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The Journal of Immunology

Innate Control of Tissue-Reparative Human Regulatory
T Cells

Avery J. Lam,*,† Katherine N. MacDonald,†,‡,x Anne M. Pesenacker,*,†,1 Stephen C. Juvet,{,‖

Kimberly A. Morishita,†,# Brian Bressler,** iGenoMed Consortium,2 James G. Pan,††

Sachdev S. Sidhu,††,‡‡ John D. Rioux,xx,{{ and Megan K. Levings*,†,‡

Regulatory T cell (Treg) therapy is a potential curative approach for a variety of immune-mediated conditions, including

autoimmunity and transplantation, in which there is pathological tissue damage. In mice, IL-33R (ST2)–expressing Tregs mediate

tissue repair by producing the growth factor amphiregulin, but whether similar tissue-reparative Tregs exist in humans remains

unclear. We show that human Tregs in blood and multiple tissue types produced amphiregulin, but this was neither a unique

feature of Tregs nor selectively upregulated in tissues. Human Tregs in blood, tonsil, synovial fluid, colon, and lung tissues did not

express ST2, so ST2+ Tregs were engineered via lentiviral-mediated overexpression, and their therapeutic potential for cell

therapy was examined. Engineered ST2+ Tregs exhibited TCR-independent, IL-33–stimulated amphiregulin expression and a

heightened ability to induce M2-like macrophages. The finding that amphiregulin-producing Tregs have a noneffector phenotype

and are progressively lost upon TCR-induced proliferation and differentiation suggests that the tissue repair capacity of human

Tregs may be an innate function that operates independently from their classical suppressive function. The Journal of Immu-

nology, 2019, 202: 2195–2209.

C
ell therapy with regulatory T cells (Tregs) holds signifi-
cant promise as a potential curative approach for a
variety of immune-mediated conditions, from autoim-

munity to transplant rejection. Tregs normally suppress the acti-
vation and effector function of other immune cells to maintain
self-tolerance and homeostasis, and adoptive transfer of ex vivo–
expanded Tregs has been found to be safe and potentially effica-
cious in clinical trials for graft-versus-host disease and type 1
diabetes (1). Although the majority of research on Treg biology to
date has centered on their immunosuppressive potential, there has
been an increasing appreciation for the nonimmune functions of
Tregs, particularly in tissue-specific contexts (2, 3).

Several reports in mice have shown that Tregs participate in
tissue repair (reviewed in Refs. 2, 4). In models of muscle and skin
injury, Tregs indirectly facilitate wound healing by limiting IFN-g
production and promoting anti-inflammatory myeloid cells (5–8).
Mouse Tregs also act directly on parenchymal cells to drive repair:
muscle- and lung-infiltrating Tregs mediate muscle and lung re-
pair after injury or influenza infection, respectively, via production
of amphiregulin (AREG), a low-affinity EGFR ligand (5, 9). In
muscles, AREG induces satellite cell differentiation in vitro, and
its administration to injured mice improves muscle repair (5). In a
model of influenza-induced lung damage, the early production of
Treg-derived AREG was found to be critical for normal tissue
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repair (9). Tissue-reparative mouse Tregs also have distinct fea-
tures, including a highly activated phenotype and a unique gene
signature, which is likely imprinted locally. Notably, these cells
seem to be recruited from the circulation, as their accumulation in
injured skin and muscle is reduced upon blockade of lymphocyte
egress from lymphoid organs (7, 10).
Accumulating evidence in mice suggests that IL-33 has an im-

portant role in promoting tissue-specific Treg activation and repair
function. Specifically, upon injury or necrosis, epithelial barrier tissues
release IL-33, which acts on IL-33R (ST2; IL1RL1)–expressing cells,
including ST2+ tissue-reparative Tregs in the muscle and lung
(5, 9, 10). In vitro, IL-33 induces AREG production by mouse
ST2+ Tregs (9) and in vivo can recruit Tregs to initiate muscle
regeneration (10). Furthermore, IL-33 maintains Areg-expressing,
ST2+ Tregs in multiple nonlymphoid tissues, including the colon,
muscle, and visceral adipose tissue (10–13), in part through
GATA3-mediated reinforcement of ST2 and FOXP3 expression
(12, 14). ST2+ Tregs are also poised to suppress the inflammatory
effects of IL-33 release: ST2+ Tregs in IL-33–treated mice po-
tently suppress IL-33–augmented IFN-g production by CD8+ and
CD4+ T cells (15, 16), and in a mouse model of allogeneic stem
cell transplantation, IL-33–expanded ST2+ Tregs protect mice
from IL-33–mediated rejection (17). Collectively, these studies
underpin the importance of the IL-33/ST2 and/or AREG pathways
in mediating the tissue-reparative capacity of mouse Tregs in a
variety of contexts.
In this study, we aimed to answer the outstanding question of

whether human Tregs have a similar tissue repair potential. There
are limited data on whether human ST2+ Tregs are present in
various tissues (18, 19). Also unknown is whether human Tregs
have the potential to produce AREG in response to IL-33 or
other factors, although human CD4+ T cells have been described
to produce AREG in response to TCR activation (20). Given the
potential therapeutic advantage of using tissue-reparative Tregs
in numerous cell therapy applications, we investigated sources
of therapeutic ST2-expressing human Tregs and explored their
biological properties.

Materials and Methods
Cell isolation and culture from human blood and
tissue specimens

Human samples were collected with written informed consent, and col-
lection was performed according to protocols approved by the University of
British Columbia Clinical Research Ethics Board, the Canadian Blood
Services Research Ethics Board, and the University Health Network Re-
search Ethics Board. PBMCs from healthy adults were isolated via Lym-
phoprep (STEMCELLTechnologies). For Treg isolation, CD4+ and CD25+

cells were sequentially enriched with a RosetteSep CD4+ T Cell Enrichment
Cocktail (STEMCELL Technologies) and CD25 MicroBeads II (Miltenyi
Biotec) before flow sorting on a FACSAria IIU (BD Biosciences) or MoFlo
Astrios (Beckman Coulter). Total Tregs and total conventional T cells (Tconvs)
were sorted as CD4+CD25hiCD127lo and CD4+CD25loCD127hi, respectively;
naive Tregs and naive Tconvs were sorted as CD4+CD25hiCD127loCD45RA+

and CD4+CD25loCD127hiCD45RA+, respectively. CD3+ T cells and type 2
innate lymphoid cells (ILC2s) were isolated by negative selection; CD14+

monocytes were isolated by positive selection (all STEMCELLTechnologies).
Tonsil tissues removed from healthy children were cut into small pieces,

and mononuclear cells were isolated by Lymphoprep. Synovial fluid from
joints affected by juvenile idiopathic arthritis was first incubated with
hyaluronidase (10 IU/ml; Sigma-Aldrich) for 20 min at 37˚C before
mononuclear-cell isolation with Lymphoprep. Lamina propria mononu-
clear cells were isolated from colon biopsy specimens from subjects
undergoing colon cancer screening by digestion with collagenase
VIII (100 IU/ml) and DNase IV (150 mg/ml; both Sigma-Aldrich) for 1 h at
37˚C, and mononuclear cells were isolated with a 40/80% Percoll gradient
(GE Healthcare) (21). Noncancerous lung tissue from patients with lung
tumors undergoing resection was cut into small pieces and digested
with collagenase A (1 mg/ml; Sigma-Aldrich) and DNase I (200 mg/ml;

Sigma-Aldrich) in a gentleMACS Dissociator (37C_m_LDK_1 program;
Miltenyi Biotec); RBCs were removed by incubation with a hypotonic
solution (15 mM NH4Cl, 10 mM KHCO3, and 70 mM EDTA) for 5 min at
room temperature.

Unless otherwise specified, all cells were cultured at 37˚C and 5%
CO2 in X-VIVO 15 (Lonza) supplemented with 5% (v/v) human serum
(WISENT), 1% (v/v) penicillin–streptomycin (Life Technologies), 2 mM
GlutaMAX (Life Technologies), and phenol red (Sigma-Aldrich). During
the differentiation of monocyte-derived dendritic cells (moDCs), the me-
dium above was additionally supplemented with 1 mM sodium pyruvate
(STEMCELL Technologies).

Naive Treg expansion and transduction

Flow-sorted naive Tregs or naive Tconvs were stimulated 1:1 with 75-Gy–
irradiated artificial APCs expressing CD32, CD52, and CD80 (22) in the
presence of OKT3 (0.1 mg/ml; University of British Columbia Ab Lab)
and IL-2 (1000 IU/ml for Tregs, 100 IU/ml for Tconvs). Cells were
transduced with a bidirectional-promoter lentiviral vector encoding ST2
and a truncated nerve growth factor receptor (NGFR) or NGFR only
(multiplicity of infection = 10) 1 d later. Media and IL-2 were refreshed
every 2–3 d. On day 7 of expansion, NGFR+ cells were bead-purified by
positive selection (Miltenyi Biotec) and restimulated with artificial APCs,
OKT3, and IL-2 as described above. In some cases, IL-33 (20 ng/ml;
BioLegend) was added on days 7, 9, and 11 of expansion. Cell viability
on day 12 was determined by ViaStain Acridine Orange/Propdium Iodide
Staining Solution (Nexcelom). All cells were collected on day 12 and
rested overnight in reduced IL-2 (100 IU/ml for Tregs, none for Tconvs)
before functional assays.

Polyclonal Treg coculture with moDCs

CD14+ monocytes were differentiated into moDCs for 7 d with GM-CSF
(50 ng/ml) and IL-4 (100 ng/ml; both STEMCELL Technologies); media
and cytokines were refreshed every 2–3 d. Maturation was induced by a
combination of IL-1b (10 ng/ml; Invitrogen), IL-6 (100 ng/ml; Invitrogen),
TNF-a (10 ng/ml; Invitrogen), PGE2 (1 mg/ml; Tocris) (all last 2 d), and
IFN-g (50 ng/ml; Invitrogen) (last 1 d). Maturation was confirmed via flow
cytometry by high expression of CD80, CD83, CD86, and HLA-DR. Flow-
sorted total Tregs were cocultured 1:1 with 50-Gy–irradiated moDCs,
OKT3 (1 mg/ml), and IL-2 (1000 IU/ml). Media and IL-2 were refreshed
every 2–3 d. IL-33 (20 ng/ml) was added on days 0, 3, 5, 7, 9, and 11 of
Treg:moDC coculture. All cells were collected on day 12 and rested
overnight in reduced IL-2 (100 IU/ml) before phenotypic analysis.

Development and validation of anti-human ST2 mAbs

For selection of phage-displayed anti-human ST2 Abs, the human ST2
extracellular domain was fused to a human Fc region, and the resulting
protein was expressed in HEK-293 cells, purified, and used as the Ag to
screen against a synthetic phage-displayed Fab library. Fabs that bound
specifically to the human ST2 extracellular domain but not human Fc were
selected, fused to a mouse IgG2a C region, expressed, purified from HEK-
293 cells, and used for in vitro testing (23).

For in vitro testing, HEK-293T cells were transiently transfected with a
vector encoding ST2–GFP or IL-1RAP–GFP using Lipofectamine 3000
(Invitrogen) according to the manufacturer’s protocol, and ST2 expres-
sion was assessed after 1 d with the indicated mAbs. To generate ST2-
transduced primary human T cells for mAb validation, CD4-enriched
PBMCs were transduced with a lentiviral vector encoding ST2–NGFR
and expanded for 7 d with artificial APCs, OKT3, and IL-2 as de-
scribed above. ST2 expression was assessed after expansion with the
indicated Abs.

Assessment of proliferation, AREG expression, and
cytokine secretion

Tregs or Tconvs (either ex vivo–sorted total Tregs/Tconvs or expanded
naive Tregs/Tconvs) were activated with IL-2 (100 IU/ml) and anti-CD3/
CD28–coated beads (Life Technologies Dynabeads T-Expander; 1:1 bead/
cell) in the presence or absence of IL-18 (MBL International) and/or IL-33
(20 ng/ml each). In some cases, cells were first labeled with cell prolif-
eration dye (CPD; Invitrogen) according to the manufacturer’s protocol
before activation; proliferation was determined after 4 d by CPD dilution
via flow cytometry.

For AREG mRNA expression, cells were lysed at the indicated times.
Supernatants were collected after 4 d for detection of secreted cytokines,
including AREG. For flow cytometric detection of AREG protein, cells
were restimulated with PMA (10 ng/ml), ionomycin (500 mg/ml), and
brefeldin A (10 mg/ml; all Sigma-Aldrich) for an additional 4 h. To assess

2196 TISSUE-REPARATIVE HUMAN Tregs
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AREG production potential ex vivo by flow cytometry, cells were activated
with PMA, ionomycin, and brefeldin A as described above.

Concentrations of AREG in supernatants were determined by ELISA
(R&D Systems DuoSet ELISA) according to the manufacturer’s protocol.
Concentrations of CCL3, CCL4, CCL5, GM-CSF, IFN-g, IL-2, IL-4, IL-8,
IL-10, IL-13, IL-17A, IL-22, and TNF-a were assessed by cytometric bead
array (BioLegend custom LEGENDplex 13-plex kit) and analyzed by
LEGENDplex software (v7.1; BioLegend) according to the manufacturer’s
protocols.

T cell suppression and monocyte alternative activation assays

For T cell suppression, expanded naive Tregs and ex vivo–isolated allo-
geneic CD3+ T cells (responder cells) were differentially labeled with
CPD, cocultured at the indicated ratios, and activated with anti-CD3/
CD28–coated beads (1:16 beads/responder cells) and IL-33 (20 ng/ml) for
4 d. Proliferation of CD4+ and CD8+ cells within the responder cell
fraction was determined by CPD dilution. Responder cells activated alone
with beads (6IL-33) served as positive controls. Percent suppression of
proliferation was calculated as: (1 2 [percent divided of sample/percent
divided of positive control]) 3 100.

For monocyte alternative activation, expanded naive Tregs and freshly
isolated allogeneic CD14+ monocytes were cocultured at the indicated
ratios and activated with IL-2 (100 IU/ml), OKT3 (1 mg/ml), and IL-33
(20 ng/ml) for 40 h. Monocytes activated alone with IL-2 and OKT3 (6IL-33)
served as positive controls. Cells were detached by incubation with ice-cold
PBS with 5 mM EDTA for 20 min on ice and then collected for flow cyto-
metric analysis.

Quantitative PCR

Cells were lysed, total RNA was extracted, and cDNA was synthesized
using a Total RNA Mini Kit (Geneaid) and qScript cDNA SuperMix
(Quantabio) according to the manufacturers’ protocols. Quantitative
PCR was set up with PerfeCTa SYBR Green FastMix (Quantabio) and
performed on a ViiA 7 Real-Time PCR System (Applied Biosystems).
The relative expression of each gene was normalized to the housekeeping
genes RPL13A and SDHA by the comparative threshold cycle method us-
ing QuantStudio software (v1.3; Applied Biosystems). Primer sequences
(Invitrogen): AREG forward, 59-GGTGGTGCTGTCGCTCTTGA-39; AREG
reverse, 59-AATCCATCAGCACTGTGGTCCC-39; RPL13A forward, 59-
CTCAAGGTCGTGCGTCTGAA-39; RPL13A reverse; 59-CTGTCACTG-
CCTGGTACTTCCA-39; SDHA forward, 59-ACTCAGCATGCAGAAGTC-
AATGC-39; SDHA reverse, 59-ACCTTCTTGCAACACGCTTCCC-39.

RNA sequencing and data analysis

Expanded naive Tregs were activated with IL-2 (100 IU/ml) and 1:1 anti-
CD3/CD28–coated beads in the presence or absence of IL-33 (20 ng/ml)
for 16 h. Total RNAwas isolated using RNAzol RT (Sigma-Aldrich). RNA
quality was assessed by an Agilent Bioanalyzer 2100 and an RNA 6000
Nano Kit (Agilent Technologies); all samples used in this study had an
RNA integrity number of 9.8–10. mRNA enrichment and library prepa-
rations were performed with a NEBNext Poly(A) mRNA Magnetic Iso-
lation Module and a NEBNext Ultra II Directional RNA Library Prep Kit
for Illumina (both New England Biolabs). Paired-end libraries were se-
quenced (43 3 43 bp reads) on a NextSeq 500 (Illumina). Read sequences
were aligned to the GRCh37/hg19 reference genome using STAR
(v2.5.0a), and Illumina’s RnaReadCounter tool was used for quantification
of gene expression; .8 reads across each of eight samples was considered
detectable.

Differentially expressed genes were identified by pairwise comparisons
using DESeq2 (v1.16.1) (24) within the R statistical environment (v3.4.2).
For gene set enrichment analysis, all detectable genes were ranked using
the following metric: sign(log2[fold change]) 3 2log10(p value). The
ranked list was compared with the Molecular Signatures Database gene set
collections, including Hallmark (v6.1; Broad Institute), using the
GSEAPreranked tool in Gene Set Enrichment Analysis software (v3.0;
Broad Institute) (25) with default settings and the classic Kolmogorov–
Smirnov statistic. Data were deposited within the National Center for
Biotechnology Information Gene Expression Omnibus (https://www.ncbi.
nlm.nih.gov/geo/) under accession number GSE117481.

Flow cytometry

Commercial Abs and dyes can be found in Supplemental Table I. Cells
were stained for surface proteins in PBS or Brilliant Stain Buffer (BD
Biosciences) for 20 min at room temperature; fixable viability dye (Invi-
trogen) was used to exclude dead cells. In experiments involving PBMCs
or tissue samples, cells were preincubated with human Fc receptor binding

inhibitor (Invitrogen) for 10 min at 4˚C. For intracellular proteins, cells
were fixed and permeabilized with the eBioscience Foxp3/Transcription
Factor Staining Buffer Set (Invitrogen) following the manufacturer’s
protocol.

For intracellular cytokine staining, cells were activated with PMA,
ionomycin, and brefeldin A for 4 h as described above. AREG expression
was revealed with fluorochrome-conjugated streptavidin. For assessment of
ST2 expression on blood- and tissue-derived samples, cells were either
stained directly or first cultured with IL-2 (100 IU/ml) and IL-33 (50 ng/ml)
for 24 h as indicated. For signal transduction, cells were rested overnight
without human serum or IL-2 and then activated with IL-33 (50 ng/ml)
for the indicated times at 37˚C while shaking (900 rpm), fixed and
permeabilized with Cytofix and Perm Buffer III buffers (both BD
Biosciences) according to the manufacturer’s protocol, and stained for
phospho-proteins.

All samples were acquired on an LSRFortessa X-20 (BD Biosciences) or
Cytoflex (Beckman Coulter), and data were analyzed with FlowJo software
(v10.4; Tree Star).

Statistical analysis

Statistical significance was determined by Wilcoxon matched-pairs signed-
rank test, Friedman or Kruskal–Wallis test with Dunn multiple comparisons
test, or matched two-way ANOVAwith Tukey, Dunnett, or Sidak multiple
comparisons tests, as appropriate. The n values used to calculate statistics
are defined in the figure legends; significance (p , 0.05 was considered
significant) is indicated within the figures. Analysis was performed using
Prism 7 software (GraphPad; v7.0d).

Results
Human AREG-producing Tregs from blood and tissues have a
noneffector phenotype

In mice, Treg production of AREG is restricted to cells with an
effector memory (CD44hiCD62Llo) phenotype (9). We first char-
acterized the ability of human Tregs from blood, lymphoid, and
nonlymphoid tissues to produce AREG. In blood, we found that a
proportion of Tregs (gated as CD4+CD25hiFOXP3+) produced
AREG ex vivo but at a significantly lower frequency than Tconvs
(CD4+CD25loFOXP32) (Fig. 1A). As AREG mediates its tissue-
reparative effects by acting directly on parenchymal cells, we hy-
pothesized that a larger fraction of Tregs in nonlymphoid tissues
may be poised to produce AREG. Thus, we obtained samples of
normal human tonsil, colon, and lung tissues, as well as synovial
fluid from patients with juvenile idiopathic arthritis. In all tissues
examined, a subset of Tregs produced AREG ex vivo, but the
highest frequency of AREG+ Tregs was found in blood rather than
tissues (Fig. 1B). Surprisingly, and in contrast to reports from mice,
AREG-producing Tregs were enriched for a naive, noneffector
phenotype. AREG expression was found mainly in the HLA-DR2

fraction of Tregs in blood and across multiple tissue types (Fig. 1B).
Predominant expression of AREG by noneffector Tregs persisted

after TCR activation. Blood Tregs were sorted (CD4+CD25hiCD127lo)
and TCR-activated for 4 d; the majority of AREG-expressing
Tregs were present in HLA-DR2 Tregs rather than HLA-DR+

Tregs (Fig. 2A). Similar results were found after TCR activation
of sorted HLA-DR+ and HLA-DR2 Tregs (Fig. 2B).
Compared to their AREG2 counterparts, AREG-producing Tregs

ex vivo had consistently lower expression of CD39, CCR4, Helios,
HLA-DR, and TIGIT (Fig. 2C)—proteins associated with Treg
activation and/or effector function (22, 26–29). Furthermore,
using CCR7 and CD45RA to define Treg differentiation status,
we found a progressive decline in ex vivo AREG production
potential as Tregs transitioned from naive (CD45RA+CCR7+)
to central memory (CD45RA2CCR7+) and effector memory
(CD45RA+CCR72) (Fig. 2D). Similarly, AREG+ Tregs were
enriched for a naive phenotype rather than an effector memory
phenotype (Fig. 2E). Overall, AREG expression by human Tregs
in both blood and tissues is associated with a noneffector Treg
phenotype.
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FIGURE 1. Human Tregs from blood and multiple tissue types can produce AREG. (A) CD4-enriched PBMCs were activated with PMA, ionomycin, and

brefeldin A (PMA/Iono; 4 h) or left unstimulated in the presence of brefeldin A (Unstim; 4 h). AREG expression (left, representative; right, n = 17) was

quantified within gated Tregs (CD4+CD25hiFOXP3+) and Tconvs (CD4+CD25loFOXP32). (B) Mononuclear cells from blood (n = 6), tonsil (n = 4),

synovial fluid (n = 3), colon (n = 3), and lung tissue (n = 3) were activated as in (A). AREG expression was determined in Tregs (CD4+CD25hiFOXP3+)

and Tconvs (CD4+CD25loFOXP32). Representative Treg and Tconv gates within CD3+CD4+ T cells (top), representative AREG expression in Tregs

and Tconvs (middle), and quantification (bottom). Significance for (A) and (B) was determined by matched two-way ANOVA with Tukey multiple

comparisons test.
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FIGURE 2. Human blood AREG-producing Tregs are enriched for a noneffector phenotype. (A) Flow-sorted Tregs (CD4+CD25hiCD127lo) were ac-

tivated with IL-2 (100 IU/ml) and 1:1 anti-CD3/CD28–coated beads for 4 d and then restimulated with PMA, ionomycin, and brefeldin A (4 h). AREG

expression was measured on gated HLA-DR+ and HLA-DR2 Tregs (n = 6). (B) AREG expression in flow-sorted HLA-DR+ and HLA-DR2 Tregs (both

CD4+CD25hiCD127lo) or total Tconvs (CD4+CD25loCD127hi) activated as in (A) for 5 d and restimulated with PMA, ionomycin, and brefeldin A (4 h) (top,

representative; bottom, n = 3–4). (C–E) CD4-enriched PBMCs were activated with PMA, ionomycin, and brefeldin A (4 h), and Tregs were gated as

CD4+CD25hiFOXP3+. (C) Representative (left) and quantified (right) expression of CD39 (n = 8), CCR4 (n = 9), Helios (n = 9), HLA-DR (n = 15), and TIGIT

(n = 9) within AREG+ and AREG2 Tregs. (D) Treg expression of AREG within naive (nTreg; CD45RA+CCR7+), central memory (Figure legend continues)
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TCR activation, but not IL-18 or IL-33, increases AREG
expression in human blood Tregs

Next, we investigated what factors might promote AREG ex-
pression in human Tregs. TCR stimulation is dispensable for
AREG expression by mouse Tregs in vitro and in vivo (9) but
induces its production in human CD4+ T cells (20). Sorted blood
Tregs (CD4+CD25hiCD127lo) and Tconvs (CD4+CD25loCD127hi)
activated via the TCR transiently upregulated expression of AREG
mRNA after 30 min, but levels quickly declined thereafter
(Fig. 3A). Nevertheless, at the protein level, both TCR-activated
Tregs and Tconvs had increased proportions of AREG+ cells
compared with their 4-d unstimulated counterparts (Fig. 3B), and
there was a trend, although NS, to higher secretion of AREG in
TCR-activated cells (Fig. 3C). Notably, as with ex vivo cells, in all
cases the amount/proportion of AREG production by Tregs was
lower than that of Tconvs (Fig. 3A–C). Thus, although TCR
stimulation can induce AREG production by human blood Tregs,
its expression is not a distinctive feature compared with other
CD4+ T cells.
Tissue damage is thought to lead to the release of alarmins that

drive AREG expression in immune cells. For example, in mice,
lung- and gut-resident ILC2s produce AREG in response to IL-33
(30, 31), and a subset of splenic Tregs secrete AREG in vitro upon
exposure to IL-18 or IL-33 (9). We therefore hypothesized that
epithelial cell–derived tissue damage signals such as IL-18 or
IL-33 might drive AREG production in human Tregs. Human
blood Tregs and Tconvs were activated through their TCR in the
presence or absence of IL-18 and/or IL-33. We found that neither
IL-18 nor IL-33 significantly modulated AREG mRNA expression
over time (Fig. 3D) or AREG protein expression in Tregs or
Tconvs after 4 d (Fig. 3E).
The lack of an effect of IL-18 or IL-33 on AREG may be related

to the absence of the respective receptor on CD4+ T cells in blood.
We thus examined expression of IL-18R and ST2 (IL-33Ra) on ex
vivo Tregs and Tconvs. We found that a subset of memory
(CD45RA2) Tregs and Tconvs expressed IL-18Ra ex vivo
(Fig. 3F); thus, the lack of an IL-18–mediated effect is likely
unrelated to IL-18R expression. In contrast, we were unable to
detect ST2 expression on human blood Tregs or Tconvs using a
commercial Ab (Fig. 3G).

Human Tregs from blood, tonsils, synovial fluid, colon, and
lung tissue do not express ST2

To account for the possible low sensitivity of commercially
available anti-human ST2mAbs, we used phage display to generate a
series of synthetic anti-human ST2 mAbs. The IL-33R is a heter-
odimer of ST2 and the accessory protein IL-1RAP, which complexes
upon IL-33 binding (32). Candidate mAbs were first evaluated with
an ST2- or IL-1RAP–transfected cell line (Supplemental Fig. 1A)
and ST2-transduced human T cells (Supplemental Fig. 1B), with
several clones exhibiting high specificity and sensitivity compared
with commercial options. To validate specificity on endogenous
ST2-expressing cells, we stained human blood ILC2s (gated as
Lin2CD127+CD161+CRTH2+) after 24 h culture with IL-2 and
IL-33 (33), revealing ST2 expression on a subset of cultured
ILC2s (Supplemental Fig. 1C). Expression of ST2 was also

consistently detected on CD19+ B cells (Supplemental Fig. 1D).
However, even with these high-affinity synthetic mAbs, we were
unable to detect ST2 on blood Tregs or Tconvs ex vivo (Fig. 4A),
explaining the lack of an IL-33–mediated effect on AREG ex-
pression (Fig. 3).
We next hypothesized that ST2 expression may be induced on

human blood Tregs after coculture with ST2+ APCs and IL-33
(15, 34). Sorted blood Tregs were cocultured with immature or
cytokine-matured moDCs for 13 d, with IL-2 and IL-33 supple-
mented every 2–3 d. Although immature moDCs expressed ST2,
which was downregulated upon cytokine-induced maturation
(Fig. 4B), ST2 expression was not found on cocultured Tregs, with
or without IL-33 (Fig. 4C).
Mouse ST2+ Tregs primarily reside in nonlymphoid tissues such

as the colon, visceral adipose tissue, and liver (12, 35–37), so we
speculated that human ST2+ Tregs may also be tissue-restricted.
We obtained samples of human tissues—tonsil, synovial fluid,
colonic lamina propria, bronchoalveolar lavage, and lung tissue—
and used flow cytometry to seek ST2+ Tregs. All tissues were
considered normal (i.e., from healthy individuals or from non-
cancerous biopsy specimens in patients) except for synovial fluid
and bronchoalveolar lavage, which were from patients with juv-
enile idiopathic arthritis and patients post–lung transplantation,
respectively. ST2 detection was unaffected by collagenase diges-
tion (Supplemental Fig. 1E), permitting us to evaluate ST2 ex-
pression on Tregs from tissues isolated with collagenase. As blood
ILC2s upregulated ST2 after short-term culture with IL-2 and IL-
33 (Supplemental Fig. 1C), we incubated blood and tissue samples
for 24 h in the presence of IL-2 and IL-33. ST2 expression was
found on a subset of CD19+ B cells in blood (1.6 6 0.6% ex vivo,
1.1 6 0.4% after 24 h culture with IL-2 and IL-33; mean 6 SD,
n = 7–8) and tonsils (0.8 6 0.5% ex vivo, 0.6 6 0.4% after 24 h
culture with IL-2 and IL-33; mean 6 SD, n = 5) (Fig. 4D).
However, ST2-expressing FOXP3+ Tregs were not consistently
detected in these tissues (Fig. 4D).

Human ST2-transduced Tregs exhibit enhanced proliferation
and maintain their T cell suppressive capacity in response
to IL-33

Because of extensive data in mice supporting the concept that ST2+

Tregs might have desirable therapeutic properties, including tissue
repair function, high suppressive capacity, and enhanced stability,
we next engineered human ST2+ Tregs to examine their potential as
a cell therapy. Sorted naive Tregs (CD4+CD25hiCD127loCD45RA+)
were transduced with a bidirectional-promoter lentiviral vector
encoding ST2 and truncated NGFR (transduction marker) or a
control vector encoding NGFR only. Cells were expanded for 2
wk with artificial APCs and high-dose IL-2; transduced cells were
bead-purified by NGFR selection after the first 7 d. As expected,
ST2–NGFR–transduced Tregs (ST2 Tregs) expressed high levels
of ST2 compared with their NGFR-transduced Treg (NGFR Treg)
counterparts (Supplemental Fig. 2A). Consistent with endogenous
mouse ST2+ Tregs (17), human ST2 Tregs responded to IL-33 via
phosphorylation of p38 MAPK and the p65 subunit of NF-kB
(Supplemental Fig. 2B), confirming expression of a fully func-
tional IL-33R heterodimer.

(cTreg; CD45RA2CCR7+), and effector memory Treg (emTreg; CD45RA2CCR72) subsets (n = 8). Representative subset gates within Tregs (top),

representative AREG expression (middle), and quantification (bottom). (E) Tregs were gated as AREG+ or AREG2 and then quantified as nTreg, cTreg, or

emTreg as in (D) (n = 8). Dots in (A)–(E) represent independent donors; bars in (B) and (E) represent means. Significance was determined by Wilcoxon

matched-pairs signed-rank test for (A) and (C), Kruskal–Wallis test with Dunn multiple comparisons test for (B), Friedman test with Dunn multiple

comparisons test for (D), and matched two-way ANOVA with Sidak test for (E).
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FIGURE 3. TCR activation, but not IL-18 or IL-33, increases AREG expression in human blood Tregs. (A–E) Flow-sorted Tregs (CD4+CD25hiCD127lo)

and Tconvs (CD4+CD25loCD127hi) were activated with IL-2 (100 IU/ml) and 1:1 anti-CD3/CD28–coated beads in the presence or absence of IL-18 and/or

IL-33 (20 ng/ml each). (A) AREG mRNA expression at the indicated times was determined by quantitative PCR and normalized to RPL13A and SDHA (n =

4–7 per timepoint); data are plotted on a log2 axis. (B–C) Cells were activated for 4 d. (B) AREG protein expression was quantified by flow cytometry in

cells restimulated with PMA, ionomycin, and brefeldin A (4 h; n = 11), and (C) secreted AREG was measured in supernatants collected before restimulation

(n = 8). (D) AREG mRNA expression was determined as in (A) (n = 3–6 per timepoint); data are plotted on a log2 axis. (E) AREG protein expression was

quantified as in (C) (n = 7). (F and G) Ex vivo Treg (CD4+CD25hiFOXP3+) and Tconv (CD4+CD25loFOXP32) expression (Figure legend continues)
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As IL-33 expands mouse ST2+ Tregs in vitro and in vivo (12, 15,
36), we asked whether IL-33 affects ST2 Treg proliferation.
NGFR or ST2 Tregs were labeled with CPD and then TCR-
activated with IL-2 in the presence or absence of IL-33 for 4 d.
ST2 Tregs exhibited enhanced TCR-dependent proliferation with
IL-33. In contrast, IL-33 alone (with IL-2) did not significantly
affect Treg proliferation (Fig. 5A). Similarly, when IL-33 was

added during Treg expansion, we found enhanced expansion with
unchanged cell viability and increased expression of Ki-67
(Supplemental Fig. 3A–C). These data demonstrate that IL-33
can enhance ST2 Treg proliferation and expansion in a TCR-
dependent manner.
We next assessed the effects of IL-33 on the TCR-dependent

immunosuppressive function of ST2 Tregs. ST2 Tregs expanded

of (F) IL-18Ra (n = 7) and (G) ST2 (clone 97203; n = 5) expression from CD4-enriched PBMCs. (A) depicts mean 6 SEM; dots in (B)–(F) represent

independent donors. Significance was determined by two-way ANOVAwith Dunnett test for (A), matched two-way ANOVAwith Tukey test for (B) and (C),

matched two-way ANOVAwith Dunnett test for (D) and (E), and matched two-way ANOVAwith Sidak test for (F). FMO, fluorescence minus one; n.s., not

significant.

FIGURE 4. Human Tregs from blood, tonsils, synovial fluid, colon, and lung tissue do not express ST2. ST2 expression was evaluated with a synthetic

anti-human ST2 (clone 3425) mAb. (A) Representative ex vivo ST2 expression on Tregs (CD4+CD25hiFOXP3+) and Tconvs (CD4+CD25loFOXP32) from

CD4-enriched PBMCs (n = 3). (B and C) Immature or cytokine-matured moDCs were irradiated and cocultured 1:1 with flow-sorted Tregs

(CD4+CD25hiCD127lo) and IL-2 (1000 IU/ml) for 12 d in the presence or absence of IL-33 (20 ng/ml) added every 2–3 d. (B) Representative ST2 ex-

pression on immature and cytokine-matured moDCs before coculture (n = 6). (C) Representative ST2 expression on Tregs after coculture with immature or

cytokine-matured moDCs in the presence or absence of IL-33 (n = 4 independent Treg donors). (D) Mononuclear cells from blood (n = 8), tonsil (n = 5),

synovial fluid (n = 3), colon (n = 2), bronchoalveolar lavage (BAL; n = 3), and lung tissue (n = 2) were cultured with IL-2 (100 IU/ml) and IL-33 (50 ng/ml)

for 24 h. Representative ST2 expression on CD3+CD4+CD82CD562 T cells or CD19+ B cells for the indicated tissues.
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FIGURE 5. Human ST2-transduced Tregs exhibit enhanced proliferation and maintain their T cell suppressive capacity in response to IL-33. (A) Expanded

NGFR- or ST2-transduced naive Tregs (flow-sorted as CD4+CD25hiCD127loCD45RA+) were labeled with CPD and activated with IL-2 (100 IU/ml) in the

presence or absence of 1:1 anti-CD3/CD28–coated beads and IL-33 (20 ng/ml) for 4 d. Representative CPD dilution (left) and division index (right, n = 9). (B)

Expression of CD25 (n = 7), FOXP3 (n = 15), CTLA-4 (n = 13), and LAP (n = 8) on ST2-transduced naive Tregs expanded for 12 d with or without IL-33

(20 ng/ml) added on days 7, 9, and 11 (top, representative; bottom, quantification); relative MFI data are plotted on a log2 axis. Expression by expanded naive

Tconvs (flow-sorted as CD4+CD25loCD127hiCD45RA+) is shown for reference. (C) Expanded NGFR- or ST2-transduced naive Tregs [expanded with or

without IL-33 as in (B)] and allogeneic CD3+ T cells (responder cells) were differentially labeled with CPD, cocultured at the indicated ratios, and activated

with anti-CD3/CD28–coated beads (1:16 beads/responder cells) and IL-33 (20 ng/ml) for 4 d (n = 4 independent Treg donors). Suppression of proliferation

within CD4+ (left) and CD8+ (right) T cells. Dots in (A) and (B) represent individual donors; bars in (B) represent means. (C) depicts mean6 SEM. Significance

was determined by matched two-way ANOVAwith Tukey multiple comparisons test for (A), Wilcoxon matched-pairs signed-rank test for (B), and Friedman

test with Dunn multiple comparisons test of the total areas under each curve for (C). MFI, geometric mean fluorescence intensity; n.s., not significant.
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in the presence of IL-33 had significantly increased expression of
the Treg-associated proteins CD25, FOXP3, CTLA-4, and LAP
(Fig. 5B) and maintained high Helios expression (Supplemental
Fig. 3D). IL-33 also potentiated TCR activation in ST2 Tregs, as
seen by elevated expression of CD39, CD71, and HLA-DR
(Supplemental Fig. 3E). We found no change in GATA3 expres-
sion in response to IL-33 (Supplemental Fig. 3E).
To measure the suppressive capacity of ST2 Tregs in response to

IL-33, NGFR or ST2 Tregs (some expanded with IL-33) were
cocultured with allogeneic CD3+ T cell responders and TCR-
activated for 4 d in the presence or absence of IL-33. In all
cases, Tregs were equally able to suppress CD4+ and CD8+ T cell
proliferation. IL-33 did not affect the ST2 Treg suppressive
function, either when added during expansion or during Treg:
responder coculture (Fig. 5C).

IL-33 alters the transcriptomic and cytokine profile of human
ST2-transduced Tregs

To further characterize IL-33–dependent changes in ST2 Tregs, we
conducted transcriptome profiling of cells activated with IL-2 and
TCR with or without IL-33. Short-term culture with IL-33 induced
gene expression associated with negative regulation of NF-kB and
p38 signaling (NFKBIZ and DUSP8; Fig. 6A). IL-33 also upreg-
ulated expression of IL13, a known IL-33–upregulated gene in
mouse Th2 cells (14), and the Th2- and Treg-homing chemokine
CCL22 (Fig. 6A). Transcript-level expression of KLF2, which
controls Treg homing to lymphoid organs, markedly decreased
with IL-33 treatment (Fig. 6A).
We used gene set enrichment analysis to identify coordinated

changes in gene expression. We found strong enrichment in genes
involved in cell cycle progression as well as genes downstream
of E2F transcription factors upon IL-33 treatment of ST2 Tregs
(Fig. 6B). IL-33–treated ST2 Tregs also showed strong enrichment
for Myc targets and mTORC1 signaling (Fig. 6B). Thus, short-
term exposure to IL-33 promotes ST2 Treg proliferation and leads
to changes in pathways associated with metabolism.
To examine cytokine production by ST2 Tregs, NGFR or ST2

Tregs were TCR-activated for 4 d with or without IL-33. In
comparison with NGFR Tregs, IL-33 resulted in increased ST2
Treg secretion of the myeloid-regulating cytokines GM-CSF and
IL-13 (Fig. 6C), as well as the T cell– and myeloid-attracting
chemokines IL-8, CCL3, and CCL5 (Fig. 6D). In contrast, no
difference in IL-10 production, a characteristic cytokine of mouse
ST2+ Tregs (35), was found (Fig. 6E). No differences were ob-
served in CCL4, IFN-g, IL-4, IL-17A, IL-22, and TNF-a (data not
shown). Collectively, IL-33, by promoting lymphoid-tissue exit,
elevated cytokine production, and potential metabolic reprog-
ramming, may poise ST2 Tregs to adopt an effector-like pheno-
type in peripheral tissues.

IL-33 innately upregulates AREG expression in human
ST2-transduced Tregs

Given the link between IL-33 signaling and AREG expression in
mouse Tregs, we asked whether human ST2 Tregs had greater
tissue repair potential via AREG expression. NGFR or ST2 Tregs
were activated for 4 d with IL-2 in the presence or absence of TCR
stimulation and IL-33, followed by restimulation with PMA and
ionomycin. Whereas TCR-activated Tregs exhibited no change in
AREG expression with IL-33, ST2 Tregs cultured with IL-33 alone
(with IL-2) had significantly elevated AREG expression (Fig. 7A).
Moreover, analysis of AREG expression by TCR-activated cells
within each CPD fraction revealed that AREG expression was
progressively lost with each subsequent cell division in both
NGFR and ST2 Tregs (Fig. 7B), consistent with data from ex vivo

Tregs (Fig. 2D). Thus, IL-33 innately upregulates AREG in a
TCR-independent fashion on human ST2 Tregs.

Human ST2-transduced Tregs induce alternatively
activated monocytes

Monocytes/macrophages are central orchestrators of the tissue
repair process (38). Human Tregs can induce the alternative ac-
tivation of monocytes through contact-dependent mechanisms and
soluble factors, including IL-4, IL-10, and IL-13 (39, 40). To test
the possibility that IL-33 may affect Treg-mediated regulation of
monocytes, NGFR or ST2 Tregs were cocultured with allogeneic
CD14+ monocytes for 40 h. Tregs downregulated the Ag presen-
tation–related molecules CD86 and HLA-DR on monocytes in a
Treg:monocyte ratio–dependent manner (Fig. 8A). Notably, ST2
Tregs were better able to augment monocyte expression of the
M2-associated protein CD163 (scavenger receptor), and there was
a trend, although not significant, to CD206 upregulation (mannose
receptor) compared with NGFR Tregs, particularly at higher Treg:
monocyte ratios (Fig. 8B). These changes in monocyte phenotype
were largely independent of the addition of rIL-33 (Fig. 8A, 8B),
suggesting that endogenous IL-33 contributes to a juxtacrine
Treg–monocyte cross-talk mechanism. Indeed, IL-33 expression
has been detected in human monocytes at the RNA and protein
level but not found to be secreted (41).

Discussion
Tregs with tissue repair function would be attractive for a variety of
therapeutic applications. To our knowledge, we are the first to
identify and characterize AREG-producing Tregs in human blood
and multiple tissue types, noting significant divergences from
mouse Tregs. Specifically, human AREG-producing Tregs are
present at lower frequencies than Tconvs, exhibit a noneffector
phenotype, and, at least for the tissues we examined, are not se-
lectively upregulated in tissues compared with blood. Naturally
occurring human ST2+ Tregs were not found in blood, tonsil, sy-
novial fluid, colon, or lung tissue. Engineered ST2 Tregs, however,
exhibited IL-33–driven AREG expression and an enhanced ability
to polarize monocytes toward an M2-like phenotype, suggesting
that engineered human Tregs may promote tissue repair, although
the specific settings in which these cells could be applied to take
advantage of this function require more investigation.
AREG production by mouse Tregs has emerged as an important

element of TCR-independent tissue-protective function (5, 9, 42).
Accordingly, AREG mRNA and protein expression is highly
enriched in mouse Tregs compared with Tconvs, particularly in
Tregs resident in nonlymphoid tissues (5, 9, 11, 12, 42). In con-
trast, although human Tregs produced AREG, the levels were
consistently lower than their Tconv counterparts; this finding held
true for cells isolated from blood and multiple tissue types, in-
cluding tonsil, synovial fluid, colon, and lung. Blood Treg AREG
expression could not be enhanced by IL-18 or IL-33 stimulation,
in contrast to mouse Tregs (9). In mouse influenza infection,
AREG production by lung Tregs was critical for tissue protection
(9), but in other settings, AREG production by multiple cell types
is necessary to promote epithelial cell growth (43). Thus, our data
suggest that human Tregs have the capacity to contribute to
AREG-mediated tissue repair, but because this is not a defining
characteristic of these cells, they likely function in concert with
other AREG-producing cells.
Contrary to our expectations, we could not identify human ST2+

Tregs in blood, in a variety of tissue types (tonsil, synovial fluid,
colon, and lung), or after coculture with IL-33–treated ST2+

APCs. We also failed to detect ST2+ Tregs in human omental
adipose tissue from lean or obese subjects (44). These data
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contrast with accumulating evidence for the biological importance
of mouse ST2+ Tregs in a multitude of tissue types, including blood
(45), lymphoid tissues (15, 17, 46), visceral adipose tissue (35, 36,
47), colon (12), lung (9, 48), liver (37), and skeletal muscle (5, 10).
However, in line with a previous study (33), we detected ST2
expression on human blood ILC2s, as well as on blood and ton-
sillar CD19+ B cells and immature moDCs. Whether other path-
ways beyond the IL-33/ST2 axis govern human Treg maintenance
and reparative function in tissues requires further study.

Because we could not find endogenous human ST2-expressing
Tregs, we engineered an artificial source of ST2+ Tregs to ex-
amine their potential as a cell therapy. Interestingly, over-
expression of ST2 in human blood Tregs recapitulated some of the
IL-33–dependent effects seen in mice (15, 45), including canon-
ical IL-33 signal transduction as well as increased TCR-dependent
expansion and activation. Of note, ST2 Treg production of AREG
could be augmented innately by IL-33 in a TCR-independent
manner. In addition, using transcriptome analysis, we found that

FIGURE 6. IL-33 alters the transcriptomic and cytokine profile of human ST2-transduced Tregs. (A and B) RNA sequencing was performed on expanded

ST2-transduced naive Tregs activated with IL-2 (100 IU/ml) and 1:1 anti-CD3/CD28–coated beads with or without IL-33 (20 ng/ml) for 16 h (n = 4). (A)

Heat map of differentially expressed genes (selected by Benjamini–Hochberg–corrected p , 0.05 and log2[fold change] . 1); columns represent matched

donors (indicated at bottom). Color scale represents the per-gene z-score. (B) Gene set enrichment plots for selected Hallmark gene sets in IL-33–

upregulated genes, with normalized enrichment scores (NES) and Benjamini–Hochberg–corrected false discovery rate (FDR). (C–E) Expanded NGFR- or

ST2-transduced naive Tregs were activated as in (A) and (B) for 4 d. Cytokine and chemokine concentrations in supernatants were measured by cytometric

bead array (n = 9). Significance for (C)–(E) was determined by matched two-way ANOVA with Sidak multiple comparisons test.
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IL-33 induced the Myc and mTORC1 pathways and downregu-
lated the lymphoid-retention gene KLF2, suggesting that IL-33
may direct ST2 Tregs to home to nonlymphoid tissues. These
data suggest that cell therapy with ST2 Tregs may enable pref-
erential migration to nonlymphoid tissues, where they could have
an innate-like tissue-protective function.

The tissue repair capacity of human Tregs may be an innate
function that operates independently from their classical TCR-
dependent suppressive function. TCR-induced proliferation and
differentiation coincided with a progressive loss of AREG, and
AREG+ Tregs expressed a lower proportion of many Treg
activation/effector proteins (CD39, CCR4, HLA-DR, and TIGIT).

FIGURE 7. IL-33 innately upregulates AREG expression in human ST2-transduced Tregs. Expanded NGFR- or ST2-transduced naive Tregs were la-

beled with CPD and activated with IL-2 (100 IU/ml) in the presence or absence of 1:1 anti-CD3/CD28–coated beads and IL-33 (20 ng/ml) for 4 d and then

restimulated with PMA, ionomycin, and brefeldin A (4 h; n = 9). (A) Representative (left) and quantified (right) intracellular AREG expression; MFI was

normalized per cell type in each graph. (B) AREG expression (left) was quantified within each CPD fraction (right; Generation #) from NGFRTregs (top) or

ST2 Tregs (bottom) activated with IL-2 and 1:1 anti-CD3/CD28–coated beads for 4 d and restimulated as in (A). Dots represent individual donors.

Significance was determined by matched two-way ANOVA with Tukey multiple comparisons test for (A) and Kruskal–Wallis test with Dunn multiple

comparisons test for (B). MFI, geometric mean fluorescence intensity.
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Moreover, ST2-transduced Tregs upregulated AREG innately in
response to IL-33, mirroring our observations in endogenous
Tregs and suggesting that regulation of AREG expression is TCR-
independent.
Human ST2-transduced Tregs also exhibited elevated tissue

repair potential by modulation of other cell types. Beyond AREG,
which may drive the repair process by directly acting on paren-
chymal cells, we found that human ST2 Tregs secreted more of
the myeloid-targeting cytokines and chemokines GM-CSF, IL-13,
IL-8, CCL3, and CCL5. This finding prompted us to investigate their
capacity to modulate monocytes/macrophages, which are considered
to be key orchestrators of tissue repair. ST2 Tregs induced a shift in
monocytes toward an alternatively activated phenotype to a greater
extent than control Tregs, characterized by upregulated expression of
CD163 and a trend toward higher CD206. These ST2 Treg–primed,
alternatively activated monocytes/macrophages may be better
poised to mediate tissue repair.
Nevertheless, ST2 transduction alone in human Tregs does not

completely confer the IL-33–dependent, tissue-specific phenotype

seen in mouse Tregs. IL-33 was initially identified as a Th2-
associated cytokine (49), and ST2+ Tregs have been reported to
be Th2-biased (45, 48); we found an IL-33–dependent increase in
IL-13 but unchanged IL-10 and GATA3. Furthermore, the addition
of IL-33 in vitro, either during ST2 Treg expansion or during
T cell coculture, had no effect on their suppressive capacity. These
data suggest that, in human ST2 Tregs, IL-33 may mediate an
incomplete polarization toward a Th2-like phenotype. This finding
is in line with data from mouse studies, which found that, although
isolated ST2+ Tregs were inherently more suppressive in vitro than
their ST22 Treg counterparts, the addition of IL-33 had no bene-
ficial effect (15, 45). Taken together, IL-33 does not appear to be the
central factor driving the unique phenotype and functions of tissue
ST2+ Tregs seen in mice: ST2 may instead simply be a marker of a
specific subset of tissue-localized Tregs. Recent evidence that
mouse ST2+ Tregs arise in normal numbers and frequencies despite
the absence of IL-33 signals (45) supports this notion.
Our work has several limitations. Notably, most blood and tissue

samples were from healthy individuals or from noncancerous areas;

FIGURE 8. Human ST2-transduced Tregs

drive alternative activation in monocytes.

Expanded NGFR- or ST2-transduced naive

Tregs and allogeneic CD14+ monocytes were

cocultured at the indicated ratios and acti-

vated with IL-2 (100 IU/ml), OKT3 (1 mg/

ml), and IL-33 (20 ng/ml) for 40 h (n = 8–12

Treg–monocyte pairs). Representative (top,

showing 4:1 Treg/monocyte cocultures acti-

vated with IL-2 and OKT3) and box-and-

whisker plots (bottom) of CD14+ monocyte

expression of (A) CD86 and HLA-DR and

(B) CD163 and CD206. MFI was normalized

per CD14+ monocyte donor activated with

IL-2 and OKT3 (6IL-33); relative MFI data

are plotted on a log2 axis. Dotted line (no

Treg) represents CD14+ monocytes alone

activated with IL-2 and OKT3 (6IL-33). In

(A) and (B), boxes span the interquartile

range, center lines represent the median, and

whiskers cover the minimum and maximum.

Significance in (A) and (B) was determined

by two-way ANOVA with Dunnett multiple

comparisons test. MFI, geometric mean

fluorescence intensity; n.s., not significant.
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only synovial fluid and bronchoalveolar lavage samples were from
patients with juvenile idiopathic arthritis and patients post–lung
transplantation, respectively. Because IL-33 is elevated in the
airways during asthma exacerbations (50) and in the inflamed
mucosa of patients with ulcerative colitis (51–53), future investi-
gations should assess ST2 expression in tissue Tregs from patients
with active Th2-mediated diseases (54), as well as in muscle
tissue (5, 36). Nevertheless, the absence of readily detectable
human ST2+ Tregs in human bronchoalveolar lavage and lung
tissue suggests that ongoing clinical trials of anti–IL-33 and anti-
ST2 Abs for asthma and atopic dermatitis (55–57) may not have
the unintended effect of broad inhibition of Tregs.
Finally, although we show that human Tregs in multiple settings

produce AREG, whether these cells use AREG to functionally
drive tissue repair in a physiological context remains to be de-
termined. A recent study suggests that a subset of human Tregsmay
be able to promote tissue repair via an AREG-independent
mechanism (58). Future research with in vitro and in vivo mod-
els of wound healing will be required to better understand and
harness the potential role of human Treg-mediated tissue repair in
the context of cell therapy, via either AREG-dependent or AREG-
independent mechanisms.
Treg cell therapy is rapidly emerging as a potential curative

approach for a variety of immune-mediated conditions, including
autoimmunity and graft-versus-host disease, where active tissue
damage is an ongoing process. Although the observations that mouse
Tregs can mediate tissue repair in multiple settings are an exciting
prospect, our results with human Tregs reveal important differences
from mouse models that should be taken into consideration in the
clinical translation of therapeutic tissue-reparative Tregs.
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