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CD4" regulatory T cells (Tregs) are critical for main-
taining self-tolerance and function to prevent autoim-
mune disease. High densities of intratumoral Tregs are
generally associated with poor patient prognosis, a cor-
relation attributed to their broad immune-suppressive
features. Two major populations of Tregs have been
defined, thymically derived natural Tregs (nTregs) and
peripherally induced Tregs (iTregs). However, the
relative contribution of nTregs versus iTregs to the
intratumoral Treg compartment remains controversial.
Demarcating the proportion of nTregs versus iTregs
has important implications in the design of therapeutic
strategies to overcome their antagonistic effects on anti-
tumor immune responses. We used epigenetic, pheno-
typic, and functional parameters to evaluate the com-
position of nTregs versus iTregs isolated from mouse tumor
models and primary human tumors. Our findings failed
to find evidence for extensive intratumoral iTreg induc-
tion. Rather, we identified a population of Foxp3-stable
nTregs in tumors from mice and humans.  The Journal
of Immunology, 2015, 194: 878-882.

wo major subsets of regulatory T cells (Tregs) have

been defined based on their developmental origin.

Thymus-derived natural Tregs (nTregs) are charac-
terized by constitutive Foxp3 expression, whereas Foxp3 is
considered unstable in peripherally induced (adaptive) Tregs
(iTregs) (1). The difference in Foxp3 stability supports the
view that iTregs retain the plasticity to revert to conventional
CD4" T cells (Tconvs) (2, 3). Inducible Tregs are routinely
generated in vitro from Tconvs via TCR stimulation in the
context of IL-2 and TGF-B (3). By various parameters,
in vitro—generated iTregs are comparable to nTregs; however,
withdrawal of TGF-B from iTreg cultures results in rapid loss

of Foxp3 expression, correlating with a reversion to cells akin
to Tconvs (3). Conversely, Foxp3 expression by nTregs is
TGEF-B independent, evidenced by the normal nTreg fre-
quency and function in TGF-B-deficient mice (4). This
difference in the ability to revert to Tconv provides an op-
erational paradigm to distinguish the two populations; how-
ever, defining nTregs and iTregs ex vivo from lymphoid or
tumor tissues remains a challenge. Approaches such as
genomewide epigenetic analysis of Treg and Tconv pop-
ulations have uncovered unique differences in their chromatin
regulation (1). In-depth analysis of the Foxp3 locus revealed
differential CpG DNA methylation patterns (differentially
methylated regions [DMRs]) between Treg subsets, improv-
ing Treg lineage delineation (2). Despite these advances,
epigenetic characterization of both mouse and human intra-
tumoral Treg subpopulations remains unclear.

TGEF-B has been extensively implicated in the neoplastic
process, with deregulation of the growth factor correlated with
a poor prognosis (5). The association between tumor pro-
gression and TGF-B signaling is highlighted by research
supporting that neutralizing TGF-B in tumors may have
a positive therapeutic benefit (6). Adding to this thesis is the
notion that inhibiting TGF-B signaling may also reduce
intratumoral iTregs, providing an attractive therapeutic
strategy to counter Treg-mediated immune suppression.
However, the composition and source of tumor-infiltrating
Tregs remains contentious, with several conflicting lines of
evidence to support either the accumulation of nTregs,
intratumoral Tconv-to-iTreg conversion, or a combination of
both sources (7-11). Using orthogonal methodologies, we
were unable to find evidence to support de novo intratumoral
Tconv-to-Treg conversion. Instead, we observed a population
of Foxp3-stable nTregs in multiple syngeneic and carcinogen-
induced mouse tumor models. Importantly, these findings
extended to an evaluation of human non—small cell lung

*Immuno- OncologTy Platform, EMD Serono Research and Development Institute, Bill-
erica, MA 01821; ncology Section, Medical Affairs, Ono Pharmaceutical Co., Ltd.,

Osaka 541-8564, Japan; *Now Cancer Immunology Group, Agenus, Lexington,
MA 02421

'1.D.W. and S.T. contributed equally to this work.

Received for publication November 5, 2014. Accepted for publication November 30,
2014.

Address correspondence and reprint requests to Dr. Robert Hofmeister, Immuno-On-
cology Platform, EMD Serono Research and Development Institute, 45A Middlesex
Turnpike, Billerica, MA 01821. E-mail address: Robert. Hofmeister@EMDSerono.com

www.jimmunol.org/cgi/doi/10.4049/jimmunol. 1402725

The online version of this article contains supplemental material.

Abbreviations used in this article: DMR, differentially methylated region; iTreg, induced
Treg; MCA, methylcholanthrene; NSCLC, non-small cell lung carcinoma; nTreg, nat-
ural Treg; thTGEF-B, recombinant human TGEF-B; Tconv, conventional CD4" T cell;
Treg, regulatory T cell; TSDR, Treg-specific demethylated region.

This article is distributed under The American Association of Immunologists, Inc.,
Reuse Terms and Conditions for Author Choice articles.

Copyright © 2015 by The American Association of Immunologists, Inc. 0022-1767/15/$25.00


mailto:Robert.Hofmeister@EMDSerono.com
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1402725/-/DCSupplemental
http://www.jimmunol.org/site/misc/authorchoice.xhtml

The Journal of Immunology 879

carcinoma (NSCLC) and ovarian carcinoma. Together, our Flow cytometry

data clarify a paradigm for understanding Treg stability in  pouse Abs were CD3, CD4, CD25, Foxp3, GITR, Eos, CTLA4, Ki67, and
tumors and argue against the impact of strategies aiming to  CD16/32. Human Abs were CD3, CD4, CD25, CD127, FOXP3, and FcyR-

achieve iTreg-to-Tconv reversion as a means of cancer therapy. block. Dead cells were excluded using 7-aminoactinomycin D. Intracellular
staining was conducted using eBioscience Foxp3 Fix/Perm buffer kit.

Materials and Methods Cell isolation

Cell lines

Mouse tumor cells were isolated as described previously (12). Human tumor

4T1, Lewis Lung (LLC), CT26, MC-38, and Detroit562 tumor cell lines were specimens were collected before therapy and purchased from Conversant Bio.

maintained in supplemented RPMI 1640 or DMEM at 37°C in a 5% CO, Healthy donor PBMCs (Research Blood Components) were isolated using
incubator. Ficoll-Paque density gradient. Samples were filtered and enriched for CD4"

T cells by MACS depletion (Miltenyi Biotec). After FcyR blockade, samples
were incubated with CD3, CD4, and CD25 (and CD127 for human sam-
Mice and in vivo studies ples) Abs for 45 min at 4°C. When Foxp3”“™” mice were not used, Foxp3

. was detected by intracellular staining. Stained cells were sorted using a BD
C57BL/6, BALB/c, FVB, and Nu-Foxnl mice were J»grchased from Charles FACSAriallL

River Laboratories. BALB/c- and C57BL/6J-Foxp3”“"” mice were purchased

from The Jackson Laboratory. For tumor growth studies, tumor cells were CpG m et/]}/[ﬂtian

suspended in 100 pl PBS and injected orthotopically (4T1, 5 X 107 cells) or

s.c. (Detroit562, 6 X 10° cells; LLC, CT26, and MC-38, 5 X 10° cells). CpG methylation analysis was determined by pyrosequencing of bisulphite-

Spontaneous fibrosarcomas were initiated in FVB mice by s.c. injection of modified genomic DNA from purified Tconvs and Tregs (>95% enriched).
methylcholanthrene (MCA, 100 wg) in 0.1 ml corn oil. TGF-B-Trap (TGF- Methylation analysis was conducted by EpigenDx, as previously described (13).
BRII extracellular domain fused to human IgG1) was injected i.v. at the CpG residues for each loci are shown as single boxes. Assays were Foxp3
indicated dose. Latent and free-active serum TGEF- levels were determined (ADS568FS1/2), CTLA-4 (ADS378FS1/2), TINFSFRIS (ADS4018RS1/2),
by ELISA. Tkzf4 (ADS3785FS1/2), and human FOXP3 (ADS783FS1/2).
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FIGURE 1. Intratumoral Tregs from several mouse tumor models exhibit Foxp3 stability. (A) CpG methylation analysis of Foxp3, CTLA-4, TNFRSFI8, and
Tkzf4 from Tconvs and Tregs isolated from the indicated tissue of CT26 tumor-bearing and control mice (pooled, 7 = 5 mice). (B) Foxp3 TSDR methylation
analysis of Tconvs and Tregs from LLC, 4T1, MC-38, MCA-induced tumors (pooled, 7 = 5 mice). Color coding represents percentage methylation. (C) Tconvs
(Foxp3EGFP7) or nTregs (Foxp3EGFP+) were cultured under iTreg (+TGF-B) or ThO conditions (—TGF-B) for 3 d. ThO, iTregs, and nTregs were incubated in
fresh culture media for an additional 2 d (day 5), then analyzed for Foxp3 expression (profiles from 7 = 5 spleens). The percentage of cells expressing Foxp3 is
relative to freshly isolated Tconvs (upper right of histogram). (D) Ex vivo differentiation schematic for cells cultured with TGF-B (iTreg) or without TGF-3
(iTreg-to-Tconv, “Reversion”). (E and F) Representative histograms showing the percent of T cells expressing Foxp3 after 5 days of ex vivo culture. Tconvs and
Tregs were isolated from spleens and tumors of 4T1 (E) or LLC (F) tumor-bearing mice and subjected to culture conditions outlined in (D). Samples were pooled
from 7 = 5 mice for each model. Tumors were collected when volumes reached 500 mm?. All data are representative of two or more individual experiments.
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iTreg generation and ex vivo Treg stability

Tconvs and Tregs from the tumor or spleen of tumor-bearing Foxp3”“"" mice
were cultured in the presence of 100 ng/ml recombinant mouse IL-2 (Pepro-
tech), CD3/CD28 Dynabeads (2:1 bead/cell ratio; Life Technologies), with or
without 10 ng/ml recombinant human TGF-8 (thTGF-B; R&D Systems) for
3 d. On day 3, cells were washed and replated in 100 ng/ml IL-2 in the presence
or absence of 10 ng/ml thTGF-B. On day 5, viable CD3" CD4" cells were
analyzed for Foxp3““" expression. Irradiated (20 Gy), Thyl.2-depleted
splenocytes (MACS depletion >90%, Miltenyi Biotec) from tumor-free mice
were used to support tumor-derived Tconvs and Tregs (1:1 ratio).

Smad luciferase assay

4T1 cells, transduced with a pSmad luciferase reporter (SA Biosciences), were
plated overnight (5 X 10%cells/100u] RPMI 1640). Cells were incubated with
TGEF-B-Trap for 2 h before thTGF-B was added (20 ng/ml). The next day,
fresh media were added with 150 pg/ml D-Luciferin and samples were ana-
lyzed after 5 min.

Results and Discussion

Preliminary assessment of Tconvs (CD3* CD4" CD25"
Foxp3™) and Tregs (CD3" CD4" CD25"h Foxp3") from
tumor-bearing BALB/c- and C57BL/6J-Foxp3““*" mice (CT26
and MC-38, respectively) revealed a skewed Treg/Tconv
ratio in the tumor compared with spleen or blood (Supple-
mental Fig. 1A). Consistent with proliferation contributing
to this altered ratio, Ki67 expression was elevated in intra-
tumoral Tregs relative to Tconvs (Supplemental Fig. 1B).
Phenotypic characterization of intratumoral Tregs revealed
a marked upregulation of Treg signature genes (CTLA-4,
GITR, and Eos), a characteristic likely attributed to Tregs
responding to tissue-specific and/or tumor neoantigens (Sup-
plemental Fig. 1C) (7, 14).

CpG hypomethylation of the Foxp3 Treg-specific deme-
thylated region (TSDR) or conserved noncoding sequence 2
is a hallmark of nTregs (2). Hypomethylation of ¢is-elements
at the Foxp3 locus permits Foxp3 binding, as well as other
transcription factors that constitutively activate Foxp3 (13,
15). By contrast, Tconvs and iTregs share a highly methylated
Foxp3 locus (Supplemental Fig. 2A) (2). As a result, Foxp3
expression in iTregs is unstable but can be induced by TGF-
signaling (13). We sought to use methylation analysis to de-

fine the intratumoral Treg landscape. Remarkably, we ob-
served that intratumoral Tregs exhibited a uniform pattern of
Foxp3 TSDR hypomethylation at multiple time points (Fig.
1A and Supplemental Fig. 1D). This epigenetic profile ex-
tended to the DMRs of CTLA-4 (CD152), GITR (CD357,
TNFRSF18), and Eos (Zkzf4) (Fig. 1A and Supplemental Fig.
1D). In contrast, Tconvs from either tumor-bearing or con-
trol mice had a hypermethylated signature. Importantly, the
intratumoral Treg Foxp3 TSDR pattern was conserved in
additional mouse tumor models: 4T1, LLC, MC-38, and
MCA-induced fibrosarcoma (Fig. 1B).

In the context of TCR stimulation, TGF-f effectively
converts Tconvs into iTregs and can be monitored by the
acquisition of Foxp3 expression and suppressive activity (3).
When TGF-B is withdrawn from iTreg cultures, Foxp3 ex-
pression rapidly diminishes (Fig. 1C). By contrast, splenic
nTregs maintain Foxp3 expression in the absence of TGF-8
stimulation. In agreement with earlier reports, iTregs that
upregulated Foxp3 in response to TGF-B retained a hyper-
methylated epigenetic profile relative to the hypomethylated
DMRs of cultured nTregs (Supplemental Fig. 2A) (15). To
further interrogate the composition of intratumoral Tregs, we
used the following schema (Fig. 1D). As expected, withdrawal
of TGF-B from iTregs led to reduced Foxp3, as compared
with iTreg continually supplemented with TGF-f (Fig. 1E).
As a control, splenic nTregs were shown to retain Foxp3 ex-
pression independent of TGF-B. Consistent with their
hypomethylated Foxp3 TSDR, Foxp3 was uniformly stable in
intratumoral Tregs (Fig. 1A, 1E). This finding was repro-
duced in another tumor model (LLC), confirming that
intratumoral Tregs have stable Foxp3 expression (Fig. 1F).

To discount the possibility that intratumoral Treg Foxp3
stability was due to paracrine or autocrine TGF-f production,
we sought to neutralize TGF-B in vivo using a TGF-BRII-Fc
fusion protein (TGF-B-Trap). The efficiency of TGF-
neutralization by TGF-B-Trap was first evaluated in vitro,
using a 4T1-Smad-Luc cell line, and in vivo by treating mice
implanted with Detroit562 pharyngeal carcinoma cells,
whose growth is driven by autocrine TGF-f signaling (16).
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FIGURE 2. TGF-B neutralization does not impact intratumoral Treg accumulation. (A) 4T1 tumor-bearing mice (350-500 mm?) were treated i.v. with 492
g TGE-B-Trap (7 = 10) or isotype control (7 = 8) on days 21 and 24 postimplantation (). Tissue was harvested on day 26 (A) for serum, phenotype, and
methylation analysis. (B) Free active TGF- in the serum of TGF-B-Trap or isotype-treated 4T1 tumor-bearing mice (7 = 5 mice/group). (C) Percentage of
Tconvs and Tregs, relative to the total CD4" T cell population in TGF-B-Trap or isotype-treated mice. Each symbol represents an individual animal (7 = 8-10/
group). (D) CpG methylation analysis of Foxp3, CTLA-4, TNFRSFI8, and lkzf4 from Tconvs and Tregs isolated from the indicated tissues. Color coding

represents percentage methylation. All data are representative of two or more independent experiments. Data are mean £ SEM. *p < 0.05, ***p < 0.001

calculated using Student 7 test. ns, nonsignificant.
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FIGURE 3. Human intratumoral Tregs have a hypomethylated FOXP3 TSDR profile. (A) CpG methylation analysis of the FOXP3 TSDR in Tconvs (CD3"
CD4" CD127" CD25"% FOXP3™) and Tregs (CD3" CD4" CD25"" CD127~ FOXP3") from the peripheral blood of healthy donors (n = 4). (B) FOXP3

TSDR methylation of intratumoral Tconvs and Tregs from NSCLC (7 = 4) and ovarian cancer patients (7 = 2). Color coding represents percentage methylation.

As anticipated, administration of TGF-B-Trap effectively
ablated endogenously and exogenously induced TGE-B sig-
naling in 4T1 cells in vitro and delayed tumor growth in mice
(Supplemental Fig. 2B-D).

Pre-established 4T'1 tumor-bearing mice received TGF-p—
Trap to evaluate the impact of TGF-B neutralization on
intratumoral Treg stability (Fig. 2A). Despite neutralization
of TGF-B in the serum of tumor-bearing mice, TGF-B-Trap
failed to reduce the frequency of intratumoral Tregs relative to
an isotype-treated cohort (Fig. 2B, 2C). TGF-f neutralization
upon tumor cell implantation provided a modest decrease in
tumor growth (Supplemental Fig. 2E). However, even if
TGF-B-Trap treatment was initiated at the time of tumor
implantation, there was no reduction of intratumoral Treg
frequency, arguing against a role for TGF-B in recruiting or
enhancing intratumoral Treg proliferation (Supplemental
Fig. 2F). Further, methylation analysis revealed that TGF-B—
Trap treatment failed to alter the epigenetic signature of tumor-
infiltrating Tregs (Fig. 2D).

Having established the stability of Foxp3 in Tregs isolated
from a number of mouse tumor models, we sought to apply
these findings to Tregs from primary human tumor samples.
Purified peripheral Tconvs and nTregs from healthy donors
accurately reproduced the differentially methylated state of the
Foxp3 TSDR observed in murine T cell populations (Fig. 3A
and Supplemental Fig. 2A). To evaluate the methylation
profile of Tregs in human tumors, we purified tumor-
infiltrating Tregs from NSCLC and ovarian patient samples.
Intratumoral Tregs showed a uniform degree of demethylation
at the FOXP3 TSDR, as compared with the hypermethylated
profile for tumor-infiltrating Tconvs (Fig. 3B). Taken together,
we revealed striking concordance in the features of intracumoral
Tregs isolated from mouse tumor models and primary human
tumor samples.

In this article, we provide several lines of evidence to support
that nTreg-like cells populate tumors in mice and humans.
This conclusion is consistent with the stability of Foxp3 ex-
pression in intratumoral Tregs from a range of murine tumor
models, as well as FOXP3 TSDR hypomethylation in tumor-
associated Tregs from mice and humans (1, 2, 15). Our data
support a paradigm whereby lineage-stable nTregs are
recruited into developing tumors, where they expand and
contribute to localized immune suppression (7, 11), and
moreover that Tconv-to-iTreg conversion is not an active
process in tumors; rather, most Tregs recruited into the tumor
are epigenetically imprinted nTreg-like cells. Our findings do

not preclude that tumors arising in distinct anatomical loca-
tions under infectious or other inflammatory conditions may
yield a more heterogeneous profile of iTregs and nTregs (17).
Notably, therapeutic strategies to neutralize TGF-8 in the
tumor microenvironment would not impact the frequency
of intratumoral Tregs. Rather, our results support the utility
of therapeutic strategies that selectively deplete intratumoral
Tregs or temporarily impair their immune-suppressive func-
tions, without causing overt autoimmunity (12, 18, 19).
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