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T reg cell–intrinsic requirements for ST2 signaling in
health and neuroinflammation
Saskia Hemmers1,2, Michail Schizas1,2, and Alexander Y. Rudensky1,2

ST2, the receptor for the alarmin IL-33, is expressed by a subset of regulatory T (T reg) cells residing in nonlymphoid tissues,
and these cells can potently expand upon provision of exogenous IL-33. Whether the accumulation and residence of T reg cells
in tissues requires their cell-intrinsic expression of and signaling by ST2, or whether indirect IL-33 signaling acting on other
cells suffices, has been a matter of contention. Here, we report that ST2 expression on T reg cells is largely dispensable for
their accumulation and residence in nonlymphoid organs, including the visceral adipose tissue (VAT), even though cell-intrinsic
sensing of IL-33 promotes type 2 cytokine production by VAT-residing T reg cells. In addition, we uncovered a novel
ST2-dependent role for T reg cells in limiting the size of IL-17A–producing γδT cells in the CNS in a mouse model of
neuroinflammation, experimental autoimmune encephalomyelitis (EAE). Finally, ST2 deficiency limited to T reg cells led to
disease exacerbation in EAE.

Introduction
Regulatory T (T reg) cells are a specialized subset of CD4+ T cells
that express the lineage-defining transcription factor Foxp3.
They are essential for maintenance of immune tolerance, as loss
of Foxp3, and therefore loss of T reg cells, leads to early-onset
catastrophic multiorgan autoimmune disease and premature
death in mice and humans (Bennett et al., 2001; Brunkow et al.,
2001; Fontenot et al., 2003; Khattri et al., 2003; Kim et al., 2007;
Lahl et al., 2007; Sakaguchi et al., 1995). As potent immune
suppressors, T reg cells modulate a wide variety of immune cells
and contribute to diverse pathologies including autoimmunity
and cancer (Josefowicz et al., 2012; Sakaguchi et al., 2020). More
recently, T reg cells have been shown to perform essential
functions in maintenance of tissue tolerance by promoting tis-
sue homeostasis and regeneration in nonlymphoid tissues, in-
cluding lung (Arpaia et al., 2015), skin (Ali et al., 2017), muscle
(Burzyn et al., 2013), adipose tissue (Cipolletta et al., 2012;
Feuerer et al., 2009; Vasanthakumar et al., 2015), and the central
nervous system (CNS; Dombrowski et al., 2017; Ito et al., 2019).
These nonlymphoid tissue T reg cells are thought to promote
tissue repair by sensing tissue damage in situ via soluble factors
including the proinflammatory cytokine IL-18 and the alarmin
IL-33, at least in part independent of TCR signaling (Arpaia et al.,
2015; Burzyn et al., 2013). A major component of this tissue
regenerative pathway in T reg cells is the production of the
prorepair factor amphiregulin (Areg; Arpaia et al., 2015; Burzyn

et al., 2013; Ito et al., 2019), but other mechanisms remain to be
explored.

T reg cells residing in nonlymphoid tissues are highly en-
riched for cells with an effector phenotype (Panduro et al., 2016).
A subset of those is characterized by expression of the IL-1R
family member ST2 (encoded by Il1rl1), the receptor for the
alarmin IL-33. These cells were recently shown to develop from
precursors found in spleen and LNs in a basic leucine zipper
transcription factor, ATF-like (BATF)–dependent manner
(Delacher et al., 2020; Miragaia et al., 2019). IL-33 is a member
of the IL-1 family of cytokines and localizes to the cell nucleus
(Carriere et al., 2007; Cayrol and Girard, 2018; Schmitz et al.,
2005). IL-33 is considered an alarmin since it lacks a signal
peptide or other cellular export sequences, and is predomi-
nantly released into the extracellular space during necrotic or
necroptotic cell death (Moussion et al., 2008). It is constitu-
tively expressed in specialized subsets of epithelial cells, en-
dothelial cells, and stromal cells in lymphoid and nonlymphoid
tissues and in oligodendrocytes, astrocytes, and neurons in the
CNS (Bonilla et al., 2012; Pichery et al., 2012).

IL-33 has been suggested to serve as an essential driver of
local tissue accumulation of nonlymphoid tissue–residing T reg
cells, which has been characterized best in the visceral adipose
tissue (VAT) of male mice (Feuerer et al., 2009; Kolodin et al.,
2015; Li et al., 2018; Vasanthakumar et al., 2020). The dominant
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sources of IL-33 in adipose tissue are mesenchymal-derived
stromal cells that are required to maintain immune cell ho-
meostasis in lean mice (Mahlakõiv et al., 2019; Spallanzani et al.,
2019). Adipose tissue T reg cells accumulate with age and ex-
press a characteristic transcriptional signature including Il1rl1,
Gata3, Klrg1, and Il10 (Feuerer et al., 2009; Kolodin et al., 2015).
This unique phenotype is dependent on expression of the nu-
clear receptor family member PPARγ (Bapat et al., 2015;
Cipolletta et al., 2012; Vasanthakumar et al., 2020). Loss of IL-33
or ST2 leads to a perturbation in the adipose tissue immune
cell compartment, including a failure to maintain adipose tissue
T reg cells, and manifests in increased weight gain and insulin
resistance (Brestoff et al., 2015; Miller et al., 2010; Vasanthakumar
et al., 2015). In addition, systemic delivery of recombinant IL-33
can potently drive proliferation of T reg cells and expand the
pool of ST2+ T reg cells in an acute manner and has shown
therapeutic benefits in mouse models of obesity (Han et al.,
2015; Miller et al., 2010; Turnquist et al., 2011; Vasanthakumar
et al., 2015). Whether IL-33/ST2 signaling promotes expansion
of adipose tissue T reg cells in a cell-intrinsic or cell-extrinsic
manner is a matter of contention. Besides direct signaling
through the ST2 receptor expressed by T reg cells, various
cell-extrinsic mechanisms have been proposed, including IL-
33–dependent provision of IL-2 by dendritic cells (Matta et al.,
2014) or mast cells (Morita et al., 2015) and inducible T cell
costimulator ligand (ICOSL)–mediated expansion of adipose
tissue T reg cells by type 2 innate lymphoid cells (ILC2s;
Molofsky et al., 2015).

Thus, we sought to explore the cell-intrinsic requirements
for ST2 expression by T reg cells using a novel conditional
knockout (KO) allele of Il1rl1, the gene encoding ST2. We ob-
served that ST2 expression was largely dispensable for T reg cell
accumulation and maintenance in tissues at steady state and for
IL-33–mediated expansion of T reg cells. The IL-33/ST2 signaling
axis was, however, required to promote type 2 cytokine pro-
duction by adipose tissue T reg cells. We also identified a novel
role for T reg cells in limiting the size of the γδT cell population
in an ST2-dependent manner in the CNS in a model of neuro-
inflammation, experimental autoimmune encephalomyelitis
(EAE). Finally, we observed that the loss of ST2 on T reg cells
resulted in disease exacerbation in EAE.

Results and discussion
Expression of ST2 is dispensable for the maintenance of tissue
T reg cells at steady state
The receptor for IL-33, ST2, is prominently expressed on tissue
T reg cells, especially in VAT. Mice that lack expression of either
IL-33 or ST2 have a severe reduction in adipose tissue T reg
cells and present with metabolic abnormalities, which are
exacerbated in a model of high-fat diet–induced obesity
(Vasanthakumar et al., 2015). Whether the reported depen-
dence of tissue T reg cells on ST2 was a consequence of a cell-
intrinsic requirement for ST2 on T reg cells has remained a
contentious issue, especially considering the complex regula-
tion of IL-33 signaling and its effects on multiple cell types and
organismal physiology in general.

Therefore, we generated a novel conditional KO allele for
Il1rl1, by genetically targeting exon 3 of the Il1rl1 gene locus (Fig.
S1 A). To confirm that deletion of our novel Il1rl1 allele captures
some previously described T reg cell–unrelated aspects of ST2
biology, we infected Il1rl1CD4cre mice with lymphocytic chorio-
meningitis virus (LCMV). A previous study using mixed bone
marrow chimeras and adoptive CD8 T cell transfers reported an
essential cell-intrinsic role for ST2 signaling in protective CD8
T cell responses to LCMV infection (Bonilla et al., 2012). Our
analysis of infected Il1rl1CD4cre and littermate control mice con-
firmed the striking cell-intrinsic dependence on IL-33 signaling,
whose disruption in virus-specific ST2-deficient CD8 T cells
blunted their response to barely detectable levels (Fig. S1, B–F).

To explore a role for cell-intrinsic expression of ST2 in T reg
cells, we ablated ST2 selectively in the T reg cell lineage by
generating Il1rl1fl/flFoxp3yfpcre mice (Fig. 1 A). We found that
while highly efficient, deletion of ST2 on T reg cells did not
result in any measurable reduction of T reg cells in various
lymphoid and nonlymphoid tissues analyzed (Fig. 1 B and Fig. S2
A). Moreover, T reg cells in epididymal white adipose tissue
(eWAT) and skin maintained their characteristic expression of
high levels of GATA3, KLRG1, and CD25 (Fig. 1 C). This discon-
nect with the severe reduction of adipose tissue T reg cells re-
ported in germline ST2-deficient mice suggested that these
effects are mostly driven in a T reg cell–extrinsic manner. It is
possible that the adipose tissue T reg cell compartment is
maintained by ILC2s, another cell type that is abundant in VAT,
expresses high levels of ST2, and robustly expands in response
to IL-33 (Molofsky et al., 2015). Similarly to studies in unchal-
lengedmice, our analysis of potential effects of ST2 deficiency in
T reg cells on a variety of infectious and inflammatory chal-
lenges, including influenza, LCMVArmstrong, and clone 13 virus
infections, Nippostrongylus brasiliensis infection, bleomycin-
induced lung injury, and 1-fluoro-2,4-dinitrobenzene–mediated
delayed type hypersensitivity, failed to reveal any defect in ac-
cumulation or maintenance of ST2-deficient T reg cells in com-
parison to their ST2-sufficient counterparts (data not depicted).

It was also possible that the observed lack of functional
consequences of ST2 ablation in T reg cells could simply be a
reflection of the lack of access of ST2-expressing T reg cells to
IL-33 rather than of redundancy of a role for direct IL-33 signaling
in T reg cell residency in tissues with documented prominent
IL-33 expression. T reg cells progressively accumulate in the VAT,
with their numbers approaching a plateau by 5–7 mo of age
(Feuerer et al., 2009; Kolodin et al., 2015). Gene expression anal-
yses have revealed high expression of Klrg1, Il1rl1, Gata3, and Il10
(Feuerer et al., 2009; Vasanthakumar et al., 2020). Notably,
GATA3-dependent expression of ST2 is a shared feature of T
helper 2 (Th2) and T reg cells (Guo et al., 2009; Schiering et al.,
2014). Stimulation of the former with IL-33 increases production
of IL-5 and IL-13, which is independent of GATA3, but dependent
on MAPK and NF-κB signaling (Guo et al., 2009; Kurowska-
Stolarska et al., 2008; Schmitz et al., 2005). Recently, it has
been suggested that IL-33 might promote IL-5 and IL-13 secretion
by ST2-expressing T reg cells in vitro and upon lung injury or
allergen exposure (Chen et al., 2017; Liu et al., 2019; Siede et al.,
2016). Because VAT T reg cells express high levels of ST2 and
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Figure 1. IL-33 signaling is not required to maintain tissue T reg cells but promotes type 2 cytokine production in adipose tissue. (A and B) Frequency
of ST2-expressing T reg cells (A) or Foxp3-expressing cells among CD4+TCRβ+ cells (B) in lymphoid and nonlymphoid tissues of Foxp3yfpcre (n = 19; black
squares) or Il1rl1fl/flxFoxp3yfpcre mice (n = 9–14; open squares). (C) Frequency of GATA3-, KLRG1-, or CD25-expressing T reg cells in eWAT (upper panel) or skin
(lower panel) in Foxp3yfpcre (n = 14–19; black squares) or Il1rl1fl/flxFoxp3yfpcre mice (n = 9–14; open squares). (D) Representative example of intracellular cytokine
staining for IL-5 after ex vivo stimulation with PMA and ionomycin (upper panel: Foxp3yfpcre; lower panel: Il1rl1fl/flxFoxp3yfpcre). (E)Quantification of IL-5–, IL-13–,
and IL-10–expressing T reg cells in eWAT (as in D) contrasting Foxp3yfpcre (n = 8–13; black squares) with Il1rl1fl/flxFoxp3yfpcre mice (n = 5–10; open squares). IL-13
production was quantified in two independent experiments, whereas IL-5 and IL-10 production was assessed in all four experiments. (F) Frequency of ST2- or
GATA3-expressing T reg cells in eWAT of Foxp3yfpcre (n = 12–18; black squares) or Myd88fl/flxFoxp3yfpcre mice (n = 6–8; open circles). (G) Quantification of IL-5–,
IL-13–, and IL-10–expressing T reg cells in eWAT (as in D) contrasting Foxp3yfpcre (n = 8–18; black squares) withMyd88fl/flxFoxp3yfpcre mice (n = 4–8; open circles).
All data were collected from 11–13-mo-old male mice. Data in A–C and E–G are plotted as means ± SEM and are pooled from two to four independent ex-
periments. ****, P ≤ 0.0001; ***, P ≤ 0.001; **, P ≤ 0.01; *, P ≤ 0.05; ns, P > 0.05 by unpaired t test.
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reside in an IL-33–rich environment, we sought to ascertain that
ST2 expression does impact functionality of VAT T reg cells by
assessing type 2 cytokine secretion by this subset. Indeed, we
readily detected IL-5 and IL-13 expression at the protein level
upon ex vivo restimulation. This potential to secrete type 2 cy-
tokines was strongly impaired in adipose tissue T reg cells
lacking ST2 expression (Fig. 1, D and E). In contrast, secretion of
IL-10 was unchanged. Signaling through the ST2 receptor re-
quires the signaling adaptor MyD88. Indeed,Myd88fl/flFoxp3yfpcre

mice also displayed an impaired capacity to produce IL-5 and
IL-13 despite normal expression levels of ST2 and GATA3 (Fig. 1,
F and G). Altogether, this strongly suggested that cell-intrinsic
IL-33 signaling, while promoting IL-5 and IL-13 secretion by
adipose tissue T reg cells, is fully dispensable for their mainte-
nance at steady state.

IL-33 efficiently drives T reg cell expansion independently of
ST2 expression
Our observations that ST2 deficiency has no effect on accumu-
lation of T reg cells residing in nonlymphoid organs including
VAT and skin under physiological conditions was in contrast to
the widely accepted view of an essential role for ST2 in main-
tenance and expansion of tissue T reg cells put forward by a
number of previous reports (Li et al., 2018; Schiering et al., 2014;
Vasanthakumar et al., 2015). This seeming discrepancy suggests
that maintenance of tissue T reg cells is largely independent of
cell-intrinsic expression of ST2 in unchallenged mice but is
likely driven by cell-extrinsic IL-33/ST2 signaling. Thus, we set
out to revisit the ability of systemically administered recombi-
nant IL-33 to cause T reg cell expansion, previously considered
by numerous studies as evidence of direct ST2-mediated sig-
naling, by assessing a role for ST2 expression by T reg cells in
this process (Fig. 2 A). Indeed, in agreement with previous re-
ports, we observed that systemic delivery of IL-33 led to an ef-
ficient expansion of the T reg cell population in spleen, lung, and
adipose tissue (Fig. 2, B and C; black squares versus blue
squares). However, this effect was equally pronounced when T
reg cells genetically lacked expression of ST2 (Fig. 2, B and C;
blue filled versus open squares), suggesting that this expansion
of T reg cells is driven by an intermediary cell type. Although the
population size of ST2-sufficient and -deficient T reg cells was
similarly affected, delivery of recombinant IL-33 promoted ST2
expression, as reflected by the increased proportion of ST2-
expressing T reg cells, and also further augmented KLRG1 ex-
pression levels in the former, which was diminished in cells that
genetically lacked expression of ST2 (Fig. 2, D–F). Expansion of
GATA3-expressing T reg cells in the adipose tissue upon IL-33
treatment or expression of GATA3 or FOXP3 in those cells was
unchanged (Fig. 2, E and F). When we analyzed production of IL-
5 by T reg cells, we could detect a slight increase upon delivery of
IL-33 in vivo, which trended lower in cells deficient for ST2
expression (Fig. 2 E), consistent with our observations in adi-
pose tissue T reg cells (Fig. 1, D and E). Importantly, expansion of
ILC2s, a subset of innate lymphoid cells that express high levels
of ST2, was comparable between experimental groups (Fig. 2, G
and H). Furthermore, these experiments provided additional
support to ST2 deficiency being limited to the T reg cell lineage,

since expansion of CD4+Foxp3−ST2+ cells was not impaired in
comparison to the control group (Fig. 2 H and Fig. S2 B). These
results further support the notion that ST2 signaling in T reg
cells has a notable impact on their activation and differentiation
state yet is dispensable for the in vivo expansion and mainte-
nance of T reg cells residing in secondary lymphoid organs and
nonlymphoid tissues.

ST2-expressing T reg cells limit accumulation of γδT cells in
VAT
Germline ST2- and IL-33–deficient mice present with metabolic
abnormalities, including enhanced weight gain and defects in
glucose metabolism (Brestoff et al., 2015; Miller et al., 2010;
Vasanthakumar et al., 2015). In contrast, mice with a T reg
cell–specific loss of ST2 exhibited slightly reduced body weight,
adipose tissue weight, and liver weight in mice >45 wk of age
(Fig. 3, A–C). The reduced adipose tissue size wasmirrored by an
overall reduction in immune cell numbers (Fig. 3 D), which was
also observed in mice that lacked the essential ST2 signaling
adaptor MyD88 (Fig. S2, C–F). The observed reduction in body
weight and size of the adipose tissue compartment did not affect
glucose tolerance in these animals (Fig. 3 H). Moreover, when
mice with an ST2-sufficient or -deficient T reg cell compartment
were fed a high-fat diet for 13 wk, weight gain and increase in
adiposity and the size of the T reg compartment were indistin-
guishable between the two experimental groups (Fig. 3, I–K).
This again is in stark contrast to what has been previously re-
ported for ST2 KO mice, which gain more weight upon high-fat
diet challenge and have impaired glucose tolerance (Miller et al.,
2010).

Interestingly, upon a more careful analysis of the composi-
tion of the visceral adipose immune cell compartment, we de-
tected a robust proportional increase of γδT cells (Fig. 3, E and
F). Despite the reduction in overall immune cell content of the
eWAT (Fig. 3 D), which was also reflected in the reduced
numbers of CD4+ T cells and T reg cells, γδT cell numbers re-
mained unchanged (Fig. 3 G). Importantly, the reduction of CD4+

T cells and T reg cells scaled with the reduction of overall im-
mune cell numbers in the adipose tissue and was not observed in
any other tissue analyzed (Fig. S2 G). The proportional increase
of γδT cells is intriguing, since γδT cells have been implicated in
the indirect regulation of the size of the T reg cell pool in adipose
tissue (Kohlgruber et al., 2018) and in the neonatal lung during
influenza infection (Guo et al., 2018). In both settings, produc-
tion of IL-17A by γδT cells was shown to increase IL-33 pro-
duction in the respective tissue, which then in turn promotes
local expansion of T reg cells. Whether and how T reg cells re-
ciprocally regulate the size of the γδT cell compartment in an
ST2-dependent manner will be an interesting avenue for further
investigation.

T reg cell–specific ST2 deficiency results in disease
exacerbation in EAE
The observation that in physiological settings direct sensing of
IL-33 by T reg cells affected their functionality (type 2 cytokine
production and adipose tissue composition), we sought to assess
a role for ST2 expression by T reg cells in an autoimmune
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inflammatory disease. IL-33 is highly expressed in myelinated
areas of the brain and spinal cord, especially in brain endothelial
cells, astrocytes, oligodendrocytes, and neurons (Fairlie-Clarke
et al., 2018; Gadani et al., 2015; Jiang et al., 2012; Yasuoka et al.,

2011). We therefore reasoned that in EAE, a mouse model of
neuroinflammation with features of immune-mediated tissue
damage and a pathogenic T cell response, the IL-33/ST2 signal-
ing axis might play an important role (Fig. S3, A and B). Indeed,

Figure 2. Systemic delivery of IL-33 drives T reg cell expansion independent of ST2 expression. (A)Mice received either DPBS or 500 ng of recombinant
mouse IL-33 i.p. as indicated. (B and C) Frequency of Foxp3-expressing cells of CD4+ cells (B) or absolute numbers of T reg cells (C) in lymphoid and non-
lymphoid tissues of Il1rl1fl/+xFoxp3yfpcre (n = 6; DPBS, black filled squares; IL-33, black open squares) or Il1rl1fl/flxFoxp3yfpcre mice (n = 6; DPBS, blue filled squares;
IL-33, blue open squares). (D) Representative example of KLRG1 expression on the cell surface of CD4+TCRβ+ cells (upper panel: Il1rl1fl/+xFoxp3yfpcre; lower
panel: Il1rl1fl/flxFoxp3yfpcre). (E) Frequency of ST2-, KLRG1-, GATA3-, or IL-5–expressing T reg cells in eWAT (upper panel) or lung (lower panel) contrasting
Il1rl1fl/+xFoxp3yfpcre (n = 6; DPBS, black filled squares; IL-33, black open squares) and Il1rl1fl/flxFoxp3yfpcre mice (n = 6; DPBS, blue filled squares; IL-33, blue open
squares). (F) Protein expression levels of FOXP3, KLRG1, and GATA3 on adipose tissue T reg cells from IL-33–treated mice are plotted for individual mice.
(G) Total numbers of ILC2s (CD90+CD3ε−ST2+KLRG1+) are plotted for individual mice from lung and eWAT. (H) Protein expression levels of ST2 on lung and
adipose tissue CD4+Foxp3− T cells and ILC2s from IL-33–treated mice are presented. Data in B, C, and E–H are plotted as means ± SEM and are pooled from
two independent experiments. ****, P ≤ 0.0001; ***, P ≤ 0.001; **, P ≤ 0.01; *, P ≤ 0.05 by one-way ANOVA with Sidak’s multiple comparisons correction (B, C,
E, and G) or unpaired t test (F and H). For clarity, only comparisons that were significantly different are indicated. ND, nondetectable; geoMFI, geometric mean
fluorescence intensity.
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Figure 3. ST2-expressing T reg cells limit accumulation of γδT cells in VAT. (A–G) All data were collected from 11–13-mo-old male mice. (A–C) Total body
weight (A), eWAT weight (B), and liver weight (C) are plotted for individual mice. (D) Quantification of immune cells in liver and eWAT. (E) Typical gating
strategy to identify γδT cells (as CD3ε+TCRγδ+ cells of live CD45+ cells) in eWAT of indicated mice. (F) Relative abundance of TCRγδ+ cells among all CD45-
expressing cells from Foxp3yfpcre (n = 14–19; black squares) or Il1rl1fl/flxFoxp3yfpcre mice (n = 9–14; open squares). (G) Absolute numbers of CD4+ T cells, T reg
cells, γδT cells, and ILC2s in eWAT are plotted. (H) Blood glucose levels over 120 min after glucose challenge in 8-mo-old mice comparing Foxp3yfpcre (n = 8;
black squares) with Il1rl1fl/flxFoxp3yfpcre mice (n = 6; open squares). (I–K) 6-wk-old male mice were placed on a high-fat diet for 13 wk, contrasting control mice
(n = 11; black squares) with Il1rl1fl/flxFoxp3yfpcre mice (n = 10; open squares). Body weight was monitored over time and is presented as percentage of starting
weight (I). Weight of liver and eWAT are plotted for individual mice after 13 wk of high-fat diet feeding (J). Relative abundance of T reg cells among CD4+TCRβ+

cells (left) and absolute numbers of T reg cells (right) in eWAT (K). Data in A–D and F–K are plotted as means ± SEM. A–D, F, and G are pooled from three to
four independent experiments. Data in H are representative of two independent experiments. Data in I–K are pooled from two independent experiments. ****,
P ≤ 0.0001; ***, P ≤ 0.001; **, P ≤ 0.01; *, P ≤ 0.05; ns, P > 0.05 by unpaired t test.
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previous EAE studies have reported disease exacerbation in ST2
or IL-33 KO mice or mice treated with IL-33–neutralizing anti-
bodies (Chen et al., 2015; Jiang et al., 2012; Milovanovic et al.,
2012; Xiao et al., 2018). However, treatment with recombinant
IL-33 has been reported to have either detrimental effects (Li
et al., 2012) or a protective role on disease severity (Jiang et al.,
2012), suggesting a complex interplay between ST2-expressing
cell types at various stages of the disease. Moreover, IL-33 has
also been implicated in both promoting (Gadani et al., 2015) and
inhibiting (Allan et al., 2016) myelination in the CNS. Thus, we
first analyzed IL-33 expression levels in the spinal cord over the
course of disease in C57BL/6 mice. IL-33 protein expression was
elevated in spinal cords of symptomatic mice, whereas the Il33
transcript level remained unchanged (Fig. S3, C and D). Con-
sidering the essential role T reg cells play in disease mitigation
(Koutrolos et al., 2014), we carefully characterized the CNS-
infiltrating T reg cell population and observed accumulation of
ST2-expressing T reg cells over time (Fig. S3 E). This led us to
ask if IL-33 signaling might control local T reg cell accumulation
or function upon recruitment to the CNS. We immunized
Il1rl1fl/flFoxp3yfpcre mice that harbored ST2-deficient T reg cells
withMOG peptide to induce EAE andmonitored disease severity
over time. Disease was exacerbated compared with control mice
(Fig. 4 A). Overall immune cell infiltration into the CNS was
comparable between experimental groups (Fig. 4 B). The relative
proportion and absolute numbers of T reg cells were even
somewhat increased in mice that lacked ST2 expression on T reg
cells (Fig. 4 C). These results suggested that in the CNS, cell-
intrinsic ST2 signaling in T reg cells was also not required to
promote their local expansion. Microglia represent the central
node of neuroimmune interaction in the CNS. Improper acti-
vation has been associated with neurological dysfunction and
neurodegenerative diseases, including Alzheimer’s disease and
multiple sclerosis (Scheiblich et al., 2020). Therefore, we chose
to profile the microglial compartment as a readout for CNS-
resident immune cells. We detected a total of 14 differentially
expressed genes when comparing microglia isolated from
Foxp3yfpcre (WT) and Il1rl1fl/flFoxp3yfpcre (KO) at day 10 after EAE
induction (13 increased in KO, fold change [FC] ≥ 2; 1 decreased in
KO, FC ≥ 2; Fig. 4 D). Despite the small number of genes, it is
remarkable that several of the genes identified (Ptdgs, S1pr3, and
Ccl22) have been implicated in promoting neuroinflammation.
Blockade of Ccl22 dampens disease severity in EAE without an
effect on the effector T (T eff) cell response (Dogan et al., 2011).
Microglial-derived prostaglandin D2 can promote astrogliosis
and demyelination (Mohri et al., 2006). Modulation of S1pr3
signaling suppresses pathogenic microglia and astrocyte acti-
vation and chronic progressive CNS inflammation in EAE
(Rothhammer et al., 2017).

Because pathology in this model of neuroinflammation is
driven by pathogenic CD4+ T cells, which are characterized by
their potential to secrete IFNγ, IL-17A, and GM-CSF (El-Behi
et al., 2011; Goverman, 2009), we quantified production of
these cytokines. However, we were unable to detect differences
between the experimental groups (Fig. 4 E). In addition, we
isolated T eff cells from spleen or CNS of Foxp3yfpcre (WT) and
Il1rl1fl/flFoxp3yfpcre (KO) at days 0, 5, and 10 after EAE induction

and transcriptionally profiled these populations by RNA se-
quencing (RNA-seq; Fig. S3 F). Clustering of resulting gene ex-
pression features using principal component analysis (PCA)
showed clear separation based on tissue of origin (PC1) and
disease state (PC2), but no separation based on genotype (Fig.
S3 G). Overall, we detected very few differentially expressed
genes in T eff cells, which was in line with our phenotypic
characterization in vivo and suggested other cellular targets for
ST2-dependent T reg cell–mediated disease modulation (Fig.
S3 H; some data not depicted).

We did, however, detect an increase in γδT cells infiltrating
the CNS in the presence of ST2-deficient T reg cells (Fig. 4 F).
These γδT cells produced more IL-17A and less IFNγ in the CNS
and spleen compared with the control group of mice (Fig. 4, G
and H; and data not depicted). A disease-promoting role for
γδT cells in EAE has been established using TcrdKO mice and
antibody-mediated depletion of γδT cells (Rajan et al., 1998;
Spahn et al., 1999). This pathogenic role is associated with IL-
17A–producing γδT cells (γδΤ17), the predominant subset within
the CNS during peak of disease, whereas the IFNγ-producing
subset has been associated with disease amelioration (Blink
et al., 2014). γδT cells are one of the earliest sources of IL-17A
within the CNS, since they have the ability to produce inflam-
matory mediators in response to IL-23 and IL-1β (Sutton et al.,
2009). This early response promotes the generation of patho-
genic Th17 cells and is blunted in the absence of γδT cells
(McGinley et al., 2020; Petermann et al., 2010). Interestingly,
the peak of expansion of those γδΤ17 cells precedes the maximal
expansion of T reg cells in the CNS, and TcrdKO mice have higher
T reg cell frequencies and milder disease. This result suggested a
crosstalk wherein γδΤ17 cells inhibit the T reg cell response to
EAE, thereby enhancing disease (Petermann et al., 2010). Based
on our data, we propose that T reg cells in turn also feed back on
the size of the γδΤ17 cell population in an ST2-dependent
manner, that this feedback control is important to promote re-
covery, and that lack thereof might at least in part contribute to
disease exacerbation observed in our animal model (Fig. 4 A).

ST2-dependent transcriptional reprogramming of splenic T reg
cells is most prominent early during EAE
To explore these novel ST2-dependent effects of T reg cells in
more detail, we considered at least two nonmutually exclusive
possibilities of interpreting the observed disease modulation: (1)
the IL-33/ST2-axis drives a unique transcriptional program in T
reg cells to promote disease amelioration and tissue repair; or (2)
ST2 expression by T reg cells acts as a sink for IL-33, thereby
reducing the bioavailability of IL-33 within the tissue. To ad-
dress the first scenario, T reg cells were isolated from spleen or
CNS of Foxp3yfpcre (WT) and Il1rl1fl/flFoxp3yfpcre (KO) at days 0, 5,
and 10 after EAE induction and transcriptionally profiled by
RNA-seq (Fig. S3 F).

Clustering of resulting gene expression features using PCA
revealed a clear separation based on tissue of origin (PC1) and
disease state (PC2; Fig. 5 A). We focused our analysis on the
transcriptional profiles of T reg cells isolated from spleen at day
5, which showed a clear separation between WT and KO in the
3D PCA (Fig. 5 A; light green circles versus dark green circles)
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Figure 4. T reg cell–specific ST2 deficiency results in disease exacerbation in EAE. (A–C) 8–10-wk-old male mice were immunized with MOG/CFA to
induce EAE. Disease was monitored daily starting at day 7 after immunization and is represented by a disease score plotted in A for Foxp3yfpcre (n = 23; black
squares) or Il1rl1fl/flxFoxp3yfpcre mice (n = 24; open squares). Total immune cells (B) and relative abundance (left) and total number of T reg cells (right; C) in
spleen and CNS of Foxp3yfpcre (n = 15; black squares) or Il1rl1fl/flxFoxp3yfpcre mice (n = 11; open squares) at day 21 after immunization. (D) Volcano plot of gene
expression data contrasting microglia isolated from the CNS at day 10 after EAE induction from Foxp3yfpcre (WT) or Il1rl1fl/flxFoxp3yfpcre (KO) mice. Genes with a
FC ≥ 2 and an adjusted P value < 0.05 are labeled. Genes increased in KO are on the left; genes decreased in KO are on the right of the plot. (E) Assessment of
IL-17A and IFNγ production after ex vivo stimulation with PMA and ionomycin by CD4+ T cells infiltrating the CNS. (F) Relative abundance (left) and total
number (right) of γδT cells in spleen and CNS day 21 after disease induction. (G) Assessment of IL-17A and IFNγ production after ex vivo stimulation with PMA
and ionomycin by TCRγδ+ cells in the CNS by flow cytometry. Cells were pregated on live CD90+TCRγδ+ cells. (H) Data from G plotted for individual mice as
frequency of cytokine producers (left) and total number of cytokine-producing γδT cells in the CNS. Data in A–C, E, F, and H are plotted as means ± SEM and
pooled from four (A) and two (all others) independent experiments. ***, P ≤ 0.001; **, P ≤ 0.01; *, P ≤ 0.05; ns, P > 0.05 by unpaired t test (B, C, E, F, and H).
Statistical significance in A was assessed by comparison of the area under the curve for individual mice using the nonparametric unpaired two-tailed
Mann–Whitney U test.
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and cells isolated from the CNS at day 10 (Fig. 5 A; light pink
circles versus dark pink circles). We identified a total of 64
differentially expressed genes, 21 of which exhibited a FC of
≥2 between the CNS samples (16 increased in KO, 8/16with FC ≥ 2;
48 decreased in KO, 13/48 with FC ≥ 2; Fig. 5 B). Overall, there
were no changes in expression of genes associated with T reg cell
maintenance or suppressive capacity. Interestingly, the genes

that were expressed at lower levels within the ST2-deficient T
reg cells included targets of NF-κB signaling (Nfkbia, Nfkbid,
Nfkbiz, Cd69, Traf1, and Zfp36). This suggested that T reg cells
within the CNS experience active IL-33/ST2/MyD88 signaling
that was diminished in the absence of the receptor. Because ST2-
expressing T reg cells represent only a fraction (∼20%) of T reg
cells within the CNS at day 10 after EAE induction, and we

Figure 5. ST2-dependent transcriptional reprogramming of splenic T reg cells is most prominent early during EAE. (A) 3D PCA of T reg cells from
spleen (days 0, 5, and 10) and CNS (day 10). (B and C) Volcano plot of gene expression data contrasting T reg cells isolated from the CNS at day 10 (B) or spleen
at day 5 (C) after EAE induction from Foxp3yfpcre (WT) or Il1rl1fl/flxFoxp3yfpcre (KO) mice. Genes with a FC ≥ 2 and an adjusted P value < 0.05 are labeled (B). Genes
increased in KO are on the left; genes decreased in KO are on the right of the plot. (D) Relative average gene expression of a defined gene set (genes dif-
ferentially expressed between T reg cells isolated from spleen at day 5) of splenic T reg cells at days 0, 5, and 10 after EAE induction. (E) Normalized Il1rl1
transcript levels extracted from RNA-seq analysis in T reg cells and CD4 T eff cells in spleen and CNS at various time points after EAE induction. (F) Pathways
enriched among differentially expressed genes in T reg cells isolated from spleen at day 5 after EAE induction. Only pathways with an false discovery rate <25%
are shown, and the normalized enrichment score (NES) is visually represented. (G) Normalized expression of selected differentially expressed genes comparing
WT and KO T reg cells isolated from spleen at day 5 after EAE induction. PC, principal component.
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observed very limited changes in gene expression, it is difficult to
pinpoint potential novel function-related molecules within this
subset, offering a rationale for an in-depth molecular and func-
tional dissection of the ST2-expressing subset of T reg cells re-
siding in the CNS in future studies.

When we assessed gene expression changes in splenic T reg
cells isolated at day 5 after EAE induction, we discovered a large
number of differentially expressed genes (1,345 increased in KO,
930/1,345with FC ≥ 2; 1,405 decreased in KO, 52/1,405with FC ≥ 2;
Fig. 5 C). We used the newly discovered set of differentially ex-
pressed genes and compared it to the average gene expression in
splenic T reg samples from days 0 and 10 after EAE induction
(Fig. 5 D). The genes that were up-regulated in KO cells at day 5
showed similar trends in the day 0 and 10 comparisons (Fig. 5 D,
upper half). The genes that were down-regulated in KO at day 5
might represent an inflammation-dependent module that is in-
duced in WT T reg cells (going up from day 0 to 5) but does not
display a similar behavior in KO T reg cells (Fig. 5 D, lower half).
This suggested that this inflammation-dependent module was at
least in part downstream of the IL-33/ST2 signaling axis.

It has been appreciated that local inflammation can promote
transient induction of IL-33 in radioresistant cells of the splenic
T cell zone. This local increase in IL-33 is essential for driving the
antiviral T cell response during LCMV infection (Bonilla et al.,
2012). We speculated that after immunization with MOG/CFA to
induce EAE, local inflammation in the spleen might lead to
transient induction of IL-33 that then in turn promotes the ex-
pansion of ST2-expressing T reg cells locally or induces de novo
expression of ST2 on T reg cells. Indeed, when we quantified
Il1rl1 transcript levels in T reg cells, expression was highest in
cells isolated from spleen at day 5 after EAE induction (Fig. 5 E).
We performed gene set enrichment analysis to identify path-
ways that were specifically affected by the loss of ST2 on T reg
cells at day 5 (Fig. 5 F). Biological processes that were under-
represented in KO T reg cells included the type I IFN response,
double-strand break repair, and cellular regulation of actin dy-
namics. Interestingly, Ifnar1, the gene encoding for a subunit of
the type I IFN receptor, and Stat2, its downstream signal
transducer, were among genes differentially expressed in T reg
cells at day 5, with lower expression in ST2-deficient cells
(Fig. 5 G). Pathways that were more engaged in T reg cells that
genetically lacked ST2 included the p53 pathway, the response to
hypoxia, and TNFα signaling via NF-κB. In agreement with that,
expression of Hif1a, the master regulator of the hypoxia re-
sponse, was increased more than twofold in ST2-deficient T reg
cells. In addition, the transcripts encoding NF-κB family mem-
bers RELB and NFKB2 were also expressed at higher levels in
ST2-deficient T reg cells, potentially contributing to the en-
richment in genes associated with the TNFα signaling via NF-κB
pathway, including the transcription factors Klf2, Bcl3, Egr1, and
Jun (Fig. 5 G).

A role for ST2 expression on T reg cells has been mostly as-
sociated with their residence in nonlymphoid tissues, most
prominently the adipose tissue, skin, and colon. Based on our
RNA-seq data, we propose that ST2 signaling might also play an
important role in the spleen in the context of a strong inflam-
matory response. The high transcript levels of Il1rl1 in T reg cells

at day 5 after EAE induction suggest that the inflammatory en-
vironment might specifically expand ST2-expressing T reg cells
or induce de novo expression of ST2 on T reg cells. ST2 ex-
pression on T reg cells was recently described to be a marker of
the most mature tissue T reg precursors found in the spleen
(Delacher et al., 2020). Our data suggest that lack of the ST2
receptor does not impede the expansion of T reg cells during
EAE altogether, but rather changes the quality of the cells that
expand, based on the large number of differentially expressed
genes we detected in splenic T reg cells at day 5. If these cells are
destined to seed tissues, as proposed by recent studies, inap-
propriate programming through a lack of signaling input via ST2
might have long-lasting consequences.

Concluding remarks
Our studies suggested that ST2 expression on T reg cells was
largely dispensable for their accumulation and residence in
tissues at steady state, in contrast to major defects in T reg cell
accumulation, especially in adipose tissue and colon, caused by a
germline ST2 deficiency (Kolodin et al., 2015; Schiering et al.,
2014; Vasanthakumar et al., 2015) or the T reg cell–specific re-
quirement for ST2 signaling to promote skeletal muscle repair
(Kuswanto et al., 2016). Our observations cannot be simply ex-
plained by “ignorance,” i.e., insufficient access of T reg cells to IL-
33, as cell-intrinsic ST2 signaling was required for type 2 cytokine
secretion by VAT T reg cells. Additionally, we found that even
though systemic provision of IL-33 was a powerful driver of T reg
cell expansion in lymphoid and nonlymphoid tissues, comparable
increases were observed in ST2-sufficient and -deficient T reg
cells. These findings highlight the complex cell-extrinsic regula-
tion of T reg cell tissue residence and accumulation promoted by a
network of IL-33–responsive cell types, likely including ILC2s and
mast cells (Molofsky et al., 2015; Morita et al., 2015).

Although VAT T reg population size was not affected by the
absence of cell-intrinsic IL-33 signaling, it severely curtailed the
ability of T reg cells to limit the size of the γδT cell population in
the adipose tissue. Intriguingly, γδT cells have been implicated
in the regulation of the size of the T reg cell pool in adipose tissue
and lung via local production of IL-17A that in turn drives
IL-33–dependent expansion of T reg cells (Guo et al., 2018;
Kohlgruber et al., 2018). Our study provides evidence that T reg
cells in turn can reciprocally regulate the size of the γδT cell
compartment of the adipose tissue in an ST2-dependent manner.
Moreover, this ST2-dependent control of the γδT cell population
was not limited to the steady state but was also observed in
the context of neuroinflammation. ST2-deficient T reg cells failed
to effectively control the accumulation of pathogenic IL-17A–
producing γδT cell (γδT17) cells during EAE challenge, which
might at least in part contribute to the disease exacerbation ob-
served in this mouse model.

Notably, disease exacerbation did not correlate with a failure
to accumulate T reg cells in the CNS or an increased pathogenic
CD4 T cell response. Furthermore, the worsened disease severity
was unlikely due to diminished Areg production by local ST2-
deficient T reg cells, since mice harboring Areg-deficient T reg
cells showed EAE severity comparable to that of controls (data
not depicted). However, the observed changes in the gene
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expression profiles caused by ST2 loss, which were limited in T
reg cells infiltrating the inflamed CNS but much more
prominent in splenic T reg cells early during EAE induction,
suggest a qualitative difference in the response. Splenic T reg
cells expressed high levels of Il1rl1 transcript at that time point,
suggesting they might be especially sensitive to IL-33 in the
environment. There is evidence that in certain infectious set-
tings, specialized stromal cells within the spleen can express
high levels of IL-33 (Bonilla et al., 2012). We speculate that in
the inflammatory context of EAE induction, there might be a
similar spike of bioactive extracellular IL-33 within the spleen.
This transient provision of IL-33 could either expand a small
population of T reg cells that express ST2 or could induce ST2
expression de novo on T reg cells in this inflammatory context,
potentially in conjunction with TCR signaling in a spatiotem-
porally organized functional niche. These specialized niches
might be preexisting and representative of compartmentalized
T reg cell populations, in agreement with the recent discovery
of nonlymphoid tissue precursors within spleen and lymph
nodes (Delacher et al., 2020; Miragaia et al., 2019). Besides ST2,
T reg cells express other IL1R family members, including IL18R
and IL1R1. All three receptors signal through MyD88 and could
theoretically drive redundant gene expression programs. Spe-
cialization could occur through nonredundant expression of the
receptors themselves or through context-specific local delivery
of the ligand. In this regard, the cell types that can provide IL-33
to T reg cells, including stromal cells, endothelial cells, and
epithelial cells are likely different from sources of IL-18 or IL-1,
predominantly produced bymonocytes and dendritic cells in an
inflammatory setting. These cellular sources provide the op-
portunity for a layered response in a spatiotemporal manner
and might help to tailor T reg cell functionality, especially in
inflammatory settings.

Materials and methods
Mice
Myd88fl (B6.129P2(SJL)-Myd88tm1Defr/J), CD4cre (B6.Cg-Tg(Cd4-
cre)1Cwi/BfluJ), and Foxp3yfpcre (B6.129(Cg)-Foxp3tm4(YFP/icre)Ayr/J)
mice have been described previously (Hou et al., 2008; Lee et al.,
2001; Rubtsov et al., 2008). Foxp3yfpcre were maintained in-
house, and the rest of the mice were obtained from the Jack-
son Laboratory.

Il1rl1fl mice were generated as depicted in Fig. S1 A. A tar-
geting vector construct containing floxed exon 3 of the Il1rl1 gene
was generated by PCR amplification and subsequent cloning into
the pRapidFlirt vector (Hövelmeyer et al., 2007). Briefly, a 3-kb
short arm, a 1-kb floxed exon 3 fragment, and a 5-kb long arm
were amplified from bacterial artificial chromosome clone
RP24-189E6. The fragments were cloned into the vector using
NotI, SalI, and XhoI, respectively. B6-Albino embryonic stem
cells were electroporated with the linearized targeting vector.
Obtained clones were screened by Southern blot to confirm
specific recombination and integration of the targeting vector, in
which exon 3 of murine Il1rl1was flanked by loxP sites and an frt-
flanked neomycin resistance (neo) cassette. Positive clones
were injected into C57BL/6 blastocysts, and resulting chimeric

progeny were bred to confirm germline transmission. Excision
of neo was obtained by breeding with flip-recombinase (FlpE)
transgenic mice, resulting in germline-targeted Il1rl1fl.

Il1rl1fl mice were used to generate Il1rl1CD4cre mice by breeding
with B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ mice, and Il1rl1fl/flFoxp3yfpcre

mice by breeding with B6.129(Cg)-Foxp3tm4(YFP/icre)Ayr/J mice.
Myd88fl mice were bred to B6.129(Cg)-Foxp3tm4(YFP/icre)Ayr/J mice
to generate Myd88fl/flFoxp3yfpcre mice.

All animals were maintained in the Memorial Sloan-
Kettering Cancer Center animal facility under specific pathogen–
free conditions, and experiments were performed according to
institutional guidelines (institutional animal care and use com-
mittee 08-10-23). Studies were performed exclusively on male
mice. Age ofmice is specified in the figure legends.Micewere age-
matched, and mice from the same litter were analyzed together
whenever possible. Because our analysis is limited to male mice,
performing experiments only with littermates is prohibitive, so
age-matched mice from multiple breeding cages were analyzed
together. All control mice came from the same breeding colony
and the same strain background; nonrelated control mice from
outside vendors were not used in this study.

To model diet-induced obesity, 6-wk-old male mice were
placed continuously on a rodent diet with 60 kcal% fat (D12492i;
Research Diets). Weight gain was monitored by weighing the
mice once per week over a period of 13 wk.

Tissue preparation and cell isolation
Spleen and lymph nodes were mechanically dissociated between
frosted glass slides or with the back of a syringe plunger and
filtered through a 100-µm nylon mesh to yield single-cell sus-
pensions. For analysis of immune cells from lung, liver, eWAT,
and skin, tissues were isolated after pericardial perfusion with
ice-cold Dulbecco’s PBS (DPBS). Tissues were enzymatically di-
gested in 4 ml of 1 mg/ml collagenase A from Clostridium histo-
lyticum (Roche) and 1 U/ml DNaseI in RPMI 1640 with 2% FBS,
100 µg/ml penicillin/streptomycin, 20 mM L-glutamine, and
10mMHepes (for eWAT, 30min; lung/liver, 45min; skin, 60–75
min) at 37°C while shaking in the presence of three 0.25-inch
ceramic spheres (MP Biomedicals). Digested tissue was filtered
through 100-µm cell strainers and further cleaned up by 40%
Percoll (GE Healthcare) centrifugation. Cells were resuspended in
RPMI-10 (RPMI 1640, 10% FBS, 20 mM L-glutamine, 100 µg/ml
penicillin/streptomycin, 10 mM Hepes, 1 mM sodium pyruvate,
1×MEMnonessential amino acids, and 10−5M 2-mercaptoethanol).
To assess cytokine production ex vivo, single-cell suspensionswere
incubated for 3–4 h at 37°C with 5% CO2 in the presence of 50 ng/
ml PMA and 500 ng/ml ionomycin with 1 µg/ml brefeldin A (all
Sigma-Aldrich) and 2 µM monensin (BioLegend). To analyze cy-
tokine production in LCMV-infected mice, single-cell suspensions
were stimulated for 5 h at 37°C with soluble anti-CD3 (5 µg/ml;
2C11; BioXCell) and anti-CD28 (5 µg/ml; 37.51; BioXCell) or specific
peptides (described below; 1 µg/ml) in the presence of 1 µg/ml
brefeldin A (Sigma-Aldrich) and 2 µM monensin (BioLegend).

Flow cytometry and antibodies
All flow cytometry data were collected on an LSRII (BD) flow
cytometer or the Aurora spectral analyzer (Cytek) and analyzed
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using FlowJo 9 and 10 software (TreeStar). Single-cell suspen-
sions were resuspended in DPBS and stained with Ghost Dye
Violet 510 or Ghost Dye Red 780 (Tonbo) for dead-cell exclusion
in the presence of anti-CD16/32 (Tonbo) to block binding to Fc
receptors for 10 min at 4°C. Cell surface antigens were stained
for 20 min at 4°C in FACS buffer (DPBS, 0.5% BSA [VWR], and
2 mM EDTA). Cells were analyzed unfixed, fixed with 2% par-
aformaldehyde (Thermo Fisher Scientific) for later analysis, or
fixed and permeabilized with the BD Cytofix/Cytoperm kit (for
intracellular cytokine staining) or the eBioscience Foxp3/Tran-
scription Factor staining buffer set. Fixation, permeabilization,
and intracellular staining were performed as recommended by
the manufacturers. All cells were resuspended in FACS buffer
and filtered through 100-µm nylon mesh before analysis on the
flow cytometer. 123count eBeads (eBioscience) were added at
5,000 beads per sample to quantify absolute cell numbers. Anti-
bodies used in this study were purchased from BioLegend, BD
Biosciences, eBioscience/Thermo Fisher Scientific or Tonbo Bio-
science. The following clones were used: CD45 (30-F11), CD45.2
(104) NK1.1 (PK136), Ter-119 (Ter-119), TCRγδ (GL3), TCRβ (H57-
597), CD3ε (145-2C11), CD4 (RM4-5, GK1.5), CD8a (53–6.7), CD8b
(YTS156.7.7), CD62L (MEL-14), CD44 (IM7), CD25 (PC61), CD90.2
(30-H12, 53-2.1), B220 (RA3-6B2), CD19 (6D5, 1D3), CD11b (M1/70),
Siglec F (E50-2440), Klrg1 (2F1), ST2 (DIH9), Gata3 (TWAJ), Foxp3
(FJK-16s), IFNγ (XMG1.2), IL-17A (TC11-18H10.1), IL-5 (17A2), IL-13
(eBio13A), and IL-10 (JES5-16E3).

LCMV infection
8-wk-old mice were infected i.p. with 2 × 105 PFU LCMV Arm-
strong and analyzed on day 7 after infection. Virus-specific
T cells were quantified in spleen and liver with MHC class I
tetramers of H-2Db complexed with NP396-404(FQPQNGQFI) or
GP33-41(KAVYNFATM), obtained from the National Institutes of
Health tetramer core as monomers and tetramerized with PE-
conjugated streptavidin (Molecular Probes) in-house. Antiviral
T cell responses were monitored by measuring cytokine-
producing cells after restimulation with virus-derived peptides
(GP33-41(KAVYNFATM), GP276-286(SGVENPGGYCL), GP61-80(GLK
GPDIYKGVYQFKSVEFD), NP396-404(FQPQNGQFI), and NP309-328
(SGEGWPYIACRTSVVGRAWE); GenScript).

IL-33 delivery in vivo
Male mice received either DPBS or 500 ng recombinant mouse
IL-33 (carrier-free; BioLegend) i.p. for a total of four doses (days
0, 1, 3, and 5). Mice were analyzed on day 7 after treatment
initiation (see also Fig. 2 A).

Glucose tolerance test
8-mo-old mice were fasted for 12 h overnight and injected with
D-glucose (Sigma-Aldrich) at 2 g/kg i.p. The tip of the tail was
nicked, and blood glucose was monitored using the Contour
blood glucosemeter and test strips (Bayer) at various time points
after glucose challenge (0, 15, 30, 60, 90, and 120 min).

EAE mouse model
All experiments were performed with male mice 8–12 wk of
age. EAE was induced by immunization with 100 µg myelin

oligodendrocyte glycoprotein-derived peptide (MOG35-55,
MEVGWYRSPFSRVVHLYRNGK; GenScript) emulsified in
CFA (Sigma-Aldrich), and 200 µg Mycobacterium tuberculosis
H37 Ra (BD 231141) s.c., followed by two doses of 200 ng per-
tussis toxin (Millipore/EMD) i.p. on days 0 and 2 after immuni-
zation. Mice were monitored for signs of disease and assigned a
disease score as previously described (Stromnes and Goverman,
2006). Animals were analyzed at time points as indicated.

All animals were perfused with 10–20 ml ice-cold DPBS be-
fore tissue harvest. Brain and spinal cords were dissected, placed
in 5-ml tubes, and enzymatically digested with 2 mg/ml colla-
genase A from C. histolyticum (Roche) and 1 U/ml DNaseI in RPMI
1640 with 2% FBS, 100 µg/ml penicillin/streptomycin, 20 mM
L-glutamine, and 10 mM Hepes for 30–45 min at 37°C while
shaking in the presence of three 0.25-inch ceramic spheres (MP
Biomedicals). Digested tissue was filtered through 100-µm cell
strainers and further cleaned up with 40% Percoll (GE Health-
care) centrifugation. Cells were resuspended for further analysis
in RPMI-10 (RPMI-1640, 10% FBS, 20mML-glutamine, 100 µg/ml
penicillin/streptomycin, 10 mMHepes, 1 mM sodium pyruvate, 1×
MEM nonessential amino acids, 10−5 M 2-mercaptoethanol).

IL-33 protein andmRNA levels were quantified in spinal cord
homogenates collected over a time course as indicated in Fig. S3
A. For IL-33 protein quantification, a 1-cm piece of lumbar spinal
cord was homogenized in 1 ml ice-cold DPBS with protease in-
hibitors (Pierce Halt Protease Inhibitor Cocktail with EDTA;
Thermo Fisher Scientific) by bead beating for 30 s with a 0.25-
inch ceramic sphere (MP Biomedicals). The homogenate was
cleared of insoluble material by centrifugation, and the super-
natant was transferred into a fresh tube and stored at –80°C
until further processing. IL-33 protein was measured using the
mouse IL-33 Ready-SET-Go! ELISA kit (eBioscience/Invitrogen)
according to the manufacturer’s instructions. ELISA plates were
read at OD450 on a Synergy HTX instrument (BioTek). IL-33
levels were calculated through extrapolation from a standard
curve using Prism 7 software. The results were normalized to
total protein content within the sample that had been quantifi-
ed using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific).

IL-33 transcript was quantified by quantitative RT-PCR. Total
RNA was prepared from a 1-cm piece of lumbar spinal cord
homogenized in 1 ml TRIzol reagent (Life Technologies) by bead
beating for 30 s with a 0.25-inch ceramic sphere (MP Bio-
medicals). The homogenate was cleared of insoluble material by
centrifugation, and the supernatant was transferred into a fresh
tube and stored at −80°C until further processing. RNA was
extracted by mixing the precleared supernatant with 200 µl
chloroform (Sigma-Aldrich) using Phase Lock Gel Heavy 2-ml
tubes (5Prime; Thermo Fisher Scientific) for phase separation.
The aqueous phase was transferred into a fresh tube and mixed
with an equal amount of 70% (vol/vol) ethanol (Sigma-Aldrich)
and loaded onto an RNeasy mini spin column (RNeasy Mini kit;
Qiagen). RNA was prepared following the instructions of the kit,
and RNA concentration and quality were assessed using a
Nanodrop instrument (Thermo Fisher Scientific). The RNA
(1 µg) was reverse transcribed into cDNA using the qScript
cDNA SuperMix (Quantas Biosciences). Quantitative PCR was
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performed on an ABI PRISM7700 cycler (Applied Biosystems)
using Power SYBR Green PCR master mix (Applied Biosystems)
with the following primers: Il33: forward, 59-TCCAACTCCAAGA
TTTCCCCG-39, and reverse, 59-CATGCAGTAGACATGGCAGAA-39
(Liang et al., 2013); Hprt: forward, 59-GCCCTTGACTATAATGAG
TACTTCAGG-39, and reverse, 59-TTCAACTTGCGCTCATCTTAG
G-39 (Sandler et al., 2003).

Statistical analysis
Graph Pad Prism (v7 and v8) was used for all statistical analysis
for biological experiments. We calculated P values as indicated
in the figure legends; differences between groups were consid-
ered statistically significant with a P value cutoff of ≤0.05. Data
are represented asmeans ± SEM. In all cases, ****, P ≤ 0.0001; ***,
P ≤ 0.001; **, P ≤ 0.01; *, P ≤ 0.05; ns, not statistically significant
(P > 0.05); and ND, not detectable/below limit of detection.

RNA-seq and computational analysis
Cell sorting
Spleens (days 0, 5, and 10), spinal cord (day 10), and brain (day
10) were dissected from mice that were challenged with EAE.
Single-cell suspensions were described as above. Spleen cells
were resuspended in MACS buffer (DPBS, 2% FBS, and 2 mM
EDTA) and further enriched for CD4 T cells using the Dynabeads
Flowcomp mouse CD4 kit (Life Technologies). For the day
10 time point, cells were pooled from two to three mice for
each sample. The enriched cells were stained with fluorochrome-
conjugated anti-CD45.2, anti-TCRβ, anti-CD4, anti-CD44, anti-
CD62L, anti-ST2, anti-CD11b, anti-CD8, anti-B220, and anti-NK1.1
(dump gate) before sorting on a BD FACSAria II sorter. Cells were
sorted into TRIzol LS (Life Technologies). Cells were sorted in
triplicate as CD44+CD62L−CD4+Foxp3− T eff cells (spleen, days 0,
5, and 10, 105 cells each; CNS, day 10, 2.75 × 104 to 105), as
CD44+CD62L−CD4+Foxp3+ T reg cells (spleen, days 0, 5, and 10, 105

cells each; CNS, day 10, 0.9 × 104 to 3 × 104), and as CD45intCD11b+

microglia (CNS, day 10, 8.8 × 104 to 105). For a representative
gating strategy, please refer to Fig. S3 F.

Computational analysis
RNA-seq reads were aligned to the reference mouse genome
GRCm38 using the STAR RNA-seq aligner, and local realignment
was performed using the Genome Analysis Toolkit (Dobin et al.,
2013; McKenna et al., 2010). For each sample, the raw count of
reads per gene was measured using R, and the DESeq2 R package
was used to perform differential gene expression between WT
and KO in each cell type (Love et al., 2014). A cutoff of 0.05 was
set on the P values (adjusted using Benjamini–Hochberg multi-
ple testing correction) to get the significant genes of each com-
parison. The threshold to minimum average expression within
samples of each comparison was set to 30 reads. Volcano plots
and heatmaps were constructed using R. For PCA analysis, the
15,000 most variant genes were included in the calculation of
components, and 3D plots were made using the plot3d R pack-
age. Gene ontology analysis was performed using gene set en-
richment analysis software, and all biological functions,
hallmark genesets, and KEGG pathways were ranked by nor-
malized enrichment score, after a false discovery rate cutoff of

≤0.25 was applied (Subramanian et al., 2005). Associated plots
were also constructed using R.

Data availability
The RNA-seq data has been made publicly available in the Se-
quence Read Archive database and can be accessed under ac-
cession no. PRJNA648990.

Online supplemental material
Fig. S1 shows that ST2 expression on T cells promotes antiviral
T cell response against LCMV. Fig. S2 shows that T reg cell–
specific loss of the signaling adapter MyD88 affects body weight
and adipose tissue immune cell composition. Fig. S3 shows that
IL-33 protein is elevated in the spinal cord of symptomatic mice
and correlates with progressive accumulation of ST2-expressing
T reg cells in EAE.
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Supplemental material

Figure S1. ST2 expression on T cells promotes antiviral T cell response against LCMV. (A) Schematic overview of generation of a novel conditional KO
allele for ST2. loxP sites (purple triangles) were introduced into the genomic Il1rl1 locus to flank exon 3 (red box) by homologous recombination in embryonic
stem cells. The targeting vector contained a neo cassette flanked by frt sites (blue ovals) to allow for selection of successful recombination at the locus. The
neomycin selection cassette was removed by breeding mice that carried the recombined allele in their germline with a FLPe-deleter strain. The Il1rl1fl allele was
subsequently intercrossed with Foxp3yfpcre or CD4-cre mice to specifically restrict ST2 deletion to T reg cells in the former and all T cells in the latter by cre
recombinase-mediated excision of the loxP flanked exon 3. (B–F) Control (ctrl; n = 4; black triangles) and Il1rl1CD4cre mice (n = 3; white triangles) were infected
with 2 × 105 PFU LCMV Armstrong. All data shown here are from day 7 after infection, including total immune cell numbers in spleen and liver (B). LCMV-
specific CD8 T cells were quantified in spleen (C) and liver (D) using tetramers detecting cells responding to the virus-derived peptides GP33 and NP396.
Production of IFNγ by CD8 (E) and CD4 (F) T cells was assessed after ex vivo stimulation with αCD3/αCD28 or LCMV-derived peptides. Data in B–F are plotted
as means ± SEM and representative of two independent experiments. **, P ≤ 0.01; *, P ≤ 0.05; ns, P > 0.05 by unpaired t test.
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Figure S2. T reg cell–specific loss of the signaling adapter MyD88 affects body weight and adipose tissue immune cell composition. (A) T reg cell
frequencies in adipose tissue are plotted for individual mice of the indicated ages. (B)Mice received either DPBS or 500 ng of recombinant mouse IL-33 i.p. as
indicated. Frequency of ST2-, KLRG1-, GATA3-, or IL-5–expressing CD4+ T cells in eWAT (left) or lung (right) contrasting Il1rl1fl/+xFoxp3yfpcre (n = 6; DPBS, black
filled squares; IL-33, black open squares) and Il1rl1fl/flxFoxp3yfpcre mice (n = 6; DPBS, blue filled squares; IL-33, blue open squares) are plotted. (C–G) All data
were collected from 11–13-mo-old male mice. Total body weight (C), eWAT weight (D), and liver weight (E) are plotted for individual mice. (F) Quantification of
immune cells in liver and eWAT from Foxp3yfpcre (n = 8–18; black squares) or Myd88fl/flxFoxp3yfpcre mice (n = 4–8; open circles). (G) Absolute numbers of T reg
cells in lymphoid and nonlymphoid tissues of Foxp3yfpcre (n = 19; black squares) or Il1rl1fl/flxFoxp3yfpcre mice (n = 9–14; open squares). Data in A–G are plotted as
means ± SEM and are pooled from two to four independent experiments. ***, P ≤ 0.001; **, P ≤ 0.01; *, P ≤ 0.05; ns > 0.05 by one-way ANOVA with Sidak’s
multiple comparisons correction (B) or unpaired t test (A and C–G). For clarity, only comparisons that were significantly different are indicated in B.
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Figure S3. IL-33 protein is elevated in the spinal cord of symptomatic mice and correlates with progressive accumulation of ST2-expressing T reg
cells in EAE. (A) C57BL/6 mice (n = 35; black squares) were immunized with MOG peptide in CFA to induce EAE. Disease progression was assessed on a daily
basis and is plotted as a disease score. Mice were sampled at various stages of disease (red arrows) as follows: day 0 (n = 5), day 5 (n = 8), day 10 (n = 4), day 15
(n = 7), day 19 (n = 5), and day 23 (n = 6). (B) Total immune cell infiltration into the CNS was enumerated over the disease course and is plotted for individual
mice. (C and D) IL-33 protein content (C) and Il33 transcript levels (D) were quantified in the spinal cord of naive mice (no treatment [tx]; n = 5),
asymptomatic mice (score = 0; n = 7–8), and symptomatic mice (score > 0; n = 20–22). (E) Total numbers of ST2-expressing T reg cells in the CNS are
plotted for individual mice over the course of disease. (F) A typical gating strategy is shown exemplifying how microglia (live CD45intCD11b+), T eff cells
(dump−CD4+Foxp3−CD62L−CD44+), and T reg cells (dump−CD4+Foxp3+CD62L−CD44+) were sorted from CNS for subsequent RNA-seq analysis at day 10
after EAE induction. FSC, forward scatter; SSC, side scatter. (G) 3D PCA of CD4 T eff cells from spleen (days 0, 5, and 10) and CNS (day 10). (H) Volcano
plot of gene expression data contrasting T eff cells isolated from the CNS at day 10 after EAE induction from Foxp3yfpcre (WT) or Il1rl1fl/flxFoxp3yfpcre (KO)
mice. Genes with a FC ≥ 2 and an adjusted P value < 0.05 are labeled. Genes increased in KO are on the left and genes decreased in KO are on the right of
the plot. Data in C and D are representative of two independent experiments. Data in A–E are plotted as means ± SEM. *, P ≤ 0.05; ns, P > 0.05 by
unpaired t test. PC, principal component.
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