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Foxp3* Tregs are key to immune homeostasis, but the contributions of various large, multiprotein complexes that regulate
gene expression remain unexplored. We analyzed the role in Tregs of the evolutionarily conserved CoREST complex,
consisting of a scaffolding protein, Rcor1 or Rcor2, plus Hdac1 or Hdac2 and Lsd1enzymes. Rcor1, Rcor2, and Lsd1 were
physically associated with Foxp3, and mice with conditional deletion of Rcor1in Foxp3* Tregs had decreased proportions

of Tregs in peripheral lymphoid tissues and increased Treg expression of IL-2 and IFN-y compared with what was found in
WT cells. Mice with conditional deletion of the gene encoding Rcor1in their Tregs had reduced suppression of homeostatic
proliferation, inability to maintain long-term allograft survival despite costimulation blockade, and enhanced antitumor
immunity in syngeneic models. Comparable findings were seen in WT mice treated with COREST complex bivalent inhibitors,
which also altered the phenotype of human Tregs and impaired their suppressive function. Our data point to the potential for
therapeutic modulation of Treg functions by pharmacologic targeting of enzymatic components of the COREST complex and
contribute to an understanding of the biochemical and molecular mechanisms by which Foxp3 represses large gene sets and

maintains the unique properties of this key immune cell.

Introduction
Tregs are essential for maintenance of immune homeostasis and
self-tolerance (1, 2). These cells also dampen host antitumor immu-
nity, decreasing the efficacy of tumor immune surveillance (3). The
key transcription factor Foxp3 has a critical role in the differentiation
and function of Tregs (4, 5), and knockdown or mutations of Foxp3
attenuate the immunosuppressive capacity of Tregs (6, 7). Similarly,
depletion of Foxp3*CD4" Tregs results in severe autoimmunity in
otherwise normal animals and can be reversed by reconstituting
Tregs (8, 9). Recent successes with checkpoint inhibitor therapies in
the treatment of various cancers have rekindled interest in immu-
notherapy. However, despite a major contribution of Foxp3* Tregs
to establishing and maintaining an immunosuppressive tumor
microenvironment, there are very few options to selectively target
Foxp3* Tregs and promote antitumor immunity (10).

REST corepressor 1 (Rcorl or CoREST) is a protein that
binds to the C-terminal domain of REST and regulates diverse
immune and inflammatory responses (11). Rcorl is best known as
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a core component of the chromatin-modifying CoREST repres-
sor complex (12), which also includes histone deacetylase 1 or 2
(Hdac1/2) (13-15) and the histone 3 lysine 4 (H3K4) demethylase
Lsdl (Kdm1la) (16, 17). HDAC1/2 removes acetyl groups from his-
tone tails, and Lsd1 removes monomethylation and/or dimeth-
ylation marks from H3K4 (18). Much attention has been focused
on understanding the biochemical functions of Rcorl in various
tissues. In patients with diffuse large B cell lymphoma, deletions
in Reor1 are associated with unfavorable progression-free survival
(19). Reorl also recruits the INSM1/Rcorl/2 complex, controlling
the balance of proliferation and differentiation during brain devel-
opment (20). In hematopoietic stem cells, loss of Reor1 in adults
leads to a complete block in erythroid and neutrophil differenti-
ation (21). Although Rcorl functions as an epigenetic and repres-
sive factor in immune cells, its role in the regulation of Foxp3*
Tregs has not been studied. Accordingly, we conditionally deleted
Reorl in Tregs and tested the effects of recently characterized
dual Hdac1/2 and Lsd1 (CoREST) inhibitors. We found that gene
deletion or pharmacologic inhibition disrupted Foxp3-dependent
recruitment of the CoREST complex to the promoters of T-bet,
IL-2, and IFN-y, leading to Treg production of IL-2 and IFN-y,
impaired Treg function, and enhanced antitumor immunity.

Results
Foxp3, Reorl, and the COREST complex. Foxp3 has a central role in
maintaining Treg stability and function and forms multiprotein
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Figure 1. Association of Foxp3 with the COREST complex. (A)

In HEK-293T cells transfected with tagged constructs encoding
Foxp3 (47 kD), Rcor1 (44 kD), and Rcor2 (53 kD), IP of Foxp3 led
to co-IP of Recor1 but not Rcor2 protein. (B) In HEK-293T cells
transfected with the same Foxp3, Rcor1, and Rcor2 constructs
as shown in A, plus HA-tagged p300, IP of Rcor1 led to co-IP of
Foxp3, Reor2, and p300. (C) Lysates of Tregs isolated from lymph
nodes and spleens of WT B6 mice were subjected to IP using
anti-Rcor1 Ab or control 1gG; Rcor1 and Rcorl-associated Foxp3
were detected by immunoblotting. (D) Tregs isolated from B6
lymph nodes and spleens after expansion in vivo (rlL-2/anti-1L-2,
3 days) were subjected to IP using anti-Foxp3 Ab or control 1G;
shown is IB detection of Foxp3 and Foxp3-associated Rcor1. (E)
Western blots of Rcorl and Foxp3 expression in Tregs and Teff
cells from WT mice or those with conditional deletion of Rcor1in
their Tregs; B-actin was used as a loading control. (F) IP of Lsd1
from WT Tregs led to co-IP of Foxp3, whereas IP of Lsd1 from
Rcor1”- Tregs led to only trace levels of Foxp3 co-IP.
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complexes (2400-800 kDa) that include various transcription
factors and repressor complexes (22), though the functions of
these evolutionarily highly conserved repressor complexes are
largely unexplored. We analyzed the roles in Tregs of the COREST
scaffolding proteins Rcorl and Rcor2 and their associated
enzymes Hdacl, Hdac2, and Lsd1. In 293T cells transfected with
tagged constructs, IP of Foxp3 led to co-IP of Reorl (44 kDa), but
not Reor2 (53 kDa, Figure 1A). In reciprocal studies, IP of Rcorl led
to co-IP of Foxp3 as well as Rcor2 and p300 (Figure 1B). We have
previously shown that IP of Foxp3 leads to co-IP of p300, which is
important for Foxp3 acetylation, dimerization, and Treg function
(23). The association of Rcorl with Foxp3 was also demonstrated
using Tregs; IP of Reorl led to co-IP of Foxp3 (Figure 1C), and IP
of Foxp3 led to co-IP of Reor1 (Figure 1D). Hence, Rcorl can asso-
ciate with Foxp3 and with Rcor2 as part of the COREST complex.

We next conditionally deleted RcorI in Foxp3* Tregs by cross-
ing ReorI™f and Foxp3Y/¢* mice (Figure 1E). Rcorl/Foxp3Y¥rt/cre
(hereafter Rcorl”") mice were born at expected Mendelian ratios
and, upon monitoring for up to 1 year, developed normally, with-
out development of weight loss, dermatitis, lymphadenopathy,
splenomegaly, histologic abnormalities, or other evidence of auto-
immunity. To determine whether Treg deletion of Rcor1 affected
Foxp3 association with the CoREST complex, we undertook IP
of Lsd1l and Western blotting of immunoprecipitates for Foxp3.
Unlike in WT Tregs, the association of Foxp3 with the Lsd1l was
largely lost in Rcorl” Tregs (Figure 1F).

To further characterize the Rcorl”~ mice, sec-
ondary lymphoid tissues were harvested, single-cell
suspensions prepared, and cell populations and acti-
vation markers assessed by flow cytometry. Rcorl”
¥ mice showed moderately decreased proportions of
Foxp3*CD4* Tregs within lymph nodes and spleen (Fig-
ure 2A), and there were only a few significant differ-
ences in basal T cell activation markers in lymph nodes,
spleen, or thymus, including increased proportions
of splenic CD69*CD8"* T cells, decreased proportions
of splenic CD4*CD69* T cells, and increased levels of
CD44MCD62L° CD8* T cellsin lymph nodes (Figure 2B).
The in vitro suppressive functions of Tregs from Rcorl”
mice were significantly (though modestly) impaired (P
< 0.05) compared with those of WT Tregs (Figure 2C, quanti-
fied in Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/]JCI1131375DS1).
Hence, Foxp3 can associate with Rcorl and Lsd1 components of
the CoREST complex, and under basal conditions, Rcorl dele-
tion leads to decreases in peripheral Treg numbers and Treg
suppressive function in vitro.

We wondered whether the lack of a phenotype under steady-
state conditions in the Rcorl”- mice might reflect compensation
by Rcor2 and briefly explored this by developing mice with con-
ditional deletion of Reor2 (Rcor2?Foxp3¥F/¢) or both Reorl and
Reor2 (Reorl¥®Rcor2?8Foxp3Yf/ce) in their Tregs. Conditional
deletion of Rcor2 led to a small decrease in peripheral Treg pro-
portions in peripheral lymphoid tissues similar to that seen with
Reorl deletion (Supplemental Figure 2A). However, in contrast
to what occurred with Rcorl, deletion of Rcor2 led to a modest
increase (P < 0.05) in Treg suppressive function (Supplemental
Figure 2B). Dual deletion of Rcorl and Rcor2 decreased thy-
mic Treg production, and their peripheral Tregs had somewhat
impaired Treg function (P < 0.05) similar to that seen with Reorl
deletion (Supplemental Figure 2, A and B). Under steady-state
conditions, deletions of Rcorl, Rcor2, or both Rcorl and Rcor2
in Tregs did not lead to marked changes in activation of CD4*
or CD8" T cells (Supplemental Figure 2C). These data, while not
exhaustive, suggest that Rcorl plays a dominant role in Tregs that
is not able to be duplicated by Rcor2.
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Profound effects of Reorl deletion on gene expression in Tregs and
derepression of IL-2 and IFN-y. We undertook RNA-Seq analyses of
Rcorl”- and WT Tregs to assess Rcorl-dependent global changes
in gene expression. There were 1074 genes downregulated and
816 genes upregulated in Reorl KO Tregs (>2-fold, P < 0.05) com-
pared with WT Tregs (Figure 3A). A hierarchical clustering map
for differential gene expression is shown in Supplemental Figure
3. Differentially expressed genes included cytokines and chemo-
kines (Figure 3B), leukocyte antigens (Figure 3C), and transcrip-
tion factors (Figure 3D). Upregulation of various genes of inter-
est, including IL-2, IL-4, IL-10, IFN-y, Statl, Stat4, T-box1, CD73,
CTLA4, Ebi3, ICOS, and CD25, was confirmed by quantitative
PCR (qPCR) (Figure 3E and Supplemental Figure 4) as well as by
flow cytometric analysis of cytokine production by activated Tregs
(Supplemental Figure 5). Functional annotation clustering also
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Figure 2, Cellular effects of Rcor1 deletion in Foxp3* Tregs. (A) Percent-
ages of CD4*Foxp3* Tregs in lymph nodes, spleens, and thymi of WT and
Rcor1”/- mice, shown as representative plots (left) and with statistical
analyses (right). (B) T cell activation markers in CD4* and CD8* T cells of
WT and Rcor1”/~- mice were analyzed as percentages of gated cells; data
shown are representative of 4 to 6 experiments (left). Statistical analyses
are shown (right). In (A) and (B) data are shown as mean + SD, 6 to 8 mice/
group. Student’s t test for unpaired data. *P < 0.05 vs. WT control. (C) Treg
suppression assays were performed using pooled (4 mice/group) Tregs

and Teff cells from lymph nodes and spleens of WT and Rcor1”- mice, as
indicated. Assays were run in triplicate and repeated at least 3 times. The
results of a representative experiment are shown, along with the percent-
ages of proliferating cells in each panel.

showed enrichment of genes associated with inflammatory and
immune responses in Rcorl”~ versus WT Tregs (Figure 3F).

Treg expression of cytokines such as IL-2 and IFN-y is nor-
mally highly suppressed, and epigenetic mechanisms are thought
to contribute to such regulation. Hence, we used ChIP analysis
to assess chromatin remodeling at relevant gene promoters as a
result of Reor1 deletion. We pulled down chromatin with antibod-
ies directed against Lsd1, Hdacl, Hdac2, or acetylated histone 3
(ac-histone 3) and analyzed by qPCR the levels of the promot-
ers of IL-2, IFN-y, and T-bet that were co-immunoprecipitated.
Compared with WT Tregs, Rcorl”~ Tregs had dramatic decreases
of Hdac2 and LSDI, no significant difference in HDACI, and a
marked increase of ac-histone 3 at the IL-2 promoter (Figure 4A).
Likewise, Rcorl”" Tregs showed decreased Lsd1l/Hdacl/Hdac2
and increased ac-histone 3 binding at the IFN-y promoter (Fig-
ure 4B). IFN-y is a signature cytokine of CD4* Thl cells, and its
expression is regulated by T-bet (T-box1). Rcorl”" Tregs showed
decreased Hdacl/Hdac2 and increased ac-histone 3 at the T-bet
promoter, but there was no significant difference in Lsd1 (Figure
4C). Recent studies have highlighted the crossregulation of IFN-y
and STAT1 with B-catenin, including in dysfunctional Foxp3* Tregs
(24, 25). Although Rcorl”- Tregs did not affect expression of T-bet
and B-catenin proteins under basal conditions, their protein levels
were significantly increased in Reorl” Tregs upon activation by
CD3/CD28 mAb-coated beads for 24 hours (Figure 4D). These
data point to a key role of the CoREST complex in suppressing
Treg production of cytokines that are characteristic of activated
conventional T cells and only dysfunctional Tregs.

Rcorl deletion disrupts the Hdac/Lsdl/CoREST complex in
Tregs. The CoREST complex, whose primary components are
Hdacl or its paralog Hdac2, Lsdl, and the scaffolding protein
CoREST/Rcorl, regulates chromatin remodeling and gene
expression (14, 26, 27). Upon studying Rcor1 protein expression
in Tregs, we found that Rcorl was located in cytoplasm under
basal conditions in WT Tregs, but after activation with CD3/
CD28 mAbs for 24 hours, Rcorl translocated to the nucleus (Fig-
ure 5A), consistent with reports that phosphorylation of Rcorl in
T cells and other cells can lead to nuclear translocation of cyto-
plasmic Rcorl (28, 29). Next, we found that the levels of Hdac2
and Lsd1 proteins, but not those of Hdacl, were significantly
decreased in Rcorl” Tregs (Figure 5B). The best studied modifi-
cation of core histones is the reversible acetylation of conserved
lysine residues within N-terminal tails, as regulated by histone
acetyltransferases (Hats) and Hdacs. A well-established feature
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of CoREST is its ability to regulate H3K9 acetylation and H3K4
demethylation (15-17). In Rcorl”" Tregs, we found that H3K9
acetylation (H3K9Ac) and H3K4 dimethylation (H3K4Me2)
were increased compared with WT Tregs, consistent with
reduced actions of the COREST Hdac and Lsd1 enzymes (Figure
5C). Likewise, overexpression of Rcorl in 293T cells decreased
the levels of H3K9Ac and H3K4Me2 (Figure 5D). These data
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Figure 3. RNA-Seq of Rcor1”/- vs. WT Tregs. (A) Volcano plot showing
statistical significance (Pud/) vs. fold change for genes differentially
expressed as a result of Rcor1 deletion in Foxp3* Tregs. (B-D) Heatmaps of
fragments per kilobase of transcript per million mapped reads of (B) cyto-
kines and cytokine receptors, (C) leukocyte antigens, and (D) transcription
factors in WT vs. Rcor1”/~ Tregs. Data underwent Z score normalization for
display. (E) gPCR results of gene expression in WT vs. Rcor’~ (R) Tregs that
were freshly isolated or cultured under activating conditions for 24 hours
(1:1 ratio of CD3/CD28 mAb-coated beads); data are shown as mean + SD, 3
mice/group. Student’s t test for unpaired data. *P < 0.05; **P < 0.01; ***P
< 0.001 for the indicated comparisons. (F) Functional annotation clustering
showed enrichment of genes associated with inflammatory and immune
responses in Rcor1”~ versus WT Tregs.

indicate that Rcorl is important to maintaining CoREST com-
plex-dependent functions in Tregs.

Rcorl deletion disrupts Treg function in vivo and promotes anti-
tumor immunity. We used 3 animal models to assess the effects
of Rcorl deletion on Treg function in vivo (23, 30). First, we
tested the ability of Tregs to inhibit homeostatic proliferation of
conventional T cells over 7 days following their adoptive transfer
into immunodeficient mice. Cotransfer of WT Tregs significantly
inhibited T effector (Teff) cell proliferation, whereas Rcorl”
Tregs were less able to suppress Teff cell proliferation (P < 0.05,
Figure 6A) and showed upregulation of IFN-y production (Supple-
mental Figure 6A). Analogous adoptive transfer with follow-up
at 30 days again showed markedly greater expansion of Teff
cells in the presence of Rcorl” vs. WT Tregs and suggested that
decreased viability of yellow fluorescent protein-positive (YFP*)
Reorl”" vs. WT Tregs may contribute to this difference, given
the reduced number of viable Rcorl” versus WT Tregs (Figure
6B). Rcorl”" Tregs also showed increased production of IL-2 and
IFN-y compared with WT Tregs (Supplemental Figure 6B).

In a second in vivo test of Rcorl deletion in Tregs, we under-
took cardiac allografts and treated recipients with CD40L (CD154)
mAbs plus donor splenocyte transfusion (DST) (5 x 10°). This
well-established costimulation blockade protocol (31) induced
long-term allograft survival in WT but not in Reorl”" recipients
(Figure 6C), indicating the inability of Foxp3* Tregs to control host
alloresponses in the absence of Rcorl.

Third, we assessed whether Rcorl deletion in Tregs promoted
antitumor immunity, using TC1 and AE.17 lung tumor models. We
have previously shown that the growth of these tumors in synge-
neic C57BL/6 mice is Treg dependent (23, 32). Compared with
WT mice, Reorl”” mice displayed a profound reduction in AE.17
tumor growth (Figure 6D). Flow cytometry analysis showed that
Rcorl”” mice had an increased frequency of tumor-infiltrating
IFN-y-producing CD8" T cells (Figure 6E), and qPCR analysis
showed increased CD4, CD8, IFN-y, and granzyme-B mRNAs
and decreased Foxp3 mRNA in tumors harvested from Rcorl”
versus WT mice (Figure 6F). Related studies in the TC1 lung tumor
model showed that, compared with WT controls, Rcorl”~ mice
had decreased tumor growth (Figure 6G), increased tumor infiltra-
tion by IFN-y*CD8* T cells (Figure 6H), and increased CD4, CDS,
IFN-y, and granzyme-B mRNAs (Figure 6I). Finally, consistent with
Treg dysfunction upon Rcorl deletion, Reorl”~ Tregs produced
more cytokines (IL-2, IL-4, IFN-y) than WT Tregs in tumor-associ-
ated lymph nodes and within the tumors themselves (Supplemen-
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Figure 4. Rcor1 deletion promotes Treg expression

’ﬁ‘ﬁf of IL-2, IFN-y, and T-bet. ChIP assays of (A) /L2, (B)
1 ;;gfm’ Ifng, and (C) T-box1 promoters with pull-down Ab
of Lsd1, Hdac1, Hdac2, and ac-histone 3 (ac-H3). (D)
Representative bands and statistical analyses of
Western blots for T-bet and -catenin expression in
WT  Rcor1+ fresh and 24 hour-stimulated (1:1 ratio of CD3/CD28

mAb-coated beads) WT or Rcor1”/- Tregs and Teff
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é 40 olsdt 30 DHdact Zggg 1 o r—?dacz 60 I-}‘ :,agc_H3 t test for unpaired data. *P < 0.05; **P < 0.01; ***P
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tal Figure 7). Thus, Reorl deletion in Tregs impairs Treg function
and promotes antitumor immunity.

CoREST complex inhibitor impaired murine Treg function. Bifunc-
tional small molecules that jointly inhibit the Hdac and Lsd1 enzy-
matic activities of the CoREST complex were recently described
(33). The structure of JK-2-68 is derived from phenelzine, while that
of JKD-1-51 (also known as corin) is derived from tranylcypromine,
and both compounds contain the same zinc-binding group that is
derived from the HDAC inhibitor MS-275 (Supplemental Figure
8). From a translational perspective, we questioned whether such
bifunctional CoREST inhibitors would generate data in WT mice
similar to that found upon disruption of the complex in Foxp3* Tregs
by Rcorl deletion. Encouragingly, CoREST inhibitors impaired
murine Treg suppressive function (Supplemental Figure 9), but did
not affect the suppressive function of Rcorl”” Tregs (Supplemen-
tal Figure 10). We next studied gene expression by purified WT
Teff cells and Foxp3* Tregs that were freshly isolated or stimulated
overnight with CD3/CD28 mAb-coated beads in the presence of
DMSO or CoREST inhibitor. CoOREST inhibitor treatment resulted
inincreased gene expression of IL-17 and IFN-y and decreased gene
expression of Foxp3, CTLA4, GITR, and TGF-p by Tregs as well as
increased IL-2, IL-10, and IFN-y and decreased GITR and TGF-$
expression by conventional T cells (Figure 7A). Treg induction of
proinflammatory cytokines, upon CoREST inhibitor treatment, was
also seen by flow cytometry (Supplemental Figure 11).

We next used 2 transplant models (34) that are both depen-
dent upon Foxp3* Treg function for long-term allograft survival
(>100 days) to screen for effects of COREST inhibitors on immune
responses in vivo. Adoptive transfer of Teff cells and Tregs (2:1 ratio)

jci.

markedly increased (Figure 7D). These results
indicate that CoREST complex inhibition
impairs the functions of murine Tregs in vitro and in vivo.

CoREST complex inhibitor impaired human Treg function. In par-
allel studies, preincubation of human Tregs with corin impaired
Treg suppression of the proliferation of human CD4* (Figure 8A)
and CD8" (Supplemental Figure 12) T cells. By staining cells har-
vested at the end of these suppression assays for the fixable live/
dead marker Zombie and Foxp3 and gating on CD4*CFSE cells to
define “dead Treg” Zombie*, “live exTreg” Zombie Foxp3", and
“live Treg” Zombie Foxp3* cells, we found that corin exposure had
decreased the numbers of live Tregs and increased the numbers
of exTregs in these assays (Figure 8B). Statistical analyzes of these
effects are shown in Figure 8, C and D, respectively. We also noted
that corin had decreased Treg expression of Foxp3 and CTLA4
(Figure 8E) and increased expression of CD127 (Figure 8F). Stud-
ies of the direct effects of corin on human PBMCs showed that the
compound led to decreased proportions of Foxp3* cells (Figure 8G)
and decreased Foxp3 protein expression per Treg (Figure 8H, with
statistical analyses in Figure 8, I and J, respectively). Hence,
CoREST inhibitor treatment impaired human Treg suppressive
function and was associated with decreased expression of Foxp3,
CTLA4, and other genes associated with human Treg function.

CoREST complex inhibitor promotes antitumor immunity.
Although the murine transplant data suggested that COREST inhi-
bition preferentially affected the functions of Tregs versus Teff
cells, since the net effect of systemic compound administration
was to induce allograft rejection by host T cells, a far more use-
ful action would be to promote antitumor immunity, consistent
with the effects we observed following Rcorl deletion in Foxp3*
Tregs (Figure 6). For these studies, we turned to the use of corin,
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a more powerful and pharmacokinetically robust COREST com-
plex inhibitor than JK-2-68 (33). Importantly, like JK-2-68, corin
impaired Treg function in vitro and in vivo (Supplemental Figure
9). Compared with DMSO-treated controls, syngeneic C57BL/6
mice treated with corin had significantly reduced growth of TC1
tumors (Figure 9A). This beneficial effect was accompanied by
increased tumor infiltration by CD8* T cells (Figure 9B), including
CDS8'IFN-y* T cells (Figure 9C). Tumor infiltration by Foxp3* Tregs
was unchanged by corin therapy (Figure 9D), but these cells now
produced proinflammatory cytokines, including IL-2 and IFN-y
(Supplemental Figure 13). COREST complex inhibitor therapy also
promoted CD4*and CD8" T cell activation in secondary lymphoid

= WT o= Reorl™-
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Figure 5. Rcor1 deletion affects the functions of the
CoREST complex in Tregs. (A) Localization of Rcor1
and Foxp3 in Tregs. Representative of 3 independent
experiments. Original magnification, x400. Scale
bars: 10 um. (B) Representative bands (left) and
statistical analysis (right) of Western blotting for
HDAC1/2/LSD1in Rcor1”- versus WT Tregs (B-actin
loading control). (C) Western blot of H3K4Me2 and
H3K9Ac level in Rcor1”- versus WT Tregs (total
histone 3 as loading control) (left), and statistical
analysis of Western blotting (right). (D) Western blot
results of H3K4Me2 and H3K9Ac levels in 293T cell
line after overexpression of Rcorl compared with EV
(B-actin loading control) (left) and statistical analysis
of Western blotting (right). Data are shown as

mean + SD, 4-6 samples/group. Student’s t test for
unpaired data. *P < 0.05; **P < 0.01; ***P < 0.001
vs. WT control.

Lsd1 tissues and increased tumor infiltration by
ot effector/memory CD8" T cells (Figure 9E). No
direct effects on tumor growth were seen when
tumor-bearing immunodeficient Ragl”" mice
were treated with COREST complex inhibitor
(Supplemental Figure 14). Hence, the inhibitor
impaired tumor growth in WT mice by promot-

ing antitumor immunity.

Teff Treg

Discussion

*% Comparative studies of the 3 CoREST genes,
encoding Rcorl and its paralogs Rcor2 and
Rcor3, indicate that all 3 CoREST proteins
interact equally with Lsdl, but vary in their
dependency on Hdacl/2 for their transcrip-
tional repression (35). CoREST complexes
containing Rcorl have the greatest transcrip-
tional repressive capacity (35). In the current
studies, pulldown of Foxp3 led to co-IP of
Rcorl but not Rcor2, and pulldown of Lsd1 led
to co-IP of Foxp3 only in the presence of Rcorl
(Figure 1). These biochemical data suggest that
Reorl and Lsd1 are important to Treg biology,
consistent with the presence of Foxp3, Rcorl,
Hdacl or Hdac2, and Lsd1, but not Rcor2 or
Rcor3, in large multiprotein complexes of 400
to 800 kDa or more in Tregs (22). Also consis-
tent with a major role in Tregs of Rcorl versus
its paralogs, Rcor2 deletion had minimal effects on Tregs, and
dual Rcor/Rcor2-deficient Tregs were similar to Rcorl”” Tregs
(Supplemental Figure 2). Under basal conditions, deletion of
Rcorlhad only modest effects on Treg development and numbers
in secondary lymphoid tissues, and Rcorl”" mice developed nor-
mally and had no signs of autoimmunity when housed under spe-
cific pathogen-free conditions for up to a year. Upon activation in
vitro, Rcorl deletion or use of CoREST inhibitors promoted Treg
production of proinflammatory cytokines but in the resting state,
tissues were not infiltrated by host cells (Supplemental Figure 15).
In contrast, our data from homeostatic proliferation studies, car-
diac transplant experiments, and tumor models all point to a crit-

Teff Treg
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Figure 6. Rcor1 deletion impairs Treg function in vivo. (A) The ability of Rcor1”/- Tregs (0.5 x 10°) to dampen homeostatic proliferation at 7 days after adop-
tive transfer of Teff cells (1 x 10°) into Rag1”- mice was significantly decreased compared with the effects of corresponding numbers of WT Tregs (P < 0.05).
(B) The stability of YFP* Rcor1-/~ Tregs (1 x 10°) at 4 weeks after adoptive transfer of Teff cells (0.25 x 10°) in Rag1™/~ mice was significantly decreased com-
pared with the effects of corresponding WT Tregs, as shown by flow cytometric evaluation of viable cells. *P < 0.05; ***P < 0.001. (C) WT or Rcor1”/- mice (5
mice/group) received BALB/c cardiac allografts plus CD40L mAb/DST; long-term allograft survival was seen in WT but not Rcor1”~ recipients (P < 0.01). (D-I)
Treg-specific deletion of Rcor1 enhanced antitumor immunity. Tumor volumes and AUC data of AE17 (D) and TC1(G) lung tumors were smaller in syngeneic
Rcor1”/- vs. WT mice (n = 8-10/group) after inoculation and reached statistical significance (P < 0.05). Analysis of CD4*Foxp3*, CD4*, CD8*, and CD8*IFN-y*
cells in lymphoid tissues from Rcor1”- or WT mice, bearing AE17 (E) or TC1 (H) tumors. gPCR analysis of gene expression of CD4, CD8, IFN-y, granzyme B, and
Foxp3 in tumor samples of AE17 (F) or TC1 (1) harvested at the end of each experiment. Data are shown as mean + SD, 4-6 samples/group. Student’s t test
for unpaired data. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001vs. WT control.

ical loss of Treg function when Rcorl”~ mice were challenged by
strong T cell activation in vivo. The apparent disconnect between
minor effects in vitro and in vivo in Rcorl”" mice under basal
conditions compared with when subject to activating stimuli is
not unusual, e.g., the ablation of Blimpl, Icos, IL-10, Ctla4, or
Eos in Tregs does not affect their suppressive properties in vitro,

jci.org

but impairs their activation under stimulating conditions and
their activities in vivo (36-41), similarly to what occurred in our
Rcorl”” mice. These data and our related findings using bifunc-
tional CoREST inhibitors in WT mice underscore the poten-
tial benefit of targeting this complex for therapeutic purposes,
such as in cancer immunotherapy.
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Figure 7. CoREST complex inhibitor
affects Treg gene expression and
function in vitro and in vivo. (A)
gPCR analyses of indicated gene
expression in Teff cells and Tregs.
gPCR data were normalized to

18S, and data (mean + SD) are
representative of 2 independent
experiments involving 5 mice/group.
*P < 0.05; **P < 0.01; ***P < 0.001;
***%P < 0.0001vs. WT control. (B)
Immediately after cardiac allograft-
ing from BALB/c donors, recipient
C57BL/6 Rag1”- mice (5 mice/
group) were adoptively transferred
with 1 million B6 Teff cells and 0.5
million B6 Tregs and treated with

or without JK-2-68 (10 mg/kg/d, 14
days). P < 0.01 for 2 groups. (C) B6
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Deletion of Rcorl in Tregs increased the expression of mul-
tiple transcription factors, cytokines, chemokines, and their
receptors, especially upon cell activation (Figure 3). Prominent
among these effects were the induction of IL-2 and IFN-y pro-
duction by Rcorl” Tregs, consistent with decreased recruitment
of Lsd1, Hdacl and/or Hdac2 to the Ii2, Ifng, and T-box1 gene pro-
moters and increased histone-3 acetylation at these sites (Figure
4). A key role of the CoREST complex in normally suppressing
these events was further supported by the findings of increased
H3K4Me2 and H3K9Ac in Rcorl” versus WT Tregs, consistent
with decreased actions of Lsd1l and Hdacl/2, respectively, as
well as by reversal of these features upon overexpression of Rcorl
(Figure 5). Tregs are sensitive to changes in the amount of IL-2
produced by CD4*Foxp3 CD44" T cells, and this is thought to be
a mechanism by which Treg abundance can be rapidly altered as
the number of Teff cells fluctuates (42). Likewise, Foxp3 binds
and prevents the expression of effector cytokine genes in Tregs
(43). The disruption of the epigenetic regulation of IL-2, IFN-y,
and other genes in Tregs as a result of Rcorl deletion points to
additional levels of control and potential for therapeutic inter-
vention beyond regulation of the activation of transcription fac-

Days after transplant

Teff Treg Teff Treg
24 h stim

of Western blotting for H3K4Me2
and HK9Ac expression in fresh Tregs
or Tregs stimulated for 24 hours by
CD3/CD28 mAb-coated beads with
or without JK-2-68 (10 uM).

50 100

H3K9AC xx

Teff Treg Teff Treg
Fresh 24 h stim

tors, their DNA binding, and recruitment of transcriptional com-
plexes, as shown schematically in Figure 10.

The in vivo effects of Rcorl deletion in Tregs were more potent
than anticipated by our in vitro data, but are consistent with a
reduced transcriptional repressive capacity compared with WT
Tregs and decreased suppression of potent Teff responses induced
by exposure to allogeneic cells and tumor antigens. We have shown
that the ability of AE.17 and TC1 tumor cells to grow in syngeneic
C57BL/6 mice is dependent upon the ability of Foxp3* Tregs to
suppress host Teff responses, especially that of CD8* T cells pro-
ducing effector molecules such as IFN-y and granzyme-B (23, 32).
The findings that deletion of Rcorl within Tregs of tumor-bearing
mice had profound effects on tumor growth and immune-depen-
dent clearance points to a major role of the CoREST complex in
control of Treg functions during potent immune responses. These
events were not accompanied by an inability of Foxp3* Tregs to
accumulate at tumors, since flow cytometric studies showed that
Treg numbers were unimpaired or even somewhat increased (Fig-
ure 6), possibly reflecting increased CXCR3 expression following
Rcorl deletion. Overall, the findings in Rcorl”" mice are more
consistent with disruption of function as a result of derepression
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Figure 8. Effects of COREST complex inhibitor on human Tregs. (A) Human healthy donor Tregs were incubated with corin (1 uM) for 2.5 hours, washed
twice, and incubated with CFSE-labeled, anti-CD3¢ microbead-stimulated healthy donor PBMCs for 5-6 days. Representative data show impaired Treg
suppressive function for CD4* responder cells (CD8* responder cells are shown in Supplemental Figure 8). (B) After suppression assays, cells were stained
with fixable live/dead marker Zombie Yellow and Foxp3, cells were gated into CD4*CFSE-Zombie* (= dead Treg), CD4*CFSE-Zombie Foxp3~ (= live exTreg),
and CD4*CFSE-Zombie Foxp3* (= live Treg), to evaluate Treg stability (loss of Foxp3) and survival (% of Zombie- cells). (C) Statistical analysis of data shown
in A; Tregs from 5 healthy donors and Tregs and responder PBMCs from 3 healthy donors were tested in 5 independent experiments (total of 12 suppres-
sion assays). Treg abilities to suppress divisions of CD4* and CD8* responders were analyzed separately; 1sample t test with theoretical mean = 1. (D)
Statistical analysis of data from B; data from 6 assays were pooled, Wilcoxon's signed ranked test. (E) Cells were stained for Zombie Yellow, Foxp3, and
CTLA-4. Viable CD4*CFSE-Zombie Foxp3* Tregs were gated and evaluated for CTLA-4 expression (MOF, percentage of positive cells) and Foxp3 MOF. Data
were pooled from 6 assays. Wilcoxon's signed ranked test. (F-}) Healthy donor PBMCs (from 5 different donors in 3 experiments) were incubated with corin
(1 uM) and stimulated overnight with CD3¢/CD28 mAb-coated beads (1.3 beads/cell). (F) TIGIT and GITR expression tended to be decreased in viable CD4*
Foxp3* Tregs, but without significance, whereas CD127 expression significantly increased in the presence of corin. (G) Representative example of Foxp3
expression in PBMCs and (H) Foxp3 MOF in viable CD4*Foxp3* Tregs. (I and J) Statistics showing (I) decreased Treg numbers and (J) decreased MOF of Foxp3
in human Tregs treated with corin. All tests in F through | are 1-sample t tests with Bonferroni’s correction for multiple comparisons, whereas data shown
in J were evaluated by unpaired t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Data are shown as mean + SD.

of multiple genes within Foxp3* Tregs than with effects on Treg
trafficking or survival at tumor sites.

Encouraged by the in vivo data following Rcorl targeting in
Tregs, we turned to testing of recently characterized bifunctional
CoREST inhibitors (33) in WT mice. These compounds were
known to inhibit the proliferation of various tumor lines in vitro as
well as having inhibitory effects on the growth of SK-MEL-5 mel-
anoma cell xenografts in immunodeficient mice (33). However,
their utility in syngeneic models has not been reported. Since in
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vivo use of these compounds could have effects beyond just Tregs,
we first focused on testing effects of one such CoREST complex
inhibitor, JK-2-68, on resting or activated Tregs and conventional
T cells. In Foxp3* Tregs, the inhibitor decreased expression of sev-
eral signature genes, including genes encoding CTLA4, Foxp3,
GITR, and TGF-B, increased IFN-y and IL-17 expression, and
resulted in increased H3K4Me2 and H3K9Ac levels. In conven-
tional T cells, the compound increased IL-2 and IFN-y production.
Hence, the overall brunt of the effects was to dampen Treg genes
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Figure 9. CoREST complex inhibitor enhances antitumor immunity. (A) TC1 tumor volumes and AUC data were smaller in C57BL/6 mice treated with corin
(10 mg/kg/d) vs. DMSO (n = 8-10/group). Analysis of the percentages of (B) CD4* and CD8* cells, (C) CD8*IFN-y* cells, (D) CD4*Foxp3* cells, and (E) T cell
activation markers (CD8*CD69*, CD4*CD69*, CD4+*CD44"CD62LP, CD8*CD44"CD62L" ) in lymph nodes, spleens, and tumors from corin- and DMSO-treated
groups. Data are shown as mean + SD, 8-10 samples/group. Student’s t test for unpaired data. *P < 0.05; **P < 0.01vs. control.
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Figure 10. Schematic of the actions of the COREST complex in Foxp3*
Tregs. In WT cells, Foxp3 recruits the COREST complex, consisting of

Rcor1, Hdac1 or Hdac2, and Lsd1, to repress expression of multiple genes,
including IL-2 and IFN-y. In the absence of Rcor1, recruitment of the
CoREST complex by Foxp3 is markedly impaired, leading to derepression of
multiple genes, including those encoding IL-2 and IFN-y, and downstream
signaling molecules, such as T-bet and STAT1.

and promote Th1 responses. The histone mark targeted by Lsdl,
H3K4Mel/2, is typically associated more with enhancers than
promoters. Hence, the observed effects of COREST inhibition on
gene expression could well be mediated by changes at enhancer
sites rather than by direct effects at the various gene promoters.

Consistent with its immune-activating effects, JK-2-68 therapy
in 2 distinct allograft models in which Treg function is required for
long-term transplant survival resulted in allograft rejection. Finally,
the more powerful and pharmacokinetically robust compound
corin also impaired Treg suppressive function, markedly reduced
growth of TC1 tumors in syngeneic mice, and was associated with
increased host effector responses, including infiltration by activated
CD8* T cells producing IFN-y. Although understanding the mech-
anisms underlying these events is likely more nuanced than what
can be found in studies using conditional deletion of Rcorl in Tregs,
the transplant data indicate that the brunt of the effects of JK-2-68
or corin therapy was on the Tregs more than conventional T cells,
given that the compound induced acute rejection in Treg-depen-
dent models. Likewise, the cellular and molecular events in Treg-
dependent tumor models in Rcorl”” mice and inhibitor-treated
mice have many similarities. In conclusion, while further studies of
the roles of Rcor2 and Rcor3 in Tregs and immune responses gen-
erally are warranted, the current work shows that Rcorl and the
CoREST complex have important roles in Foxp3* Tregs, such that
therapeutic manipulation using CoOREST complex inhibitors may be
of benefit in cancer immunotherapy.

Methods

Mice. We used WT BALB/c and WT C57BL/6, Ragl’/~ C57BL/6,
CD90.1/B6, Reor7 (catalog 025877), and Reor2™ (catalog 030004)
mice from The Jackson Laboratory, plus previously described
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Foxp3"™* mice (38). All mice were backcrossed on the C57BL/6 back-
ground at least 8 times and used at 6 to 8 weeks of age unless specified.

Plasmids and CoREST complex inhibitors. We purchased plasmids
from Addgene and transiently expressed Flag-myc-tagged-Rcorl,
Flag-myc-tagged-Rcor2, Flag-tagged-Foxp3, and HA-tagged-p300 in
293T cells (23). Preparation of CoREST complex inhibitors JK-2-68
and JKD-1-51 (corin) was described previously (33).

Co-IP and Western blotting. HEK-293T cells transfected with plas-
mids, as well as WT and Rcorl”" Tregs, were lysed with RIPA buffer
(MilliporeSigma, catalog SLBL7395V). Pulldown Abs were incubat-
ed with precleared samples for 2 hours at 4°C, then overnight with
protein G-agarose (Invitrogen, catalog 15920-010). Cell lysates were
separated by SDS-PAGE, transferred to PVDF membranes, and immu-
noblotted with the indicated Abs. We purchased Abs against Rcorl
(Millipore, catalog MABN486), Foxp3 (Invitrogen, catalog 700914;
eBioscience, catalog 14-4774-82), and histone H3 (Abcam, catalog
ab1791) as well as Flag (catalog 14793), Myc (catalog 2272), HA (cata-
log 2367), Rcor2 (catalog ab37113), Lsd1 (catalog 2139), B-actin (catalog
3700), Hdacl (catalog 34589), Hdac2 (catalog 57156), Pcaf (catalog
3378), T-bet (catalog 13232), B-catenin (catalog 8480), H3K9ac (catalog
9649), H3K4me?2 (catalog 9725), and ac-histone 3 (catalog9754S) from
Cell Signaling Technology. Secondary HRP-conjugated Abs to mouse
(catalog 7076), rat (catalog 7077) and rabbit (catalog 7074) IgG were
purchased from Cell Signaling Technology. Unconjugated CD3 (clone
145-2C11, catalog 553057) and CD28 (clone 37.51, catalog 553294)
mAbs used for cell activation were purchased from BD. Full, uncut gels
are included in the published online supplemental material.

Flow cytometry. Single-cell suspensions from lymph nodes, spleens,
or tumors were prepared as previously described (33) and were stained
with fluorochrome-conjugated mAbs from BD Biosciences, unless
otherwise specified, that were directed against CD4 (Pacific Blue, Invi-
trogen, catalog MHCDO0428), CD8 (Super Bright 645, eBioscience,
clone 53-6.7, catalog 64-0081-82), Foxp3 (eFluor 450, eBioscience,
clone FJK-16s, catalog 48-5773-82), CD62L (PE-Cy7, clone MEL-14,
catalog 25-0621-82), IFN-y (APC, clone XMG1.2, catalog 554413),
CD44 (PE-Cyaine5, eBioscience, clone IM7, catalog 15-0441-83),
and CD25 (APC, eBioscience, clone PC61.5, catalog 17-0251-82) and
acquired on a Cytoflex (Beckman Coulter) flow cytometer.

Murine Treg suppression assays. For in vitro studies, 5 x 10* cell-
sorted CD4*CD25 T cells and CD4*CD25* Tregs from Foxp3Y*-cre
and Rcorl”" mice isolated using the CD4*CD25" Treg Isolation Kit
(Miltenyi Biotec, catalog 130-091-041) were added to 96-well plates.
Equal numbers of CFSE-labeled CD4*CD25 T cells and y-irradiated
APCs, isolated using a CD90.2 kit (Miltenyi Biotec, catalog 130-049-
101) plus CD3¢ mAb (1 pg/mL) were cultured for 72 hours. After 72
hours, proliferation of Teff cells was determined by flow and analysis
of cell trace violet dilution. For in vivo Treg suppression assays, 1 x
106 CD4*CD25" Thyl.1* and 0.5 x 10° Tregs were injected i.v. into
Ragl” mice. At 1 week, lymph node and spleen cells were stained with
Thyl.1-PE and CD4-Pacific Blue, and the numbers of Thyl.1* T cell
determined (Cytoflex).

Corin and human Tregs. Human Treg suppression assays, using
Tregs and Teff cellsisolated from the peripheral blood of healthy donors,
were performed as described (44). Human Tregs were preincubated for
2.5 hours with corin (1 uM), washed 2 times, and used in suppression
assays with CFSE-labeled healthy donor responder PBMCs, stimulated
with anti-CD3¢ microbeads, for 5 to 6 days. The ability of Tregs to sup-
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press divisions of CD4* and CD8" T cell responders was analyzed sepa-
rately. Five independent experiments were performed using 5 different
healthy donors of normal Tregs and 3 different healthy donor respond-
ers, and most assays used pretreatment of Tregs with 1 uM of corin, such
that data from 12 suppression assays were collected.

In addition, we assessed the effects of corin on human PBMCs.
PBMCs from 5 healthy donors were incubated overnight with corin (1
uM) and CD3g/CD28 mAb-coated beads (1.3 beads/cell) and analyzed
the next day by flow cytometry. In total, 18 markers were evaluated in
CD45*Ghost CD4*Foxp3* Tregs (IFN-y, IL-2, IL-4, IL-17, CD45RA,
CD45R0, CD62L, CD69, PTEN, CD39, FAS, CD120b, GITR, TIGIT,
CD127, CTLA4, HLA-DR, CD25). For cytokine production, PBMCs
were stimulated the next day for 4 hours with PMA/ionomycin in the
presence of Brefeldin. Human healthy donor Tregs did not produce
substantial amounts of cytokines, so we noted only the markers whose
expression was altered by the presence of corin.

Cardiac transplantation. Heterotopic cardiac allografts were per-
formed using BALB/c donors and WT or Ragl™ recipients (C57BL/6
background), as described (30). In adoptive transfer studies of
Treg-dependent allograft survival, after their isolation using mag-
netic beads, Tregs (0.5 x 10°) from WT or Rcorl”~ mice and Teff cells
(1 x 109 from WT mice were injected iv. into Ragl”" mice bearing
BALB/c cardiac allografts. In studies of costimulation blockade-
dependent allograft tolerance, WT or Rcorl”~ allograft recipients were
treated at the time of engraftment with CD154 mAbs plus 5 x 10¢ donor
splenocytes (31). Graft survival was monitored as a function of the abil-
ity of Tregs to suppress Teff cell-dependent alloreactivity and cardiac
allograft rejection. In related pharmacologic studies, Ragl”" allograft
recipients receiving adoptive transfer or WT recipients treated
with CD154 mAbs were treated with CoREST inhibitors (10 mg/kg/d,
14 days) from engraftment.

ChIP assays. We purchased EZ-Magna ChIP A Chromatin Immu-
noprecipitation Kits (Millipore). Teff cells or Tregs were fixed with 1%
formaldehyde and fragmented by sonication. Chromatin was immu-
noprecipitated with Abs against acetyl-histone-H3, Hdacl, Hdac2 and
Lsdl, and the resultant DNA was purified and analyzed by real-time
PCR (Step-One, Applied Biosystems). II2 and Ifing primer sets were
reported previously (45); primers for T-box1 were as follows: forward,
CGAATTCGCGCTGTATTAGCC; and reverse, GGCCTTTGCTGT-
GGCTTTAT.

RNA-Seq and real-time gPCR. RNA was isolated using RNeasy
kits (QIAGEN), and RNA integrity and quantity were analyzed by
NanoDrop ND-1000 and Nanochip 2100 Bioanalyzer (Agilent Tech-
nologies). Library preparation and RNA-Seq, genome mapping, and
analysis were performed by Novogene on the Illumina Platform
PE150; data were deposited in the National Center for Biotech-
nology Information’s Gene Expression Omnibus database (GEO
GSE137137). Data were tested for differential expression significant
analysis using the DESeq2 R package with the significant criterion of
a FDR-adjusted P value (P,,) of less than 0.05 and further analyzed
by Gene Ontology, KEGG, and Reactome database enrichments. To
show Z scores, we included the 3 replicates per condition and cal-
culated Z score values via the following formula: Z = (x - w) /6, with
x representing the fragments per kilobase million value, p repre-
senting the mean per row (gene), and o representing the standard
deviation per row (gene). We then generated heatmaps using the
Morpheus app on the Broad Institute’s website (https://software.
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broadinstitute.org/morpheus/). Expression of individual genes was
verified by qPCR. RNA was reverse-transcribed to cDNA (Applied
Biosystems) and qPCR performed using TagMan primer and probe
sets; data were normalized to endogenous 18S rRNA, and relative
expression was determined by the formula 24T,

Immunofluorescence. Cell cytospins were fixed, permeabilized
with 0.2% Triton X-100, blocked with normal goat serum for 1 hour,
and incubated with Abs against Foxp3 (rat anti-mouse, eBioscience,
catalog 14-5773-82) and Rcorl (mouse anti-mouse, Millipore, cata-
log MABN486) diluted in 0.2% Triton X-100 overnight. After wash-
ing, cytospins were incubated with Alexa Fluor 488-conjugated
goat anti-rat IgG (Invitrogen A11006) and Alexa Fluor 594-conju-
gated goat anti-mouse IgG (Invitrogen A11032), nuclei were stained
with Hoechst (1 pg/mL, CST 4082), and cells were analyzed by flu-
orescent microscopy.

Cell lines and tumor model. TC1 cells, derived from mouse lung epi-
thelial cells that were immortalized with HPV-16 E6 and E7 and trans-
formed with the c-Ha-ras oncogene (46), were provided by Yvonne
Paterson (University of Pennsylvania). The murine AE17.0va mesothe-
lioma cell line (provided by Delia Nelson, University of Western Aus-
tralia, Perth, Australia) was derived from mesothelioma cells develop-
ing in mice treated i.p. with asbestos and then stably transduced with
chicken ovalbumin (47). Cells were grown in RPMI, 10% FBS, 2 mM
glutamine, and 5 pg/mL of penicillin and streptomycin. Each mouse
was shaved on its right flank and injected s.c. with 1.2 x 106 TC1 or 2 x
10° AE17 tumor cells. Tumor volume was determined by the following
formula: (3.14 x long axis x short axis x short axis) /6.

Statistics. Data were analyzed using GraphPad Prism 8.0. Data are
presented as mean *+ SD unless specified otherwise. Measurements
between 2 groups were done with 2-tailed Student’s ¢ test when data
were normally distributed or Mann-Whitney U unpaired test when
populations were not normally distributed. Groups of 3 or more were
analyzed by 1-way ANOVA with corresponding Tukey’s multiple-
comparisons test when normally distributed, or when not, using Kru-
skal-Wallis with Dunn’s multiple-comparisons test. Graft survival was
evaluated with Kaplan-Meier followed by log-rank test; P < 0.05 was
considered significant. For human Treg suppression assays, AUCs
were calculated as described (44), followed by calculation of the ratios
of AUCs to control Treg AUCs. For data presented as ratios, 1 sample
t test (theoretical mean = 1) was applied for normally distributed data;
otherwise, we applied Wilcoxon’s signed rank test (theoretical median
=1). When needed, all P values were corrected with Bonferroni’s test
for multiple comparisons. Foxp3 median of fluorescence data were
calculated using unpaired Student’s ¢ test.

Study approval. Animal studies were approved by the Institutional
Animal Care and Use Committee of the Children’s Hospital of Phila-
delphia (protocols 17-001047 and 19-000561).
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