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Abstract

Chronic inflammation drives colitis-associated colorectal
cancer (CAC) in inflammatory bowel disease (IBD). FoxP3 ™"
regulatory T cells (Treg) coexpressing the Th17-related tran-
scription factor RORyt accumulate in the lamina propria of
IBD patients, where they are thought to represent an inter-
mediate stage of development toward a Th17 proinflamma-
tory phenotype. However, the role of these cells in CAC is
unknown. RORyt"FoxP3™" cells were investigated in human
samples of CAC, and their phenotypic stability and function
were investigated in an azoxymethane/dextran sulfate sodi-
um model of CAC using Treg fate-mapping reporter and
Treg-specific RORyt conditional knockout mice. Tumor
development and the intratumoral inflammatory milieu
were characterized in these mice. The functional role of
CTLA-4 expressed by Tregs and FoxO3 in dendritic cells
(DC) was studied in vitro and in vivo by siRNA-silencing

Introduction

Inflammatory bowel disease (IBD) is associated with an
increased risk to develop colorectal cancer, and chronic inflam-
mation has been shown to be the major driver of carcinogenesis
(1, 2). Regulatory T cells (Treg), characterized by the expression
of the transcription factor FoxP3, play a key role in the main-
tenance of intestinal immune system homeostasis, and loss of
these cells results in an uncontrolled activation of the immune
system involving different organs including the gut (3, 4).
However, the role of Tregs in colitis-associated colorectal cancer
(CAC) remains unclear. Data from sporadic colorectal cancer
indicate that the accumulation of Tregs in the dysplastic areas is
associated with both positive (5-7) and negative prognoses
(8). Tregs have been reported as capable of protecting the host
from cancer by reducing the inflammation mediated by T cells
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experiments. RORyt expression identified a phenotypically
stable population of tumor-infiltrating Tregs in humans
and mice. Conditional RORyt knockout mice showed
reduced tumor incidence, and dysplastic cells exhibited
low Ki67 expression and STAT3 activation. Tumor-infiltrat-
ing DCs produced less IL6, a cytokine that triggers STAT3-
dependent proliferative signals in neoplastic cells. RORyt-
deficient Tregs isolated from tumors overexpressed CTLA-4
and induced DCs to have elevated expression of the tran-
scription factor FoxO3, thus reducing IL6 expression. Final-
ly, in vivo silencing of FoxO3 obtained by siRNA microin-
jection in the tumors of RORyt-deficient mice restored IL6
expression and tumor growth. These data demonstrate
that RORyt expressed by tumor-infiltrating Tregs sustains
tumor growth by leaving IL6 expression in DCs unchecked.
Cancer Immunol Res; 6(9); 1082-92. ©2018 AACR.

(9). At the same time, Tregs have shown protumorigenic effects
by suppressing anticancer immune responses (10). This con-
troversial effect may result from the presence of different Treg
subsets having dissimilar functions.

In inflammatory conditions, Tregs can express specific tran-
scription factors and cytokines that are associated with CD4™ T-
helper cell lineages. A specific Treg population that, together with
FoxP3, expresses the transcription factor retinoic acid-related
orphan receptor-yt (RORyt; ref. 11), essential for Th17 develop-
ment (12), has been identified. Lines of evidence suggest that
RORyt FoxP3™" might represent an intermediate step of differen-
tiation between suppressive Tregs and proinflammatory Th17
cells, and "ex-Tregs," which have lost the expression of FoxP3,
have been implicated in the pathogenesis of different immune-
mediated diseases (13-15). Yang and colleagues have described a
microbiota-induced RORyt"FoxP3* population of T cells sharing
both transcriptional and epigenetic profiles of Th17 cells and
Tregs. These cells represent a stable and functionally unique subset
of Tregs involved in the suppression of gut-specific inflammatory
responses (16). Such a population of Foxp3"RORyt* cells results
in their increase in the lamina propria of IBD patients compared
with controls, but its functional role remains poorly defined (17).
Besides the role of RORyt"FoxP3™" Tregs in intestinal inflamma-
tion, they are abundantly present in sporadic colon cancer in
humans and mice (18). Nevertheless, the role of the Treg-specific
RORyt expression in CAC is not known yet.

By using a Treg fate-mapping reporter system in the azoxy-
methane/destran sulfate sodium model of CAC, we demonstrated
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that FoxP3"RORyt" Tregs represent a stable subset of tumor-
infiltrating Tregs and that the loss of FoxP3 by these cells mar-
ginally contributed to the pool of proinflammatory RORyt" Th17
cells. RORyt expression by Tregs also contributed to tumor
growth, abrogating IL6 suppression in tumor-infiltrating DCs
with a mechanism involving CTLA-4 and the transcription factor
FoxO3.

Materials and Methods
Mice

All the experiments involving mice were conducted in
accordance with an Institutional Animal Care and Use Com-
mittee. All mice used were on C57BL/6 genetic background
and were housed and bred under specific pathogen-free con-
ditions in a facility located in Castel Romano, Rome. Fox-
P3eGFPCre knockin mice were kindly provided by Alexander
Rudensky (MSKCC). Rosa26-tdRFP mice were provided by
Hans-Joerg Fehling (University of Ulm, Germany). Rorco¥/f°x
mice were purchased from JAX. The experimental design on
murine models were reviewed and approved by the local
ethical committee. In order to generate the FoxP3 reporter
mice, we crossed FoxP3eGFPCre knockin mice that express the
green fluorescent protein (GFP)/Cre-recombinase fusion pro-
tein under control of the FoxP3 locus, with the Rosa26RFP
mice carrying a reporter allele for Cre activity that expresses a
nontoxic tandem-dimer red fluorescent protein (tdRFP) fol-
lowing Cre-mediated deletion of a floxed neo/stop cassette.
RORyt FoxP3 conditional knockout mice were generated cross-
ing FoxP3 reporter mice with rorc™”"". In these mice, Cre
expression, under control of the FoxP3 promoter, causes the
deletion of rorc floxed exons leading to gene inactivation
selectively in Tregs. The mouse strains were vital and born in
the expected medelian ratios. Both the strains, the FoxP3repor-
ter and RORYKO FoxP3reporter mice (cRORytKO), did not
show any sign of spontaneous disease up to 12 months. All
animal experiments were performed in accordance with the
local institutional guidelines. Male mice (6-8 weeks old) were
used for all the experiments.

Human and mouse CAC immunohistochemistry and
immunofluorescence

Immunohistochemistry was performed on formalin-fixed,
paraffin-embedded colonic sections containing dysplastic areas
from 6 patients affected by ulcerative colitis complicated by
dysplasia and undergoing surgery according to current guide-
lines at the Department of Medicine DIMED Pathology and
Cytopathology Unit, University of Padova e Registro Tumori
del Veneto (Padova, Italy). Inclusion criteria for the analysis
were diagnosis of ulcerative colitis and histologic evidence of
dysplasia with indication to colectomy. Samples from patients
affected by Crohn colitis or indeterminate colitis were excluded.
The material was provided as paraffin-embedded sections and
stored at room temperature until stained. The study was per-
formed according to the principles of the Declaration of Hel-
sinki, all participants provided written informed consent, and
IRB approval (Veneto Institute of Oncology, Padova, Italy) was
obtained. Human sections of CAC were deparaffinized and
dehydrated through xylene and ethanol, and the antigen retrie-
val was performed in citrate buffer (pH 6.0) for 20 minutes in a
microwave. Immunohistochemical staining was performed
with the MULTIVIEW PLUS (mouse-HRP/rabbit-AP) ITHC Kit
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Brown/Green (ENZO Life Sciences) according to the manu-
facturer's protocol using an anti-human FoxP3 (clone 236A/E7,
eBioscience, Thermo Fisher Scientific) and an anti-human poly-
clonal RORC (Thermo Fisher Scientific), both final dilution
1:10 at 4°C overnight. The FoxP3- and RORC-expressing cells
were counted in six high-power fields (HPF)/case using IAS
2000 System (Delta Sistemi).

Frozen sections of mouse colon containing tumoral areas
were blocked in sodium tetrahydroborate (NaBH4, Sigma-
Aldrich) overnight, then were blocked with goat serum for
60 minutes and incubated with rat-anti mouse IL6 (clone
MP5-20F3, final dilution 1-100, Thermo Fisher Scientific),
rabbit anti-mouse FoxO3 (clone K115.9, final dilution
1-100, Thermo Fisher Scientific), hamster anti-mouse CD11c
(clone N418, final dilution 1-10,Thermo Fisher Scientific) in
0.1% bovine serum albumin at 4°C overnight. Subsequently,
sections were rinsed with PBS and incubated with Alexa Fluor
568 (goat anti-rat-anti-rabbit) and Alexa Fluor 488 (goat anti-
hamster; all 1-1,000 from Thermo Fisher Scientific) for 1 hour
at room temperature in the dark. Specimens were then washed
with PBS, counterstained with 4’,6-diamidino-2-phenylindole
(Thermo Fisher Scientific), and sections were then mounted
using Prolong Antifade kit (Thermo Fisher Scientific) and
examined using a fluorescence microscope (Leica) or a confocal
microscope (Nikon Instruments Spa, Eclipse TE200), with
exciting at 488 nm with an Ar laser and at 542 nm with a He
laser. Immunohistochemistry was performed on frozen sec-
tions of colon with tumors. Tissue sections were prepared as
follows: 6-um-thick sections were mounted onto superfrost
plus glass slides (Thermo Fisher Scientific) and fixed in 4%
neutral buffered formalin for 10 minutes at room temperature
and then in an increasing gradient of ethanol solutions. After
washing in Tris-buffered saline (Sigma-Aldrich), endogenous
peroxidase activity was quenched with 3% H,O, diluted in
methanol for 10 minutes at room temperature. The slides
were incubated with a mouse monoclonal antibody directed
against mouse p-STAT3 (clone Y705, final dilution 1:100,
Santa Cruz Biotechnology) or mouse Ki67 (clone MIB-5, final
dilution 1 to 100, Dako, Agilent) at room temperature for
30 minutes, respectively, followed by biotin-free HRP-polymer
detection (Ultravision Detection System, Thermo Scientific)
with 3,3’diaminobenzidine as a chromogen (Dako, Agilent).
The sections were counterstained with hematoxylin, dehy-
drated, and mounted. Positive cells were counted in at least
6 HPFs per section using IAS 2000 System (Delta Sistemi) and
expressed as number of cells per HPF.

Azoxythane/dextran sulfate sodium (AOM/DSS) model of CAC

Mice were initially injected with the alkylating agent AOM
(10 mg/kg; Sigma-Aldrich) intraperitoneally to induce mutagen-
esis in the gut epithelial cells. This was then followed by three
cycles of 2% DSS (MP Biomedicals, 36,000-50,000) given in the
drinking water for 7 days every 2 weeks to mimic relapsing colitis
typically observed in human IBD. In this model, adenomas with
high-grade dysplasia developed by day 30.

Endoscopic procedures

The development of tumors in mice was assessed by micro-
endoscopy (Coloview). In brief, mice were weekly scoped under
general anesthesia by using isofluorane vaporizer. Tumors were
counted and their size quantified based on how much room of the
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colon lumen was occupied by the tumoral mass as previously
described (19).

Histologic analysis of colon cross-sections

Colonic cross-sections were obtained at the end of the exper-
iment (day 80) and stained with hematoxylin and eosin (H&E).
The severity of inflammation was semiquantitatively graded by
two blinded readers as reported by Ito R and colleagues (20).
Briefly, epithelial damage was scored from 0 to 4 based on the loss
of goblet cells and crypts depletion. Inflammatory cell infiltration
was scored from O (infiltration limited to the crypt base) to 4
(infiltration extended to the submucosa). Distal and proximal
halves of the colon were scored separately. The final score was
obtained by summing the two subscores of the two segments
together.

Cell isolation

Tumor-infiltrating lymphocytes (TIL) from the tumor were
obtained according to the Lamina Propria Dissociation kit mouse
protocol (catalog #130-097-410; Miltenyi Biotech). Briefly, tumors
were collected at the end of the experiment (day 80). Three
consecutive washes were performed using Hank's balanced salt
solution without Ca** and Mg** supplemented with 10 mmol/L
HEPES, 5 mmol/L EDTA, 5% fetal bovine serum (FBS), and
1 mmol/L DTT in 1640 RPMI at 37°C for 20 minutes under conti-
nuous rotation on a MACSmix tube rotator to detach epithelial
cells. The remaining tumor fragments were loaded into Miltenyi's
C tubes containing a house made digestion buffer. C tubes were
immediately processed on the Miltenyi's gentleMACS Dissociator
using the tumor dissociation protocol. The cells suspension was
then used for further analysis. DCs were isolated from the spleens
of 8- to 10-week-old wild-type (WT) C57BL/6 by mechanical
dissociation using two sterile glass slides. CD11c were magnetically
sorted from the obtained splenocytes suspension using the CD11c
MicroBeads UltraPure (catalog #130-108-338; Miltenyi Biotech).
More than 95% pure CD11c cell population was obtained after
two passages through the columns. Tumoral Tregs were sorted by a
FACSAriall (BD Biosciences) based on FoxP3eGFP and tdRFP
fluorescence, obtaining a 97% to 99% pure Treg population.

Cell culture

A total of 10° splenic WT CD11c*-enriched DCs were cultured
in a 96-well plate U bottom (Falcon, calatog #353077) in RPMI
1640 supplemented with 10% FBS, 1% penicillin/streptomycin
(all from Lonza). Cells were activated by the addition of LPS
(100 ng/mlL; Sigma) for 6 hours, and then were cocultured
with 10’ Tregs sorted from colonic tumors of WT and cRORytKO
mice for 6 hours. In some experiments, neutralizing anti-CTLA-4
(1 pg/mL; R&D Systems) was added to the culture medium
described above for the entire duration of the experiment. To
silence FoxO3 in DCs, 10° splenic CD11c"-enriched cells were
transfected with FoxO3-specific siRNA (mouse FoxO3 siRNA
ID: 80660, Ambion, Thermo Fisher Scientific) or control oligo-
nucleotide (scramble siRNA ID:AM4611 Ambion, Thermo Fisher
Scientific) for 24 hours and then cocultured with Tregs sorted
from the tumors of WT and cRORYtKO for 6 hours.

Flow cytometry

TILs (10°) were stained with surface fluorochrome-conjugated
antibodies against: CD3 (clone 500A2) and CD4 (clone GK1.5;
both from BD Pharmingen), and CD80 (clone 16-10A1) and
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CD86 (clone GL-1; both from Tonbo Biosciences). Lineage stain-
ing was performed using antibodies against: CD11b (clone
MI/70), CD11c (clone HL3), and CD19 (clone 1D2; all BD
Pharmingen). Permeabilization and intracellular staining with
conjugated anti-RORyt (clone Q313778) and anti-IL6 (clone
MP5-20F3; both from BD Pharmingen) and CTLA-4 (clone
UC10-4F10-11; Tonbo Biosciences) were performed after
5 hours of stimulation with phorbol 12-myristate 13-acetate
(PMA; 40 ng/mL) and ionomycin (1 pg/mlL; Sigma-Aldrich) in
the presence of monensin (2 nmol/L; eBioscience, Thermo Fisher
Scientific) according to the Transcription buffer Ruo set protocol
(BD Pharmingen; catalog# 562574). Cells were analyzed by
flow cytometry (FACS VERSE; BD Biosciences), gating on living
cells according to LIVE/DEAD staining (catalog #34957; Thermo
Fisher Scientific). Flow cytometry data were analyzed by FlowJo
ver 10.4 (FlowJo).

In vivo FoxO3 silencing

FoxO3 siRNA (mouse siRNA ID: s80660, Ambion, Thermo
Fisher Scientific) or control oligonucleotide (scramble siRNA ID:
AM4611 Ambion, Thermo Fisher Scientific) were incubated in a
final volume of 50 uL of saline containing 25 pL of siRNA
(10 umol/L) plus 25 pL of Lipofectamin 3000 (Transfection Kit,
Invitrogen, Thermo Fisher Scientific) for 10 minutes at room
temperature before injection. At the end of the AOM/DSS pro-
tocol (day 80), colonic tumors were identified, and a pretreatment
biopsy was collected by endoscopy. The day after, mice underwent
the intratumoral injection at the same site of biopsy with 10,000
or 1,000 nmol/L FoxO3 or control siRNA as indicated. A total
volume of 50 UL was injected in each tumor with a 32-gauge
needle. Endoscopy and biopsy collection was performed at
24 and 48 hours after injection and included in NEG-50TM
(Thermo Fisher Scientific) for immunohistochemical analysis or
stored in RNAlater (Ambion, Thermo Fisher Scientific) for total
RNA extraction.

RNA extraction, complementary DNA preparation, and real-
time PCR

Total RNA was isolated with the PureLink RNA Micro Kit
(Thermo Fisher Scientific) for in vitro experiments and with Pure-
LinkRNA Mini Kit (Thermo Fisher Scientific) for tissue according
to the manufacturer's recommendations. RNA concentration was
measured by using NanoDrop (Thermo Fisher Scientific). Total
RNA (500-1,000 ng) was reversed transcribed into cDNA by
Superscript III Reverse Transcriptase kit (Thermo Fisher Scientific),
according to the manufacturer's protocol and then amplified by
real-time PCR using iQ SYBR Green Supermix (Bio-Rad). PCR was
performed by using the primer sets listed in Supplementary Table
S1. All primers sequences were designed in-house and purchased
from Applied Biosystems (Thermo Fischer Scientific). IL21 RNA
expression was evaluated using a TagMan assay (Applied Biosys-
tems, Thermo Fisher Scientific). JPCR was performed using
CFX96 Real-Time System (Bio-Rad) and RNA expression was
calculated relative to the housekeeping beta-actin gene expression
on the base of the AACt algorithm. Duplicates of each sample were
run in all gPCRs.

Statistical analysis

Results were analyzed by two-tailed Student ¢ test for parametric
variables and Mann-Whitney test for nonparametric variables
using GraphPad Prism 6. No statistical corrections were applied.
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Statistical significance was indicated when P < 0.05, unless oth-
erwise indicated.

Results

TILs are enriched for FoxP3 "RORyt" Tregs in human and
murine CAC

FoxP3 RORyt" cells are present in the lamina propria of IBD
patients (17). To assess whether this subset of T cells accumulated
in CAC, colonic sections of human ulcerative colitis containing
dysplastic areas were stained for FoxP3 and RORyt. As expected,
double-positive cells were observed in the lamina propria of
nondysplastic areas, but a significantly higher number of these
cells were quantified within the dysplastic areas of the same
patient (Fig. 1A). To assess whether FoxP3*RORyt" cells repre-
sented precursors of protumorigenic Th17 cells in the CAC
microenvironment, we used a fate-mapping FoxP3 reporter

A B

Nondysplastic

Dysplastic
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mouse. In these mice, FoxP3" Tregs are characterized by the
coexpression of both GFP and RFP, whereas Tregs that have lost
FoxP3 expression do not express GFP but retain RFP. Therefore,
this model makes it possible to discriminate Tregs from exTregs ex
vivo on the basis of their endogenous fluorescence. FoxP3 reporter
mice were treated with AOM/DSS as described in Fig. 1B. As
expected, at the end of the experiment (day 80), mice developed
multiple tumors with high-grade dysplasia (Fig. 1C and D). By
gating on CD4"RORyt" tumor-infiltrating cells (Fig. 1E), we
observed that about one third of these cells were represented by
FoxP3"RORyt" Tregs (31.3%; range, 19.5%-35.6%), whereas
only a small fraction of FoxP3eGFP-tdRFP" ex-Tregs (3.73%;
range, 2.28%-9.45%) contributed to the pool of CD4 "RORyt" T
cells (Fig. 1F). Given the small number of ex-Tregs expressing
RORyt, these results indicate that the FoxP3 "RORyt" Tregs that
infiltrated the tumors represent a stable population of cells rather
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Figure 1.

Colitis-associated dysplastic areas contain a stable subpopulation of Tregs coexpressing the transcription factors FoxP3 and RORyt in humans and mice. A,
Representative H&E stains of sections from ulcerative colitis patients complicated by dysplasia showing (i) dysplastic and (ii) nondysplastic areas. (v)
Trichronic stainings showing FoxP3 single-positive (brown), RORc single-positive (blue), and FoxP3™RORc™ cells (violet) from (iii) the dysplastic and (iv)
nondysplastic areas. (vi) Quantification of double-positive cells from 3 HPF from 6 patients. Two-tailed Student ¢ test was used; *, P < 0.05. Scale bars, 100 um. B,
Schematic overview of the protocol used to induce CAC in mice. C, Representative endoscopic pictures (arrow heads indicate tumors) and (D) H&E-stained
sections of dysplastic tumors from WT mice at day 80. E, Representative plot gated on live CD3" Lineage (Lin)~ T cells isolated from tumors at day 80.
Quadrant: CD4"RORyt™ T cells. F, Left, Representative plot of gated cells from E. Right, Cumulative results from three independent experiments (n = 9) showing the
frequency of Tregs (FoxP3eGFPTtdRFP™) and ex-Tregs (FoxP3eGFP tdRFP™). G, Representative histogram of IL17A expression in CD3TCD4™" ConvT,
ex-Tregs, and Tregs. Numbers in the quadrants represent the frequency of gated cells. Horizontal bars, median frequency of cell subsets.
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cRORgtKO mice are resistant to tumor development, and dysplastic cells show low pSTAT3 and Ki67 expression. A, Representative endoscopic pictures (left)
and H&E staining of colonic tumor sections (central) from WT and cRORytKO mice at day 80. Dotted line, Dysplastic areas. Right, Number of tumors/colon
and tumor score of WT (n = 10) and cRORYtKO (n = 8) mice. B, Representative H&E stainings of peritumoral areas (50x magnification left and 100x
magnification center) from WT mice and cRORYytKO mice. Right, Histologic score of colitis severity analyzed in WT (n = 10) and cRORYtKO (n = 8) mice. Horizontal
bars, Median value from three independent experiments. Representative (C) Ki67 and (D) pSTAT3 immunohistochemical stainings of colonic sections
containing dysplastic areas from WT and cRORytKO mice (100x magnification left; 400 x magnification center). Right, Quantification of positive cells. Scale
bars, 200 um. Bars, means + SEM. 6 HPF/section were analyzed from 6 mice/group. Two-tailed Student ¢ test was used in A, and two-tailed Mann-Whitney

was used in F. *, P < 0.05; **, P < 0.01.

than a step of transition toward a Th17 phenotype. We next
investigated whether RORYt expression in Tregs induced IL17A,
the hallmark cytokine of Th17 cells. As shown by flow cytometry,
about 7% of RORyt-expressing Tregs produced IL17A. In contrast,
RORyt" ex-Tregs expressed IL17A comparable to that of conven-
tional T (ConvT) cells (Fig. 1G).

ROR¢yt depletion in Tregs reduces tumor incidence and growth

In order to investigate the in vivo functional role of RORyt in
Tregs, Treg-specific RORyt conditional knockout reporter mice
(cRORyYtKO mice) were generated by deleting RORyt specifically
in FoxP3-expressing Tregs (Supplementary Fig. S1IA and S1B).
Endoscopy and histology showed that the number of tumors, as
well as tumor scores, was significantly reduced in cRORYtKO mice
treated with AOM/DSS in comparison with WT mice (Fig. 2A).
However, histology and proinflammatory cytokine expression
indicated that inflammation of the peritumoral areas did not
differ between WT and cRORytKO (Fig. 2B; Supplementary Fig.
$2), thus indicating that the lower tumor incidence was not due to
lower inflammation in cRORytKO mice.

We next examined whether RORyt depletion in Tregs would
affect proliferation of dysplastic cells. Proliferation, based on Ki67
expression, was significantly lower in the cCRORytKO mice com-
pared with WT mice (Fig. 2C), and the activation of the signal
transducer and activator of transcription 3 (STAT3), which has
been shown to be pivotal in tumor progression by increasing
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tumor cell proliferation in CAC (21-23), was reduced in the
tumors of cRORYtKO mice compared with the WT control group
(Fig. 2D). Overall, these findings indicate that the expression
RORyt in Tregs sustained tumor development, dysplastic epithe-
lial cell proliferation, and STAT3 activation.

IL6 expression is downregulated in the tumors of cRORYtKO
mice and restricted to activated DCs

To unravel which factor was responsible for STAT3 activation in
the epithelial cells, the expression of a panel of cytokines (i.e., II6,
1111, 1117a, 1121, 1122, and Tnf) known to activate STAT3 and
involved in tumor cell growth was analyzed (21, 22, 24-27).
Among these cytokines, I6 was significantly reduced in the
tumors of cRORytKO mice compared with the WT (Fig. 3A).
Consistent with these findings, fewer IL6-positive cells infiltrated
the tumoral stroma of cRORYtKO mice as compared with WT mice
(Fig. 3B). Although neither the frequency of CD11c" DCs (Fig.
3C) nor the expression of the activation marker CD86 by these
cells differed between the two groups of mice (Fig. 3D, top left),
the expression of IL6 by activated CD11c"CD86", but not
CD86~, DCs in the dysplastic area of cRORytKO mice was
significantly reduced compared with controls (Fig. 3D, bottom
left and right). Accordingly, IL6-expressing CD11ct cells were
reduced in the tumor sections of cRORYtKO mice compared with
the WT (Fig. 3E). Expression of IL6 in tumor-infiltrating CD3* T
cells did not differ in the two groups of mice (Supplementary Fig.
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Figure 3.

Tumors of cCRORyt mice are infiltrated by DCs that express low IL6. A, Quantification of /16, /122, II], ll17a, 121, and Tnf mRNA expression in the tumors of WT and
cRORYtKO mice. Bars, mean + SEM. Three independent experiments using 4 to 5 mice per group. Two-tailed Student ¢ test was used; **, P < 0.001, ns: not
significant. B, Representative immunofluorescence of IL6 in colonic sections from dysplastic areas of WT and cRORytKO (blue: DAPI; red: IL6). C, Representative plots
of live CD3* and CD11c* from WT and cRORytKO tumors. Numbers, Frequency of CD1lc*CD3~ DCs. D, Top left, Representative histogram overlay gated

on the live CD11c™ from (C) showing CD86 expression in WT (black line) and cRORytKO (filled gray). Top right and bottom left, Representative histogram overlays
gated on live CD11c*CD86™ and live CD11c*CD86~ DCs showing IL6 expression in WT (black line) and cRORYtKO (filled gray). Bottom right, Frequency of
CDNc*CD86'IL6™ tumor-infiltrating cells of WT and cRORYtKO mice. Bars, mean =+ SD from 3 independent experiments in which 4 to 5 mice/group were used. Two-
tailed Mann-Whitney test was used; *, P < 0.05. E, Representative immunofluorescence for CD1Ic (green), IL6 (red), and DAPI (blue) of colonic sections
containing dysplastic areas from WT and cRORytKO mice. Scale bars, 100 um. F, Representative //6 mRNA expression in CD37CD4* conventional T cells (ConvT),
Tregs, and CDTic" cells sorted from pooled tumors of cCRORytKO mice relative to WT from one experiment of three preformed using 4 to 5 mice per group.

S3A and S3B). However, more than a 30-fold reduction of Il6
mRNA expression was observed in DCs sorted from tumors of
cRORYtKO mice compared with the WT, and II6 was less, but not
differentially expressed, in sorted Tregs and ConvT cells (Fig. 3F),
thus indicating that the modulation of IL6 by RORyt" Tregs
predominantly involved DCs.

www.aacrjournals.org

RORyt-deficient Tregs directly reduce DC-derived IL6
production

Tregs can target and suppress DC function (28). To assess
whether the expression of RORYt in Tregs could directly regulate
DC-derived IL6 expression, we cocultured splenic LPS-stimulated
CD11c" DCs and Tregs isolated from the tumors of WT or
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Figure 4.

RORyt depletion in Tregs directly reduces IL6 produced by DCs via a FoxO3-
dependent signaling. 10° Splenic CDTic*-enriched DCs were activated

with LPS (100 ng/mL) for 6 hours and then cocultured for further 6 hours with 10°
Tregs sorted from pooled tumors of WT or cRORytKO mice. Representative
results from three independent experiments containing 5 mice per group all
used for Tregs sorting. (A) //6 and (B) Foxo3 mRNA expression was

analyzed by RT-PCRin cultured cells. C, Immunofluorescence of FoxO3 on tumor
sections from WT and cRORytKO mice (blue DAPI; green CDTlc; red FoxO3).
Scale bar, 100 um. RT-PCR analysis of (D) Foxo3 and (E) //6 mRNA expression in
splenic CD11c™ DCs transfected with FoxO3-specific or control siRNA, as
indicated, and cocultured with tumor-infiltrating WT or RORyt-deficient Tregs
for 3 hours. Bars, mean of duplicates 4 SD of one representative experiment of
three performed. Two-tailed Student t test was used; *, P < 0.05.

cRORYtKO mice. In this experiment, CRORYtKO, but not WT,
Tregs significantly reduced DC-derived II6 (Fig. 4A). Dejean and
colleagues have shown that the transcription factor FoxO3 con-
trols IL6 production by APCs (29). Therefore, we investigated the
involvement of FoxO3 in the cRORYtKO Treg-induced suppres-
sion of DC-derived IL6 synthesis. Initially, we showed that Foxo3
expression was increased in DCs cultured with cRORytKO but not
WT Tregs (Fig. 4B). Accordingly, confocal microscopy of tumor
sections showed that a greater number of CD11c"FoxO3™ cells
accumulated in the dysplastic areas of the cRORytKO mice com-
pared with the WT mice (Fig. 4C). Next, we silenced FoxO3 by
specific siRNA and then performed the coculture experiments as
above. Inhibition of FoxO3 abrogated the inhibitory effect of
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cRORYtKO Tregs on DCs, restoring IL6 production at the mRNA
(Fig. 4D and E) and protein levels (Supplementary Fig. S4).

RORyt deficiency in tumor-infiltrating Tregs controls CTLA-4
expression and the FoxO3-dependent suppression of IL6

Previous studies have shown that CTLA-4 signaling through the
CD80/86 regulates the expression of FoxO3 in DCs (29). There-
fore, we assessed whether upregulation of FoxO3 in cRORytKO
Tregs was mediated by CTLA-4 signaling. To address this issue, we
initially evaluated the expression of CTLA-4 on tumoral Tregs by
flow cytometry. Tregs from the tumors of cRORYtKO mice showed
significantly higher mean fluorescence intensity of CTLA-4 com-
pared with WT Tregs (Fig. 5A and B). Next, IL6 expression was
evaluated in our coculture system in which CTLA-4 was neutral-
ized by a specific recombinant mouse anti—-CTLA-4 IgG. CTLA-4
blockade reduced FoxO3 expression (Fig. 5C) and upregulated
IL6, even in the presence of cRORYtKO Tregs (Fig. 5D).

In vivo silencing of FoxO3 restores IL6 expression, STAT3
activation, and proliferation of tumor cells from cRORYtKO
mice

To assess the in vivo relevance of FoxO3 in the control of IL6
expression and tumor growth, we endoscopically injected colonic
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Figure 5.

CTLA-4 overexpression in cRORYtKO Treg controls FoxO3 in DCs.
Representative histogram overlay gated on live CD3"CD4'lin " eGFP "tdRFP™
cells showing (A) expression and (B) median fluorescence intensity (MFI) of
CTLA-4 in tumor-infiltrating WT (light gray) and cRORYytKO (dark gray) Tregs.
Isotype control (black). Bars, Mean + SD from two independent experiments
containing 4 to 5 mice/group. C, //6 and (D) Foxo3 mRNA expression in
cocultures of splenic CD1lct DCs and Tregs sorted from tumors of WT or
cRORYtKO mice in the presence of anti-CTLA-4 (1 ug/mL) or isotype control as
indicated. Representative results from three independent experiments
containing 5 mice per group all used for Tregs sorting. Bars, mean of duplicates
+SD of one representative experiment of three performed. Two-tailed Student ¢
test was used; *, P < 0.05; **, P < 0.01.
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In vivo suppression of intratumoral FoxO3 expression in cRORYytKO mice restores IL6 expression, STAT3 activation, and increases dysplastic cell
proliferation. A, Expression of Foxo3 mRNA expression in tumor biopsies of cRORytKO mice (n = 6) before and 48 hours after injection of Fox03 or
control siRNA. B, //6 mRNA expression in tumors 48 hours after injection. C, Representative pSTAT3 and Ki67 immunohistochemical staining of
tumor biopsies from WT (n = 3) and cRORYytKO (n = 3) mice collected before and 48 hours after injection of FoxO3 siRNA. Scale bars, 100 um.

D, Quantification of pSTAT3 and Ki67-positive cells from six HPF/section of tumor biopsies from three mice/group. Student t test was used;

**, P <0.01; %, P< 0.05.

tumors with FoxO3 or control siRNA at two different concentra-
tions. Foxo3 expression was evaluated by real-time PCR of RNA
isolated from biopsies collected from the injected tumors at 24
and 48 hours after injection (Supplementary Fig. S5A). Because
10,000 nmol/L induced suppression as early as 24 hours, which
was still observed at 48 hours after injection, this dose was used in
the following experiments to assess the in vivo biologic effect of
FoxO3 suppression (Supplementary Fig. S5B and S5C). Injection
of cCRORYtKO tumors with FoxO3, but not control, siRNA induced
a significant reduction of foxo3 expression compared with that

www.aacrjournals.org

expressed before injection (Fig. 6A). At the same time, tumors
injected with FoxO3 siRNA showed a significant increase of IL6
mRNA as compared with controls (Fig. 6B). Finally, phosphor-
ylated (p) STAT3 and the proliferation marker Ki67 were upre-
gulated in tumors from cRORytKO, but not WT, mice after
injection with FoxO3 siRNA (Fig. 6C and D). Neither pSTAT3
nor Ki67 were upregulated after injection of control siRNA. These
data confirmed in vivo the role of FoxO3 as a negative controller of
IL6 expression, STAT3 activation, and proliferation of colonic
tumors induced by inflammation.
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Discussion

The accumulation of Tregs in cancer tissue has been associated
with opposing prognostic outcomes. This might be explained by
the presence of different Treg subsets. In inflammatory conditions,
Tregs have been shown to acquire the expression of Th-related
transcription factors in addition to FoxP3. During Th1-mediated
inflammation, Tregs upregulate the Thl-specific transcription
factor T-bet, leading to the expression of CXCR3 and the recruit-
ment of FoxP3 " T-bet" Tregs at the site of inflammation (30, 31).
Similarly, STAT3 expression by Tregs is required to control Th17-
driven inflammation, whereas IRF4 in Tregs is pivotal to suppress
a Th2-mediated immune response (32, 33). GATA3, involved in
the differentiation of Th2 cells, contributes to the functional
stability of Tregs (34, 35). These data suggest that in the tumor
microenvironment, the activation of different transcriptional
programs in Tregs might lead to different functional activities
and, thus determining different prognostic outcomes.

Tregs coexpressing both FoxP3 and RORyt have been identified
in both mice and humans. These cells are particularly enriched in
the gut lamina propria and they have been shown to accumulate
in IBD (16, 17). These cells are believed to represent an interme-
diate stage of differentiation between suppressive Tregs and
pathogenic Th17 cells. The evidence that pathogenic Th17 cells
derive from Tregs that have lost the expression of FoxP3 sustains
the hypothesis that in inflammatory conditions, the suppressive
phenotype of Tregs might be unstable (36, 37). Still, RORyt in
Tregs can induce some of the functional features of Th17 cells
(e.g., IL17A expression), leaving their suppressive capacity un-
affected, thus indicating that in certain conditions, Tregs might
functionally contribute to a Th17-related immune response (16).

BecauseTh17 cellsare involved both in IBD and colorectal cancer
development, this study was undertaken to investigate the contri-
bution of FoxP3 RORyt" Tregs to the initiation and progression of
CAC. The reported data showed a significant accumulation of these
cells in the dysplastic areas of colonic samples collected from
patients affected by ulcerative colitis and complicated by CAC
compared with the nondysplastic surrounding areas from the same
samples. Similarly, in the AOM/DSS model of CAC, one third of the
tumor-infiltrating RORyt "CD4 ™" T cells expressed FoxP3. However,
only a small fraction of RORyt single-positive T cells were derived
from Tregs that had lost FoxP3 expression, thus indicating that
RORyt-expressing Tregs accumulated in the tumor do not represent
an intermediate stage toward a Th17 phenotype and that these cells
represent a stable subset of Tregs infiltrating the tumor tissue. These
results are in agreement with the demonstration that FoxP3 is stably
expressed in Tregs, and its downregulation occurs only in nonfully
committed cells (38). Nevertheless, the expression of RORyt in
tumor-infiltrating Tregs was not sufficient to induce a Th17-like
phenotype, indicated by the low IL17A expression observed in these
cells, further indicating that FoxP3 "RORyt" cells in the tumors are
functionally distinct from the Th17 cells.

It has been reported that FoxP3"RORyt" T cells have high
secretion of anti-inflammatory IL10 and have a suppressive phe-
notype (11). FoxP3 *RORyt" T cells also show higher suppressive
capacity compared with FoxP3"RORyt™ Tregs in vivo (16). In
contrast, FoxP3"RORyt" Tregs that are increased in the lamina
propria of IBD patients have reduced suppressive capacity and
enhanced expression of proinflammatory cytokines (17, 39). In
our system, the specific deletion of RORYt in Tregs did not affect
the grade of inflammation observed in the peritumoral areas, but
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it resulted in a reduction of tumor incidence and size. Therefore,
RORyt-expressing Tregs promoted CAC development indepen-
dently of their capacity to suppress colonic inflammation. Peri-
tumoral inflammation in both WT and cRORYtKO mice was mild
at the end of the experiment, when tumor incidence and growth
was evaluated, and differences in the grade of inflammation at
earlier time points could not be excluded.

The activation of the transcription factor STAT3 is critical for the
proliferation of dysplastic cells, and the signals of many cytokine
and growth factors converge on STAT3, thus contributing to
colorectal cancer progression (40). IL6-mediated activation of
STAT3 has been shown to be pivotal in CAC development.
Inhibition of IL6 trans-signaling suppresses tumor growth in the
AOM/DSS model of CAC (24, 41), and the proliferative and
prosurvival effects of IL6 on tumor cells are mainly mediated by
the activation of the transcription factor STAT3. STAT3 gain-of-
function mice show increased CAC growth and multiplicity (25).
In our model, proliferating Ki67* dysplastic cells were signifi-
cantly lower in the cRORYtKO mice compared with WT, and this
was associated with a reduced activation of STAT3 in the tumor
cells. Among STAT3-activating cytokines, only IL6 was reduced in
cRORYtKO mice. These data demonstrated that RORyt expression
in Tregs was required to sustain the activation of the oncogenic
IL6/STAT3 axis in dysplastic cells.

Flow cytometry analysis of TILs identified activated
CD11c"CD86" DCs as the major source of IL6, and the frequency
of IL6-expressing CD11c*CD86™ cells in the dysplastic areas of
cRORYtKO mice was reduced compared with WT mice. Although
no difference in IL6 expression was observed among CD3" Tecells,
RORyt expression by tumor-infiltrating Tregs sustained IL6
expression indirectly by acting on DCs. In addition to the control
of T-cell activation and differentiation, one of the key mechanisms
by which Tregs mediate immune suppression is the control of DC
function (28). Dejean and colleagues have shown a critical DC-
intrinsic role of the transcription factor FoxO3 in the modulation
of IL6 production (29). FoxO3 belongs to the forkhead family of
transcription factors (i.e., FoxO1, FoxO4, and FoxO6), which are
characterized by a distinct forkhead domain and act downstream
of the phosphoinositol-3-kinase (PI3K)-AKT signaling cascade
(42). Among the FoxO family members, FoxO3 contributes to the
regulation of the immune system (43). Evidence obtained in
FoxO3-deficient mice has shown that FoxO3 controls cytokine
production, opposes NF-kB activation, suppresses T-cell activa-
tion and proliferation, and reduces the proliferation of lymphatic
cells, resulting in a lower degree of inflammation (44). We
demonstrated by in vitro and in vivo experiments that RORyt
expression in Tregs is required to keep FoxO3 suppressed in
tumor-infiltrating DCs, thus leaving IL6 expression in these cells
unchecked. In vitro, cRORYtKO, but not WT, Tregs isolated from
tumors suppressed IL6 expression in DCs activated by LPS, and
this effect was reverted by FoxO3 silencing. Accordingly, in vivo
silencing of FoxO3 in the tumors of cRORYtKO mice increased IL6
expression and led to increased STAT3 activation and expression
of Ki67 in the tumors, further supporting that the protumorigenic
effect of Treg-specific RORYt expression is mediated by the uncon-
trolled expression of IL6. These findings further strengthen the
role of FoxO3 as a tumor suppressor in colorectal cancer. FoxO3
has been shown to induce autophagy, cell-cycle arrest, and apo-
ptosis in colorectal cancer cell lines (45), and its activation has
been linked to cisplatin responsiveness (46). Hence, our data
extend the role of FoxO3 as a tumor suppressor to nondysplastic
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Figure 7.

Schematic interpretation of the data showing the role
of RORyt expression in the tumor-infiltrating Tregs.
Tumor-infiltrating FoxP3"RORyt™ Tregs suppress
FoxO3 in DCs, leaving IL6 expression unchecked. At
the same time, high IL6 promotes STAT3 activation
and proliferation of dysplastic cells.

cells involving the control of IL6 expression in tumor-infiltrating
DCs. Because in our model some FoxO3 expression was observed
in the dysplastic cells, we cannot exclude that the increased
expression of Ki67 after FoxO3 silencing could, at least in part,
depend on a cell-intrinsic effect. However, FoxO3 suppression
induced STAT3 activation, thus indicating that the activation of
the IL6-STAT3 axis in these cells can substantially contribute to
the increased proliferation observed.

FoxO3 has been shown to act downstream to CTLA-4-induced
signals to constrain IL6 production in DCs (29). CTLA-4 is
expressed on the cell membrane of regulatory T cells and is
essential for suppression (47). CTLA-4 can also modify the
function of DCs by triggering reverse signaling through CD80
and CD86 receptors, resulting in the production of suppressive
mediators and/or the suppression of proinflammatory factors
(48). Consistent with this, Tregs from the tumors of cRORYtKO
mice showed increased expression of CTLA-4 compared with
WT mice. In vitro neutralization of CTLA-4 completely reverted
the suppression of IL6 operated by tumoral cRORYtKO Tregs.
Although FoxP3"RORyt" Tregs are characterized by higher
expression of suppression-related markers, including CTLA-4
(16), in cRORytKO mice we observed the upregulation of
CTLA-4 in the whole FoxP3" cell population, thus suggesting
that in the absence of RORyt, Tregs might upregulate CTLA-4 to
compensate for the loss of suppressive RORyt " Tregs. We currently
do not know the mechanism of how the absence of RORyt" Tregs
can influence the expression of suppressive molecules on the
surface of the remaining Tregs and warrants further investigation.

Overall, our data demonstrated that Tregs coexpressing the
transcription factors FoxP3 and RORyt reduced Foxo3 expression
in tumor-infiltrating DCs, leaving IL6 expression unchecked. In
turn, high IL6 expression in the tumor microenvironment, as pre-
viously demonstrated (25, 41), drove STAT3 activation and pro-
liferation of dysplastic cells and promoted CAC growth (Fig. 7).
In agreement with our findings, previously published data
demonstrate that the expression of RORyt by Tregs in APC™™/+
mice, which spontaneously develop multiple colonic tumors
in the absence of colitis, is required to induce the expression of
proinflammatory cytokines in the tumor microenvironment (18).

Initially, believed as a static subpopulation of T cells charac-
terized by suppressive capacity, Tregs are now emerging as func-
tionally plastic cells able to exert different immunosuppressive
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