCm38 version of the
mouse genome with STAR (v2.4.2a_modified) and indexed and
sorted with samtools (v1.0). PCR duplicates were removed using
Picard MarkDuplicates (2.17.10-SNAPSHOT). Reads that overlap
features in the Gencode M16 annotation were enumerated with
Rsubread (1.22.3). Differential expression analysis was per-
formed with R (v3.5.1) and DESeq2 (v1.20.0) using custom
scripts (available at https://github.com/micahgearhart/th17).
Raw sequence data, count tables, and normalized fragments per
kilobase of transcript per million (FPKM) values are available in
the Gene Expression Omnibus under accession number
GSEI121766.

ChiP-seq of in vitro Th17 cells

CD4* T cells were isolated from B6 mice using a CD4 T cell
positive isolation kit (Stemcell) and stimulated with Th17 po-
larizing conditions as follows: plate-coated CD3 (4 pg/ml; 2Cl;
Bio X Cell) and CD28 (4 pg/ml; 37.51; Bio X Cell) antibodies, IL-6
(60 ng/ml; Tonbo Biosciences), TGF-pl (0.8 ng/ml; Tonbo
Biosciences), IL-23 (20 ng/ml; Miltenyi), IL-18 (20 ng/ml; Tonbo
Biosciences), IFN-y (10 pg/ml; XMGL.2), anti-IL-12 (10 pg/ml;
C17.8; Tonbo Biosciences), and anti-IL-4 (10 pg/ml; 11B11; Tonbo
Biosciences) antibodies. Cells were grown in IMDM (Sigma)
supplemented with 10% FBS (Omega), penicillin/strepto-
mycin (Life Technologies), Glutamax (Life Technologies),
B-mercaptoethanol (Sigma), Hepes (Life Technologies), so-
dium pyruvate (Life Technologies), and MEM nonessential
amino acids (Life Technologies). After 3 d, the cells were
washed with PBS two times and resuspended in PBS at a
concentration of 10 million cells per milliliter. DNA and
proteins were cross-linked by incubating cells with 1.5 mM
ethylene glycol bis(succinimidyl succinate) (Thermo Fisher
Scientific) for 30 min at room temperature on a rotator.
Paraformaldehyde was added at a final concentration of 1%
during the last 10 min. The cross-linking reaction was
quenched by adding 2.5 M glycine at a 1:20 dilution and
washed two times with PBS. After the last spin, media was
completely removed, and the cell pellet was frozen using dry
ice and isopropanol and kept at -80°C until shearing. The
truChIP Chromatin Shearing Reagent kit (Covaris) was ap-
plied to lyse the cells, isolate nuclei, and shear chromatin
with the AFA Focused-ultrasonicator per the manufacturer’s
instructions. An aliquot was taken for the input. The rest of
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the sample was enriched for BCOR-bound DNA by incubating
sheared chromatin overnight with Protein A Dynabeads
(Invitrogen) bound to rabbit polyclonal mouse BCOR anti-
body (RRID: AB_2750631). The sample was washed using the
DynaMag-2 Magnet (Invitrogen) and buffers in the following
order: low-salt buffer (0.1% SDS, 1.0% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCL, pH 8.0, and 150 mM NacCl), high-salt
buffer (0.1% SDS, 1.0% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCL, pH 8.0, and 500 mM NacCl), lithium chloride
buffer (0.25 M lithium chloride, 1% NP-40 or IGEPAL-CA630
1% deoxycholate (DOC), 1 mM EDTA, and 10 mM Tris, pH
8.0), Morohashi RIPA buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 5 mM EDTA, 0.5% NP-40, and 0.1% SDS), DOC/Triton
buffer (25 mM Tris pH 7.5, 150 mM NaCl, 5 mM EDTA, 1%
Triton-X-100, and 0.5% DOC), and TE buffer (10 mM Tris-
HCL, pH 8.0, and 1 mM EDTA). DNA was eluted off the
magnetic beads using elution buffer (1% SDS, 100 mM
NaHCOj;). Cross-links were reversed for the BCOR-enriched
DNA and input samples by incubating with 200 mM NaCl at
55°C overnight. DNA was purified using a PCR purification
kit (Qiagen), and cDNA sequencing libraries were made us-
ing the KAPA Hyper Prep kit per the manufacturer’s in-
structions (KAPA Biosystems). The libraries were submitted
to the University of Minnesota Genomics Center for1 x 50-bp
sequencing using the High-Output HiSeq 2500 (Illumina).
Reads were trimmed (Trimmomatic 0.32), mapped to the
GRCm38 reference genome (Burrows-Wheeler Aligner mem
0.7.12-r1039), and sorted and indexed (Samtools 1.0). Peaks
were identified using MACS version 2.1.1.20160309 using
the --broad --broad-cutoff 0.1 options. BCOR peak locations
were analyzed in relationship to the Gencode M16 reference
annotation and the University of California-Santa Cruz
custom-defined CpG islands using custom R scripts, which
are available at https://github.com/micahgearhart/th17.
Raw sequence data, coverage tracks, and peak lists are
available in the Gene Expression Omnibus under accession
number GSE121766.

Statistical analysis

Statistical tests were performed using Prism (GraphPad) soft-
ware, and P values were obtained using two-tailed unpaired
t tests with a 95% confidence interval. Statistical significance
testing for RNA sequencing data were performed using the Wald
test in DESeq2, and P values were calculated using the
Benjamini-Hochberg correction for multiple testing. For the
ChIP-seq data, g-values for each peak were determined using
MACS software.

Online supplemental material
Table S1 lists the direct BCOR-repressed genes from RNA se-
quencing and ChIP-seq coanalysis.
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