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Resident TH2 cells orchestrate adipose tissue
remodeling at a site adjacent to infection
Agnieszka M. Kabat1,2, Alexandra Hackl1†, David E. Sanin1,2†, Patrice Zeis1,3,4†,
Katarzyna M. Grzes1,2, Francesc Baixauli1, Ryan Kyle1, George Caputa1, Joy Edwards-Hicks1,
Matteo Villa1, Nisha Rana1, Jonathan D. Curtis1,2, Angela Castoldi1, Jovana Cupovic1,
Leentje Dreesen5, Maria Sibilia6, J. Andrew Pospisilik7, Joseph F. Urban Jr.8, Dominic Grün1,9,10,11,
Erika L. Pearce1,2,12, Edward J. Pearce1,2,4,13*

Type 2 immunity is associated with adipose tissue (AT) homeostasis and infection with parasitic helminths, but
whether AT participates in immunity to these parasites is unknown. We found that the fat content of mesenteric
AT (mAT) declined in mice during infection with a gut-restricted helminth. This was associated with the accu-
mulation of metabolically activated, interleukin-33 (IL-33), thymic stromal lymphopoietin (TSLP), and extracel-
lular matrix (ECM)–producing stromal cells. These cells shared transcriptional features, including the expression
of Dpp4 and Pi16, with multipotent progenitor cells (MPC) that have been identified in numerous tissues and are
reported to be capable of differentiating into fibroblasts and adipocytes. Concomitantly, mAT became infiltrated
with resident T helper 2 (TH2) cells that responded to TSLP and IL-33 by producing stromal cell–stimulating cy-
tokines, including transforming growth factor β1 (TGFβ1) and amphiregulin. These TH2 cells expressed genes
previously associated with type 2 innate lymphoid cells (ILC2), including Nmur1, Calca, Klrg1, and Arg1, and
persisted in mAT for at least 11 months after anthelmintic drug–mediated clearance of infection. We found
that MPC and TH2 cells localized to ECM-rich interstitial spaces that appeared shared between mesenteric
lymph node, mAT, and intestine. Stromal cell expression of epidermal growth factor receptor (EGFR), the recep-
tor for amphiregulin, was required for immunity to infection. Our findings point to the importance of MPC and
TH2 cell interactions within the interstitium in orchestrating AT remodeling and immunity to an intestinal
infection.
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INTRODUCTION
There is a growing appreciation that lasting inflammation-induced
changes in tissue homeostasis are mediated by nonhematopoietic
cells in addition to resident immune cells. Communication
between these two compartments is essential for host protection
and subsequent reinforcement of tissues against secondary infec-
tions (1). In type 2 immune responses, cooperation between
tissue-resident immune cells and nonhematopoietic cells ensures
successful defense against pathogens (2, 3) but when dysregulated

can drive allergic and asthmatic inflammation, resulting in perma-
nent fibrotic remodeling of the tissue (4). Nonimmune cells, such as
epithelial and stromal cells, release signals including interleukin-25
(IL-25), IL-33, and thymic stromal lymphopoietin (TSLP), which
are critical for the activation and maintenance of type 2 immune
cells (3, 5).
Type 2 immune processes underlie aspects of tissue homeostasis.

This is particularly well recognized in adipose tissue (AT), where
eosinophils and type 2 innate lymphoid cells (ILC2) contribute to
the maintenance of alternative macrophage activation and are im-
plicated in AT beiging and the prevention of metabolic disease (6–
9). Regulatory T (Treg) cells are also important for AT homeostasis
(10, 11). Stromal cells within visceral white AT produce IL-33,
which activates and sustains ILC2 and Treg populations during ho-
meostatic conditions (12–15). The stromal cell population in AT is
heterogeneous, containing precursor cells in various stages of com-
mitment to the adipocyte lineage (16). Recent work has identified
multipotent progenitor cells (MPC), present in numerous tissues,
that are capable of giving rise to multiple fibroblast subsets (17).
MPC share a transcriptional signature, marked by Dpp4, Pi16,
and CD55 expression, with the cell type that gives rise to committed
preadipocytes (16). Consistent with this, lineage tracing studies con-
firmed fibroblasts as the cell type that differentiates to adipocytes in
vivo (18). However, it remains unclear how perturbations such as
type 2 inflammation affect the structure and function of stromal
cell populations within AT. It is of interest that AT MPC have
been localized to interstitial tissue at the edge of AT and around
the blood vessels (16, 18), because IL-33–producing stromal cells
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have also been identified to occupy interstitial niches in adventitia
around blood vessels (19) and in the fascia of the skin (20).
Parasitic helminths, including the intestinal nematode Heligmo-

somoides polygyrus bakeri (H. polygyrus), induce strong type 2
immune responses, and resistance to reinfection with this parasite
is dependent on adaptive type 2 immunity (21). Infection with H.
polygyrus and other helminths prevents the development of obesity
in mice fed a high-fat diet through an IL-33–dependent pathway
linked to AT beiging (6, 9, 22–24). However, little is known about
the development of adaptive type 2 immunity and T helper 2 (TH2)
cells in AT or the potential for AT to contribute to protective re-
sponses against helminth infection. This is of interest because
there is a growing understanding that AT can be repurposed to par-
ticipate in host defense against infection (25, 26).
Mesenteric AT (mAT) is a white adipose depot that is closely as-

sociated with the intestinal tract and surrounds the vasculature,
lymphatics, and mesenteric lymph nodes (mLNs) that drain the
gut (27). When examining mice infected with H. polygyrus, we
noted gross changes in the size and stiffness of mAT that suggested
effects distal to the enteric site of infection. This prompted us to
explore the biology of mAT over the course of H. polygyrus infec-
tion, recovery after treatment, and secondaryH. polygyrus infection.
Our data revealed dynamic changes in type 2 immunity, character-
ized by the development of a mAT-resident population of amphir-
egulin (Areg) and transforming growth factor β1 (TGFβ1)–
producing TH2 cells. This was paralleled by activation of the MPC
compartment, underscored by increased production of the TH2
cell–activating cytokines TSLP and IL-33 as well as increased extra-
cellular matrix (ECM) secretion. We found that interstitial, ECM-
rich niches, which are contiguous with the small intestine, became a
site of TH2 cell and MPC interactions. Our findings implicate
stromal cell responses to Areg in resistance to H. polygyrus
infection.

RESULTS
Dynamic changes occur in AT adjacent to the site of
infection
We examined the effects of primary and secondary infection withH.
polygyrus on mAT biology (fig. S1A). This infection is chronic but
can be cleared by treatment with anthelmintic drugs such as pyran-
tel pamoate, after which mice show increased resistance to second-
ary challenge. We found that infection-induced mLN enlargement
was accompanied by a reduction in surrounding mAT (Fig. 1A),
characterized by a decrease in mAT weight and fat content,
whereas food intake and total body weights between infected and
control mice remained comparable (Fig. 1, B and C, and fig. S1, B
and C). Although serum leptin levels were unaffected by infection,
adiponectin levels declined, which was in line with the decrease in
adiposity (fig. S1, D and E). We found that cellularity of the mAT
stromal vascular fraction, particularly after secondary infection, was
increased (Fig. 1D). These changes in stromal vascular fraction cel-
lularity reflected increases in both immune and stromal cell
numbers (Fig. 1, E and F, and fig. S1F).
We noted that infection caused an increase in stromal cell size

and side scatter, indicating that these cells had become activated
and potentially secretory (Fig. 1, G and H, and fig. S1G). To under-
stand infection-associated changes in mAT stromal cells, we per-
formed RNA sequencing (RNA-seq) on sorted CD45− CD31−

Sca1+ PDGFRα+ (platelet-derived growth factor receptor α–posi-
tive) stromal cells. Pathway enrichment analysis revealed an empha-
sis on ECM and inflammation, with expression of collagen,
chemokine, and cytokine genes during infection (Fig. 1, I and J).
Consistent with this, Masson’s trichrome staining revealed the ex-
pansion of collagen-rich areas within the mAT of infected mice,
often in proximity to tertiary lymphoid structures, also referred to
as fat-associated lymphoid clusters (Fig. 1K).Moreover, procollagen
1 (pCol1) as well as TSLP and IL-33 were constitutively secreted by
mAT stromal cells when cultured ex vivo (Fig. 1, L toN). Production
of these proteins was greater after secondary infection than after
primary infection. We did not observe a strong infection-linked in-
crease in cytokine or collagen production by stromal cells isolated
from the gonadal AT (gAT) of the same animals (fig. S1H).
The increased size, granularity, and secretory activity of stromal

cells from infected mice suggested an increase in anabolic metabo-
lism. In other stromal cells, activation to assume a secretory pheno-
type is supported by increased uptake of both glucose and
glutamine and by increased glycolysis to facilitate anabolism (28–
30). Our analysis revealed that mAT stromal cells, but not gAT
stromal cells, from infected mice were broadly more metabolically
active than those from control mice, with increased baseline oxygen
consumption rates (OCR) and spare respiratory capacity (31), in-
dicative of increased mitochondrial respiration (Fig. 1, O and P,
and fig. S1I). Further, the extracellular acidification rate (ECAR),
an indicator of lactate release as a result of glycolysis, was increased
in mAT stromal cells from infected animals (Fig. 1Q). Metabolic ac-
tivation was most pronounced in secondary infection (Fig. 1, O to
Q). Moreover, metabolic activation was important for altered
stromal cell function during infection because the selective glycer-
aldehyde phosphate dehydrogenase inhibitor heptelidic acid inhib-
ited not only increased ECAR but also pCol1 and TSLP production
bymAT stromal cells (Fig. 1, R to T). Together, these results indicate
that H. polygyrus infection is associated with activation of the mAT
stromal cell compartment.

TH2 cells with innate immune cell properties take up long-
term residence in AT
We next explored infection-induced changes in the cellular compo-
sition of the mAT stromal vascular fraction in greater detail using
single-cell RNA-seq (scRNA-seq). Unsupervised clustering of
stromal vascular fraction cell transcriptomes revealed multiple cell
clusters (C1 to C18; Fig. 2, A and B, and fig. S2, A and B). Infection-
induced changes within the immune cell compartment were appar-
ent, with a reduction in myeloid cells and an expansion of the CD4+
T cell compartment (Fig. 2, B to D). These changes were confirmed
by flow cytometry (Fig. 2, E and F, and fig. S2, C to G), which also
revealed an increase, after secondary infection, of mAT eosinophils
(Fig. 2G and fig. S2, D and H) that was not detected by scRNA-seq.
To better resolve CD4+ T cells and, in particular, Gata3-expressing
cells, which would be expected to be involved in the recruitment of
eosinophils, we performed an unsupervised reclustering of C4 and
C9 and identified TH2, TH1, Treg, ILC2, and natural killer T cells on
the basis of canonical marker expression (fig. S3, A and B). The rel-
ative proportions of each cell type showed that numbers of Gata3+
TH2 cells increased during infection (fig. S3B).
Fluorescence-activated cell sorting (FACS) analysis confirmed

that most mAT CD4+ T cells in infected mice were GATA3+
FOXP3− and therefore TH2 cells (Fig. 2H and fig. S4A). mAT
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TH2 cells were characterized by high expression of receptors for the
stroma-derived cytokines IL-33 and TSLP, whereas cells with these
characteristics constituted only a small percentage of mLN cells
(Fig. 2, H to K, and fig. S4, B to E). In secondary infection, up to
80% of all mAT CD4+ T cells were FOXP3− GATA3+ IL-33R+
TH2 cells (Fig. 2I and fig. S4A). We found that mAT TH2 cells
were CD69+ CD44+ and CD62L−, suggesting that they were resident
memory T cells (TRM) (fig. S4F). H. polygyrus infection also in-
creased the frequency of IL-33R+ TH2 cells within the CD4+ T
cell compartment of gAT, although the overall frequency of CD4+
T cells did not change (fig. S4, G to J). Expansion of mAT deposits

by high-fat diet feeding before infection did not affect the establish-
ment of resident mAT TH2 populations during infection (fig. S4K).
Previous studies located AT-resident T cells in fat-associated

lymphoid clusters (26, 32, 33). In line with this, whole-mount
mAT confocal microscopy revealed that numerous fat-associated
lymphoid clusters, evident as dense clusters of nonadipocyte cells,
were enriched in CD3+ GATA3+ (TH2) cells in the infected mice
(fig. S5, A and B). These structures were rare and smaller in mAT
from uninfected mice. Moreover, in infected mice, TH2 cells were
also present not only in areas outside of the fat-associated lymphoid
clusters, scattered among adipocytes and PDGFRα+ stromal cells

Fig. 1. Extensive remodeling of mAT during H.
polygyrus infection is associated with activa-
tion of the stromal cell compartment. (A) H&E-
stained sections of mAT and mLN in indicated
experimental conditions. (B) mAT weights (n = 9
to 23). (C) mAT fat content measured by MRI
(n = 10 to 18). (D to F) Counts of total stromal
vascular fraction (SVF) cells (D, n = 12 to 20),
CD45+ immune cells (E, n = 12 to 20), and
PDGFRα+ Sca1+ stromal cells (SC) (F, n = 15 to 17).
(G) mAT stromal cell size measured by flow cy-
tometry. (H) mAT stromal cell granularity mea-
sured by flow cytometry. (I and J) RNA-seq of mAT
stromal cells from control mice or mice with
primary or secondary infection. Stromal cells were
sorted from individual mice. (I) Gene Ontology
enrichment analysis of significantly up-regulated
genes (adjusted P < 0.01 and average log10 fold
change > 0.25) in mice with primary H. polygyrus
infection compared with control mice. (J)
Heatmap indicating expression of selected genes
of interest (collagens, cytokines, and chemokines)
in control or infectedmice. (K) Masson’s trichrome
staining of mAT sections from control or infected
mice; collagen-enriched areas stain blue. Aster-
isks: fat-associated lymphoid clusters. (L to N)
pCol1 (L), IL-33 (M), and TSLP (N) production by
mAT stromal cells isolated from control or infected
mice, measured in cell supernatants after over-
night culture. (O) OCR of mAT stromal cells from
indicated conditions at baseline and after se-
quential oligomycin (Oligo), FCCP, and rotenone/
antimycin (Rot/Ant) injections, measured using
Seahorse (n = 5 to 10). (P) Baseline OCR of mAT
stromal cells (n = 5 to 10). (Q) Baseline ECAR of
mAT stromal cells (n = 5 to 10). (R to T) Effects of
heptelidic acid on baseline ECAR (R), pCol1 (S),
and TSLP production (T) of mAT stromal cells of
control or infectedmice. Data combined from two
(A and F), three (C), or four (D and E) experiments,
representative of two (A and O to S), three (G, H, K,
N, and T), or four (L and M) experiments or from
one experiment (I and J). Symbols represent bio-
logical (B to H) or technical (L to T) replicates.
Mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
Data were analyzed by one-way unpaired ANOVA
with Bonferroni’s multiple comparison posttest (B
to E, L to N, P, Q, and T), two-tailed unpaired t test
(R and S), or Mann-Whitney test (F to H).
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Fig. 2. The mAT TH2RM compartment expands during infection. (A and B) Uniform manifold approximation and projection (UMAP) plots of 10,869 mAT stromal
vascular fraction cells from a control mouse or mice with primary or secondary H. polygyrus infection (one mouse per condition). Unsupervised clustering identified
18 cell groups; plots are color-coded according to (A) cell cluster (left) and broad identification of cell types (right) or according to experimental condition (B). NK,
natural killer cells; NKT, natural killer T cells. (C and D) Changes in immune cell populations after infection (normalized to total cell number in experimental condition).
Numbers in brackets indicate cluster ID from (A). (E to G) Frequencies of mAT macrophages (F4/80hi SiglecFlow of CD45+ CD11b+ cells) (E), CD4+ T cells (CD4+ TCRβ+ of
CD45+ cells in lymphocyte gate, n = 10 to 16) (F), and eosinophils (F4/80low SiglecFhi of CD45+ CD11b+ cells) (G) in control or infected mice, measured by flow cytometry.
(H to K) Flow cytometry plots (H), frequencies (I and K), and numbers (J) of GATA3+ IL-33R+ and GATA3+ TSLPR+ TH2 cells (gated on FOXP3− CD4+ TCRβ+ CD45+ cells) in
mAT from control or infectedmice. (L) Whole-mount immunofluorescent images ofmATof infectedmice stained for CD3 and CD31. Arrow: Interstitial space. Asterisks: fat-
associated lymphoid clusters. (M toO) Flow cytometry plots (M) and frequencies of Areg (N, n = 8 to 9) and IL-5 (O, n = 10 to 14) expression by mAT CD4+ T cells (gated on
FOXP3− CD4+ TCRβ+ CD45+ cells). (P) TGFβ1-latency associated peptide (LAP) expression bymAT TH2 cells (gated on FOXP3− CD4+ TCRβ+ CD45+ cells in lymphocyte gate).
Data combined from two (I and N) or three (F and O) experiments, representative of two (E, G, and J to L) experiments, or from one experiment (A to D and P). Symbols
represent biological replicates (E to G, I to K, N, and O). Mean ± SEM. **P ≤ 0.01 and ***P ≤ 0.001. Data were analyzed by one-way unpaired ANOVA with Bonferroni’s
multiple comparison posttest (E to G, I, J, N, and O) or Mann-Whitney test (K).
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(fig. S5, B and C), but also along the interstitial spaces (the adven-
titia and reticular interstitium), which appeared to connect with
these lymphoid structures (Fig. 2L and fig. S6).
Functionally, most mAT GATA3+ TH2 cells from infected mice

were capable of making not only the eosinophil survival factor IL-5
but also the tissue modulatory cytokines Areg and TGFβ1 (Fig. 2, M
to P, and fig. S7, A and B); cells with these attributes were less fre-
quent in themLN from the same animals (fig. S7, C to E), consistent
with the view that terminal TH2 cell differentiation occurs within
peripheral tissues (34). Our data also indicated that as a result of
infection, Areg production in mAT shifted from the innate com-
partment, where it occurred mostly in ILC, to the T cell compart-
ment, where it was primarily a function of TH2 cells, although ILC2
still remained a source of Areg (fig. S7, F to I). scRNA-seq data ad-
ditionally suggested that TH2 cells also became a major source of
TGFβ1 in mAT during secondary infection (fig. S7, J to L). We
did not detect strong expression of Areg, the gene encoding Areg,
in myeloid cells (fig. S7, J to L). Last, we found that the increase
in the TH2RM population was also paralleled by the progressive in-
fection-associated decline in the frequencies of mAT Treg cells and
interferon-γ (IFN-γ)–producing CD4+ T cells (fig. S8, A to E), sug-
gesting that TH2 cells may compete with Treg and TH1 cells for avail-
able space in the mAT lymphoid niche. In this context, we noted
that IL-33R was more strongly expressed by mAT TH2 cells than
mAT Treg cells in infected mice and that IL-33 intraperitoneal injec-
tion into naïve wild-type mice resulted in greater expansion of the
TH2 compared with Treg population in mAT (fig. S8, F to I), sug-
gesting that TH2 cells are more responsive to IL-33 than Treg cells.
To ask whether mAT TH2 cells have tissue-specific attributes, we

used scRNA-seq to compare them with TH2 cells sorted from ana-
tomically related sites affected by infection, namely, the small intes-
tine and mLN. Clustering and similarity analysis with VarID (35)
revealed distinct groupings of T cell populations by tissue of resi-
dence (Fig. 3, A and B). Cd44+, Cd69+, Cd62l− (Sell), and Klf2−

TH2RM cells were present in mAT and small intestine but neverthe-
less clustered separately from each other (C7 versus C11) (Fig. 3, A
and C), indicating location-dependent functional distinctions. Pre-
vious work has described TH2RM cells in small intestines and peri-
toneal cavities of H. polygyrus–infected mice but not in mAT (36).
We observed that mAT, but not small intestine TH2RM cells, up-reg-
ulated CD25 (Il2ra) and expressed high levels of Il1rl1 (IL-33R,
ST2), whereas small intestine TH2RM cells displayed higher expres-
sion of Il17rb (IL-25R), reminiscent of tissue-specific alarmin re-
ceptor expression reported for ILC2 (Fig. 3D) (37). However,
TH2RM cells from mAT, to an equal or greater extent than small in-
testine TH2RM cells, expressed several genes previously associated
with ILC2: Nmur1, Calca (or Cgrp), Klrg1, and Arg1, indicating
that TH2RM cells acquire an innate-like phenotype when residing
in mAT (Fig. 3D).
In contrast to small intestine TH2RM cells, mAT TH2RM cells ex-

pressed Ccr2 (Fig. 3E), pointing toward a selective role for CCR2
ligands in TH2RM cell localization in mAT. Moreover, analysis of in-
tegrin expression by both scRNA-seq and flow cytometry revealed
that mAT TH2RM cells did not express Itgae (CD103), a marker for
manymucosal resident T cell populations (38), but did express Itga4
(CD49d), unlike small intestine TH2 cells (Fig. 3E and fig. S9A).
Both TH2 populations expressed Itgb1 (CD29), Itgb3 (CD61), and
Itgb7 (Fig. 3E and fig. S9A). This integrin expression pattern indi-
cates that mAT TH2RM cells can form functional heterodimeric

integrin receptors that enable interactions with the stromal cells
and ECM components. These findings, along with the fact that
TH2RM cells are found within the mAT stroma, suggest that they
are motile within the tissue. Both mAT and small intestine TH2
cells expressed Il5, Il6, Areg, and Tgfb1, but small intestine TH2
cells expressed these genes, as well as Il4 and Il13, more strongly
than their mAT equivalents (Fig. 3F). This distinct cytokine expres-
sion pattern is again reminiscent of reported differences in ILC2,
where intestinal ILC2 preferentially express IL-13 (37).
Consistent with mAT TH2 cells being TRM, TH2 cell accumula-

tion during secondary infection was unaffected by treatment with
the sphingosine-1-phosphate receptor 1 (S1PR1) agonist FTY720
(Fig. 3, G to I), indicating that after primary infection the mAT
TH2RM population persisted independently from the recruitment
of cells from secondary lymphoid organs through the S1PR1-de-
pendent pathway. FTY720 treatment also had no effect on resistance
to reinfection (Fig. 3J). Furthermore, mAT remained enriched in IL-
33R+ TH2RM cells capable of making both IL-5 and Areg for up to 11
months after treatment (Fig. 3, K to M, and fig. S9, B and C),
whereas Treg and ILC2 populations within this tissue were less fre-
quent than those in naïve control mice throughout this time (Fig. 3,
N and O, and fig. S9, D to H). The mAT TH2RM population not only
persisted but also continued to expand over time in the absence of
infection (Fig. 3P). In summary, infection with H. polygyrus, an in-
testinal helminth parasite, led to the accumulation of TH2 cells in
mAT. These cells were phenotypically TH2RM-like, expressed recep-
tors for the tissue alarmins IL-33 and TSLP, and made a range of
tissue modulatory mediators, including Areg and TGFβ1.

Resident TH2 cells and stromal cells activate each other
during infection
We asked how mAT TH2RM cells influenced mAT remodeling
during infection. Prevention of TH2 cell development through the
deletion of IL-4Rα on T cells in Il4rafl/fl Cd4-Cre mice resulted in a
reduction in resistance to secondary infection and the loss of asso-
ciated components of the response such as tissue eosinophilia
(Fig. 4, A to C, and fig. S10, A to C), confirming the importance
of TH2 cells for orchestrating type 2 immunity and host defense
during secondary infection. When we examined mAT stromal cell
activation in infected Il4rafl/fl Cd4-Cre mice, we found that cytokine
and pCol1 production was diminished compared with infected con-
trols (Fig. 4, D and E), despite ILC2 and Treg cells still being present
in mAT (fig. S10, A and D to G). Furthermore, stromal cell activa-
tion was also diminished when CD4+ T cells were depleted, an in-
tervention that also resulted in the loss of resistance to infection
(Fig. 4, F to H, and fig. S10, H to K). TH2 cells therefore played a
critical role in mAT stromal cell activation during infection.
We next asked whether stromal cells reciprocally stimulated

TH2RM cells, by purifying and coculturing these populations and
measuring TH2 cell survival and cytokine production. We found
that both were strongly enhanced in the presence of mAT stromal
cells from infected or naïve mice (Fig. 4, I to K). These effects were
seen when mAT TH2RM cells and mAT stromal cells were cultured
in a transwell system, indicating that soluble factor(s) from stromal
cells could drive TH2RM cell activation (fig. S10L). The expression of
TSLPR and IL-33R on mAT TH2 cells and the recognized relation-
ship of TSLP and IL-33 with type 2 immunity suggested that it could
be these cytokines that were responsible for the observed effects. To
examine this possibility, we sorted both TH2 cells (CD4+Foxp3−IL-
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4+) and non-TH2/non-Treg cells (CD4+Foxp3−IL-4−) from mAT
and mLN of infected animals and cultured them in the presence
or absence of IL-33 and TSLP. We found that mAT TH2RM cells
were more capable of surviving in vitro than non-TH2/non-Treg
cells or mLN TH2 cells and that they proliferated extensively in
the absence of added growth factors (Fig. 4L and fig. S10M). This
distinction was further enhanced by the addition of IL-33 or TSLP
(Fig. 4L and fig. S10M).We found that, without the ex vivo addition

of a T cell receptor stimulus, TSLP and, in particular, IL-33 activated
purified mAT TH2 cells to produce Areg, IL-5, IL-6, IL-13, and
TGFβ1 (Fig. 4M and fig. S10N). We noted that whereas cytokine
secretion by mAT TH2 cells was driven more strongly by IL-33
(Fig. 4M), survival was enhanced more strongly by TSLP
(Fig. 4L). These findings are consistent with the reported properties
of these cytokines (39, 40).

Fig. 3. ThemAT TH2 cell population
has innate cell properties, expands
independently of T cell recruit-
ment, and is long lived. (A and B)
UMAP plots of CD4+ TCRβ+ T cells
from mLN and mAT of control (n = 2
per condition), primary infected
(n = 1 per condition), and secondary
infected (n = 1 per condition) mice
and from small intestine (SI) lamina
propria of control and primary in-
fected mice (n = 2 per condition).
Unsupervised clustering distin-
guished 16 cell groups; plots are
color-coded according to cell identity
(A) or tissue of origin (B). (C to F)
UMAP plots indicating log2 normal-
ized expression of selected genes of
interest (top) and cluster-specific
gene expression shown as dot plots
(bottom), where color represents the
z score of the mean expression across
clusters, and dot size represents the
fraction of cells in the cluster ex-
pressing the selected gene. (G to J).
Micewere given secondary infections
and treated with FTY720 where indi-
cated. Flow cytometry plots (G), fre-
quencies (H), and numbers (I) of
GATA3+ IL-33R+ TH2 cells (gated on
FOXP3− TCRβ+ CD45+ cells). Worm
counts from small intestine (J). (K and
L) Flow cytometry plots (K) and fre-
quencies (L) of mAT IL-5+ Areg+ T
cells (gated on FOXP3− CD4+ TCRβ+

CD45+ cells). (M to P) Frequencies (M)
and numbers (P) of mAT GATA3+IL-
33R+ TH2 cells and frequencies of Treg
cells (FOXP3+ CD4+ TCRβ+ CD45+) (N)
and ILCs (gated on Lin− CD45+ Thy1+

live cells in lymphocyte gate; see
Materials and Methods) (O) after 11
months of recovery after treatment of
primary infection. Data combined
from two experiments (A to F and J)
or representative of two experiments
(G to P). Symbols represent biological
replicates (H to J and L to P).
Mean ± SEM. *P ≤ 0.05, **P ≤ 0.01,
and ***P ≤ 0.001. Data were analyzed
by one-way unpaired ANOVA with
Bonferroni’s multiple comparison
posttest (H and I) or Mann-Whitney
test (J and L to P).
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Fig. 4. TH2RM cells and stromal cells activate each other during H. polygyrus infection. (A to E) Il4rafl/fl Cd4-Cre and Il4rafl/fl mice were subjected to secondary in-
fection. Frequencies (A) and numbers (B) of mAT TH2 cells (IL-33R+ GATA3+ FOXP3− CD4+ TCRβ+). (C) Worm numbers in small intestine. Production of pCol1 (D) and IL-33
(E) by mAT stromal cells isolated from Il4rafl/flCd4-Cre and Il4rafl/fl mice. (F to H) pCol1 (F), TSLP (G), and IL-33 (H) production from isolated mAT stromal cells during
secondary infection with anti-CD4 depletion where indicated. (I and J) Flow cytometry plot (I) and cell number (J) of sorted TH2 cells after 4 days of coculture with
mAT stromal cells isolated from uninfected or infected mice as indicated. (K) IL-5 production by TH2 cells after 4 days of culture with mAT stromal cells as in (I). (L
and M) TH2 cells (CD4+ TCRβ+ IL4-eGFP+ FOXP3RFP−) and non-TH2/non-Treg T cells (CD4+ TCRβ+ IL4-eGFP− FOXP3RFP−) were sorted from mAT and mLN of infected
mice and cultured for 3 to 6 days with addition of IL-33 (50 ng/ml) or TSLP (50 ng/ml). Flow cytometry plots of mAT TH2 and non-TH2/non-Treg cells with frequencies
of live cells after 6 days of culture (L). Levels of indicated cytokines in the supernatants of mAT TH2 cells after 3 days of culture (M). (N toQ) TSLP signaling was blocked with
anti–IL-7Rα antibody treatment during recovery after primary infection. Frequencies (N, n = 9) and numbers (O, n = 9) of TH2 cells (GATA3+ FOXP3− CD4+ TCRβ+) in mAT or
mLN as indicated. Flow cytometry plots (P) and numbers (Q, n = 9) of Ki67+ TH2 cells in mAT. Data combined from two experiments (C, N, O, and Q), representative of two
(A, B, D, I, and K to M) or three (F and H) experiments or from one experiment (E, G, and J). Symbols represent biological (A to C and M to Q) or technical (D to K) replicates.
Mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. Datawere analyzed by one-way unpaired ANOVAwith Bonferroni’s multiple comparison posttest (J, K, M to O, and Q),
two-tailed unpaired t test (D to H), or Mann-Whitney test (A to C).
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TSLP signals through a heterodimeric receptor consisting of
CRLF2 and IL-7Rα, the latter of which, when paired with γc
(encode by Il2rg), is also a component of the bona fide IL-7R
(41). TH2RM cells expressed Crlf2, Il7ra, and Il2rg, suggesting that
they could use TSLP or IL-7 for survival in the mAT niche
(Fig. 2, H and K, and fig. S11, A to C). Consistent with this, anti-
body-mediated blockade of IL-7Rα for 1 week during post-infection
recovery resulted in significant decreases in TH2 cells and in Ki67+
TH2 cells in mAT, but not in mLN, confirming a requirement for
TSLP/IL-7 signaling for mAT TH2RM cell proliferation and persis-
tence (Fig. 4, N to Q, and fig. S11D), although this treatment does
not exclude indirect effects of IL-7Rα inhibition on other mAT-res-
ident immune populations. Because we could not detect IL-7 in
stromal cell culture supernatants and Il7 was not strongly expressed
by Pdgfra+ stromal cells in the scRNA-seq data (fig. S11E), these
results likely reflected the inhibition of TSLP-mediated effects. To-
gether, our data point to the existence of a positive feedback loop in
which TH2RM cells in the mAT activate stromal cells to secrete IL-33
and TSLP, which in turn promote mAT TH2RM cell expansion, sur-
vival, and cytokine production.

Activated stromal MPC accumulate and secrete collagen
and immunostimulatory cytokines
To more fully explore the mAT stromal response to infection, we
reclustered the scRNA-seq stromal cell transcriptomes and identi-
fied six distinct cell groups (C0 to C5; Fig. 5A and fig. S12, A and B).
Using published transcription profiles to delineate adipocyte differ-
entiation stages, we identifiedDpp4+ Pi16+ CD55+MPC (C2), inter-
mediate uncommitted cells (C0), and Fabp4+ Pparg+ committed
preadipocytes (C1) (16, 42, 43). Other clusters were enriched in
CD9+ matrix fibroblasts (C3) (44) and Ccl19+ immunofibroblasts
(C4) (Fig. 5A and fig. S12, A and B) (45). By pseudotemporal order-
ing using Monocle (46) with MPC (C2) set as the origin, our data
conformed with the model proposed by others in which, within AT,
committed preadipocytes capable of giving rise to mature adipo-
cytes differentiate from Dpp4+ uncommitted progenitor cells
(Fig. 5B) (16). A quantitative assessment of cluster sizes revealed
an ~25% increase in MPC (C2) and a decrease in intermediate un-
committed cells (C0) in infected versus control mice (Fig. 5C), sug-
gesting a reduction in the differentiation of the MPC toward the
adipocyte lineage.
We used flow cytometry to further investigate quantitative

changes in mAT stromal cell populations. We gated on CD45−

CD31− Sca1+ PDGFRα+ stromal cells and used antibodies against
surface molecules shown previously (16, 43) to discriminate
between MPC (Ly6c and Thy1), committed matrix fibroblasts
(which more strongly express CD9 but not Ly6c), and committed
preadipocytes (which are CD9loLy6clo) (Fig. 5D). On the basis of
these criteria, infection led to increased frequencies of MPC and
reduced frequencies of committed subsets (Fig. 5, E to G). Further-
more, MPC numbers were increased significantly during infection
(fig. S12C). This increase was dependent on TH2 cells because it was
diminished in infected Il4rafl/fl Cd4-Cre mice (fig. S12D). More-
over, stromal cells from infected Il4rafl/fl Cd4-Cre mice were less
granular than those from infected controls, suggesting that
stromal cell activation is generally TH2 cell dependent (fig. S12, E
and F). To verify functional differences between identified stromal
subpopulations, we sorted them on the basis of Ly6c and CD9 ex-
pression (Fig. 5E) and asked which had the potential to become

adipocytes under adipogenic culture conditions (16). We found
that the committed preadipocytes had the highest adipogenic po-
tential, evident by extensive lipid droplet development (evident as
increased staining with Oil Red), whereas MPC showed intermedi-
ate adipogenic potential. The matrix fibroblast subpopulation con-
tained few cells that were able to differentiate into mature
adipocytes (Fig. 5H and fig. S12G). Infection did not affect the in-
herent ability of cells within the different stromal cell subpopula-
tions to differentiate into mature adipocytes in culture (Fig. 5H
and fig. S12G). These data confirmed the functional relatedness of
the clusters identified in our study to previous descriptions of adi-
pocyte differentiation (16, 43, 44).
We next asked whether infection-induced increases in collagen

production could be attributed to a particular subpopulation of
mAT stromal cells. We found that pCol1 was produced by sorted
matrix fibroblasts and MPC and that both of these populations pro-
duced more pCol1 when sorted from infected mice (Fig. 5I).
However, the MPC made more pCol1 than did the matrix fibro-
blasts, despite indications from the scRNA-seq data that the oppo-
site would be the case. By comparison, committed preadipocytes
from infected mice made little pCol1 (Fig. 5I). In addition, MPC
were the major source of TSLP, production of which was greatly in-
creased as a result of infection (Fig. 5J). We additionally assessed IL-
33 expression in stromal cell populations using IL-33eGFP reporter
mice. Comparison between matrix fibroblasts, MPC, and preadipo-
cyte populations showed that infection increased IL-33 expression
in all subsets; however, expression was the highest in MPC, with
almost 90% of cells being IL-33eGFP+ (fig. S13, A and B). IL-
33eGFPmean fluorescent intensity increased inMPC from infected
mice, indicating increased IL-33 expression per cell (fig. S13C).
Comparison of stromal cell subsets in the scRNA-seq dataset con-
firmed that MPC expressed Il33more strongly than any of the other
stromal populations, in linewith previous reports (fig. S14, A and B)
(7, 8). MPC also expressed the chemokine-encoding genes Ccl2,
which encodes the ligand for CCR2 that is expressed on TH2RM
cells, and Ccl11, which encodes an eosinophil attractant (fig.
S14B). Furthermore, MPC also expressed genes encoding ECM
components and modifying enzymes, including Fn, Postn, Ugdh,
Pcolce2, and pCol1a2 (fig. S14, C and D), although expression of
the latter, as well as pCol1a2, pCol1a1, pCol3a1, pCol6a1, and Eln,
was strongest in matrix fibroblasts (fig. S14D).
Previous reports localized IL-33–producing cells to the niches

around blood vessels (known as adventitia) within AT and lung
tissue (19) and within the mesothelium of AT (12), which we spec-
ulate is anatomically overlapping with interstitial areas at the tissue
edges (16). We observed that these spaces in mAT were enriched in
collagen, as indicated by immunofluorescent staining for Col1 on
whole tissue mounts (fig. S15). Using Pi16 and DPP4 as markers
of MPC (fig. S16, cluster 2), we localized these cells primarily
within interstitial spaces, including adventitia (Fig. 5K and fig.
S17). Blood vessels, visualized by staining with antibodies to
CD31 (fig. S18), were apparent within adventitia. MPC localization
was distinct from that revealed by staining for PDGFRα, a broad
stromal cell marker, which additionally showed interdigitating
cells between adipocytes throughout the tissue (fig. S5C). MPC lo-
calized to interstitial spaces in mAT from both control and infected
animals, but in infection, these niches appeared more densely infil-
trated with cells, including with CD4+ T cells (fig. S18), consistent
with the observed increases in MPC and CD4+ T cells during
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infection (Fig. 2F and fig. S12C). We found mAT adventitia to be
heavily infiltrated by GATA3+ TH2 cells during infection, where
TH2 cells could be seen forming aggregates with MPC at the
edges of this interstitial space (Fig. 5L and fig. S19A). Last, using
IL-33eGFP reporter mice, we found DPP4+ IL-33+ stromal cells
in proximity to CD4+ T cells in the mAT interstitium during infec-
tion (fig. S19B).
Using a complementary immunohistochemistry approach on

tissue sections, with CD55 as a marker for MPC (fig. S16, cluster
2), we confirmed that CD55+ MPC localized to interstitial spaces,

which often connected with fat-associated lymphoid clusters and
were more apparent in infected mice (Fig. 6A). CD55+ cells were
also detectable in lymphoid clusters (Fig. 6A). Interstitial areas
were clearly marked by dense collagen networks, as shown by
Masson’s trichrome staining (Fig. 6B), providing a context for our
observation that pCol1 secretion by MPC was increased during in-
fection (Fig. 5I). Immunohistochemistry additionally revealed
details of mAT interactions with the intestine, showing that in
control mice, a clear line of distinction, marked by CD55+ cells,
was maintained at contact points between the two tissues (Fig. 6C

Fig. 5. The mAT interstitial MPC population
expands during infection. (A) UMAP of mAT
stromal cells from uninfected (control) mice (2457
cells) and mice with primary (2640 cells) or sec-
ondary (962 cells) H. polygyrus infections. One
mouse per condition. Unsupervised clustering
distinguished six cell clusters (A); plots are color-
coded according to cell cluster. Cell identities
were established on the basis of expression of the
following markers: C1, committed preadipocytes
(expressing Icam1, Apoe, Lpl, Fabp4, and Pparg);
C2, MPC (Dpp4, Anxa3, Cd55, Pi16, and Dpt); C3,
CD9+ profibrotic cells (Cd9, Wnt6, Eln, Mgp,
Col1a1, and Col15a1); and C4, immunofibroblasts
(Cd9 and Ccl19). (B) UMAP plot as in (A), showing
pseudotemporal ordering of cells, setting origin
at the center of MPC (C2). (C) Contributions of
each cluster as in (A) to a total cell pool, split by
experimental condition. (D) UMAP plots showing
expression of indicated genes. (E and F) Flow cy-
tometry plots (E) and frequencies (F) of mAT
stromal cell populations from control and infect-
ed mice: Ly6c+ MPC, Ly6c− CD9+ matrix fibro-
blasts, and Ly6c− CD9− preadipocytes (gated on
CD45− CD31− PDGFRα+ cells). (G) Frequencies of
Thy1hi mAT stromal cells in control and infected
mice (gated on CD45− CD31− PDGFRα+ cells). (H).
mAT stromal cells were sorted into Ly6c+ MPC,
Ly6c− CD9+ matrix fibroblasts, and Ly6c− CD9−

preadipocytes and cultured in adipogenic condi-
tions (see Materials and Methods). Representative
images on day 6 showing lipid droplet accumu-
lation (red staining). (I and J) pCol1 (I) and TSLP (J)
production measured in supernatants from over-
night culture of cells sorted as in (H). (K) Whole-
mount immunofluorescent images of mAT from
secondary infection stained for DPP4, Pi16, and
nuclear staining (Hoechst). (L) Whole-mount im-
munofluorescent images of mAT from control or
secondary infection stained for Pi16, CD3, GATA3,
and nuclear staining (Hoechst). Data combined
from two experiments (F), representative of two
(G and I to L), or from one experiment (A to D).
Symbols represent biological (F to G) or technical
(I and J) replicates. Mean ± SEM. *P ≤ 0.05,
**P ≤ 0.01, and ***P ≤ 0.001. Data were analyzed
by one-way unpaired ANOVA with Bonferroni’s
multiple comparison posttest (I), two-tailed un-
paired t test (J), or Mann-Whitney test (F and G).
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Fig. 6. MPC and TH2 cells colocalize to collagen-rich interstitial spaces in mAT during infection. (A and B) mAT sections from uninfected (control) mice and mice
with a secondary H. polygyrus infection. Multiplex immunohistochemistry staining for CD55/brown and CD4/purple (A) and corresponding images stained with Masson’s
trichrome (collagen/blue) (B). (C and D) Masson’s trichrome staining and corresponding images stained for CD55 and CD4 showing interface between mAT and small
intestine in control and infectedmice. Squares highlight the areas shownwith a highermagnification in neighboring panels. Data representative of two experiments with
one or two mice per experiment (A to D). Gr, granuloma.
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and fig. S20A). These areas were free of CD4+ T cells (Fig. 6C and
fig. S20A). During infection, however, they were often marked by
adipocyte-free tissue enriched with collagen, within which CD4+
T cells and CD55+ MPC were numerous and interspersed
(Fig. 6C and fig. S20, A and B). This was also true at the contact
points with the intestinal granulomas (Fig. 6D), together indicating
that interstitial tissue expands at the mAT/intestine interface during
infection. Moreover, continuity of CD55+ MPC-infiltrated areas
between mLN, mAT, and intestine was apparent (fig. S20B), consis-
tent with previous reports that interstitial spaces between organs are
connected (47). To further explore the relatedness of these findings
to the granulomatous response, we used RNA-seq to compare iso-
lated granulomas and adjacent intestinal tissue from infected mice
with intestinal tissue from uninfected mice. These data showed
transcriptional signatures consistent with the presence of MPC
and TH2 cells (but not Treg or TH1 cells) in the granulomas (fig.
S21). Furthermore, it was apparent that expression of multiple
ECM genes, including collagens, was increased in the granuloma
tissue and mirrored the expression pattern observed in mAT
stromal cells during infection (fig. S21; compare with Fig. 1J and
fig. S14C).
Together, these results support the view that there is an infec-

tion-associated expansion of the MPC population within the
ECM-rich interstitial spaces where TH2 cells are also present.
These areas expand at the interface of mAT and small intestine.
The data further suggest that activation of MPC to make ECM,
driven by stimulatory interactions with TH2 cells, is involved in im-
munity to H. polygyrus.

Activated stromal cells are critical for host-protective
immunity to infection
Given that our data pointed to reciprocal interactions between
TH2RM cells with mAT stromal cells, we examined the role of cyto-
kines produced by TH2RM cells in mAT stromal cell activation. We
focused on Areg, TGFβ1, IL-4, and IL-13 and first measured meta-
bolic rates as a sensitive indicator of stromal cell activation. We
found that Areg and TGFβ1 induced increased baseline OCR and
spare respiratory capacity, whereas TGFβ1, but not Areg, induced
aerobic glycolysis, evident by increased ECAR and increased
lactate accumulation in stromal cell supernatants (Fig. 7, A to C,
and fig. S22, A and B). In contrast, IL-4 and IL-13 alone had
minimal effects on lactate production or spare respiratory capacity
(fig. S22, A and B) but synergized with Areg to increase aerobic gly-
colysis (fig. S22C). We also found that Areg potentiated the increase
in aerobic glycolysis induced by TGFβ1 (Fig. 7A and fig. S22C).
These two cytokines also worked additively to promote OCR
(Fig. 7, B and C). Consistent with this, they individually and addi-
tively promoted increases in cellular adenosine triphosphate (ATP)
(Fig. 7D). Further, tracing incorporation of carbon from 13C-
glucose into metabolic intermediates showed that incorporation
into serine and glycine was significantly increased after stimulation
with Areg and TGFβ1 (Fig. 7, E and F). Serine is a precursor for
glycine, which is the most abundant amino acid in collagens.
Thus, Areg and TGFβ1, two cytokines made by mAT TH2RM cells,
worked together to promote mAT stromal cell cellular metabolism,
a prerequisite for these cells to assume an enhanced secretory func-
tion during infection (Fig. 1, S and T). Our data point to a role for
Areg both individually and as a potentiator of the activity of other
type 2 cytokines in the metabolic activation of mAT stromal cells.

Areg plays an important role in immunity to intestinal helminths
(48, 49). Although overexpression of Areg in white ATwas reported
to result in the loss of AT mass (50), relatively little is known about
its function in AT biology. To begin to explore this, we examined the
effects of Areg on mAT stromal cell activation ex vivo and found
that it was unique among the TH2 cytokines examined in being
able to induce TSLP production (fig. S22D). Next, we examined
the acute effects of Areg on mAT by directly injecting naïve mice
with this cytokine. We found increased numbers of immune cells
and stromal cells (fig. S22, E to G), which is broadly consistent
with the effects of H. polygyrus infection (Fig. 1, D to F). We next
generated mice that lack the Areg receptor epidermal growth factor
receptor (EGFR) on stromal cells using Pdgfra-Cre (Egfrfl/fl-Pdgfra-
Cre mice); Pdgfra is broadly expressed in stromal cells (fig. S11E),
and anti-PDGFRα was used here as part of the stromal cell sorting
strategy. On the basis of our data showing an important role for
Areg as a potentiator of stromal cell activation in response to IL-
4, IL-13, and TGFβ1 (Fig. 7, A to F, and fig. S22C), we reasoned
that stromal cells that could not respond to Areg would be compro-
mised in their ability to respond fully to other cytokines made by
mAT TH2RM cells. Consistent with a role for Areg in modulating
mAT, we found fewer stromal cells and immune cells in the mAT
of Egfrfl/fl-Pdgfra-Cre mice than in control mice (Fig. 7, G and I).
Further, EGFR-deficient mAT stromal cells exhibited diminished
responsiveness to Areg ex vivo, failing to become metabolically ac-
tivated in response to this cytokine, andmaking less TSLP, confirm-
ing that major Areg effects on stromal cells are mediated through
EGFR (fig. S22, H and I). Although EGFR is the receptor for
Areg, it is additionally the receptor for EGF (Egf ), heparin bind-
ing(HB)–EGF (Hbegf ), transforming growth factor-α (Tgfa), and
betacellulin (BTC), but Areg was the most expressed EGFR ligand
in the mAT stromal vascular fraction during infection (fig. S23, A
and B), and in this setting, TH2 cells were a major source of this
cytokine (fig. S7L).
To gain insight into the role of EGFR in mAT stromal cell

biology during infection, we performed RNA-seq on mAT
stromal cells isolated from Egfrfl/fl-Pdgfra-Cre mice. We confirmed
that Egfr expression was decreased in stromal cells from Egfrfl/fl-
Pdgfra-Cre mice compared with Egfrfl/fl controls (Fig. 7J). Lack of
EGFR resulted in reduced expression of genes characteristic of
MPC, including Dpp4 and Cd55, and the concomitant up-regula-
tion of genes that mark committed subsets (e.g., Apoe) (Fig. 7J)
(16, 17). Moreover, EGFR-deficient mAT stromal cells from infect-
edmice produced less TSLP and pCol1 ex vivo than did stromal cells
from infected controls (Fig. 7K and fig. S23C), and Egfrfl/fl-Pdgfra-
Cre mice had fewer TH2 cells in mAT (fig. S23, D to F) and were
more susceptible toH. polygyrus infection (Fig. 7, L andM). In con-
trast, deletion of EGFR in mature adipocytes in Egfrfl/fl-Adipoq-Cre
mice had no effect on susceptibility to H. polygyrus (fig. S23, G and
H). Together, these data provide an example of how a TH2-derived
cytokine can influencemAT stromal cells and underscore the role of
Areg through EGFR signaling for the maintenance of MPC and im-
munity against an intestinal parasite.

DISCUSSION
Here, we showed that the mAT response to an enteric parasitic in-
fection was marked by coordinated, interactional changes in the
immune and stromal compartments. A population of TH2RM cells
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Fig. 7. T cell cytokine-driven activation of stromal cells is important for immunity to H. polygyrus. (A to C) Purified mAT stromal cells were cultured in adipogenic
conditions for 3 days in the presence of indicated cytokines; baseline ECAR (A), baseline OCR (B), and OCR at baseline and after sequential addition of oligomycin (Oligo),
FCCP, and rotenone/antimycin (Rot/Ant) (C, n = 2 to 4). (D to F) Purified mAT stromal cells were cultured in adipogenic conditions for 3 days and, during the final 6 hours,
12C-glucose was exchanged for 13C-glucose. Isotopologue distribution was assessed by targeted mass spectrometry: ATP pools (D), serine (E), and glycine (F) plotted to
show fractional contributions from newly metabolized 13C or remaining 12C glucose carbons (n = 2 to 3). (G to I) Count of stromal vascular fraction cells (G), immune cells
(CD45+ CD31− cells) (H), and stromal cells (CD45− CD31− PDGFRα+) (I) in mAT of Egfrfl/fl and Egfrfl/fl-Pdgfra-Cre mice. (J) Expression of selected genes that mark MPC and
committed stromal cells, measured by RNA-seq of sorted mAT CD31− CD45− PDGFRα+ stromal cells from infected Egfrfl/fl and Egfrfl/fl-Pdgfra-Cre mice. Each column
represents stromal cells from an individual mouse. (K) Isolated mAT stromal cells from infected Egfrfl/fl and Egfrfl/fl-Pdgfra-Cre mice were cultured overnight, and TSLP
levels were measured in the supernatants. (L andM) Eggs in the cecum (L) and worms in the small intestine (M) were enumerated in Egfrfl/fl and Egfrfl/fl-Pdgfra-Cre mice
with primary H. polygyrus infections. Data combined from two (H, I, and K to M) or three (G) experiments, representative of two experiments (A to C), or from one ex-
periment (D to F and J). Data represent biological (D to I and K to M) or technical (A to C) replicates. Mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. Data were
analyzed by one-way unpaired ANOVA with Bonferroni’s multiple comparison posttest (A to C, E, and F), two-tailed unpaired t test (K), or Mann-Whitney test (G to I, L,
and M).
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expanded and permanently dominated the mAT lymphocyte niche.
This TH2RM population, in response to signals from stromal cells,
produced activating cytokines that drove the functional reprogram-
ming of the stroma that was important for resistance to infection.
Pathways of adipocyte stromal cell differentiation are defined in

detail, but how these are modulated by physiological perturbations
has mostly been studied in the context of obesity (13, 16, 18, 43). We
found that the TH2 response associated with H. polygyrus infection
had a significant impact on the composition of mAT stromal cell
populations. This was characterized by a shift toward Dpp4+
Pi16+ CD55+ MPC, which became the primary producers of cyto-
kines and collagen and which had the ability to support TH2RM ac-
tivation and survival. Dpp4+ Pi16+ stromal progenitors are a
universal reservoir population containing cells capable of giving
rise to differentiated fibroblast subsets (17) and adipocytes (16,
18). These cells are localized to interstitial tissue, which is a fibroe-
lastic connective tissue that envelops internal organs and blood
vessels (where it is called the adventitia) and which is also found
beneath the skin (where it is referred to as the fascia) (51). Evidence
suggests continuity of interstitial tissue within and between organs,
possibly providing a pathway for cell and antigen movement that is
alternative to vascular or lymphatic routes (47, 52, 53).
Studies in the skin show that mobilization of cells within the

fascia is critical for wound healing (54). Recent work exploring
changes in stromal cells and immune cells in the skin after transient
postnatal Treg cell depletion identifies the accumulation of stromal
cells with the characteristics ofMPC in fibrous bands in the skin and
the parallel accumulation of persistent TH2 cells in the tissue, both
of which associate with skin healing (20). The authors refer to these
stromal cells as TH2-interacting fascial fibroblasts, linking previous
evidence that cells with MPC characteristics are specialized for sup-
porting type 2 immune responses (19, 55) with the localization of
IL-33–producing cells to the adventitia and fascia (13, 16, 17, 19).
Our findings are consistent with these reports and together point to
a general phenomenon in which expansion and activation of the
MPC population is a hallmark of the physiological response to
type 2 inflammation that is shared across tissues. We speculate
that the benefit of such a response is linked to the plasticity of
this stromal cell subset to assume new supportive functions in re-
sponse to signals received from the immune system. In the case of
infection withH. polygyrus, we favor the view that the accumulation
of MPC reflects a block in their differentiation into committed pre-
adipocytes, a process that could contribute to the reduction in AT
mass associated with infection. Alternative explanations for the ac-
cumulation of MPC are that adipocytes dedifferentiate into these
cells during infection (56, 57) or that cells of this type migrate
into mAT from other tissues. The reported continuity of the retic-
ular interstitium between tissues (47) would provide a pathway for
MPC to move in this way. This anatomical link provides a possible
connection between immunological events in the mAT and adja-
cent mLN and intestine, suggesting that infection-driven activation
of interstitial niches could facilitate cell migration to support immu-
nity. Our imaging results, which showed the presence of MPC at the
interface between the mAT and the small intestine, are consistent
with this being the case. Thus, the interstitial space within mAT is
emerging as a specialized location for interactions between immune
cells and stromal cells.
Similarly to immune cells, stromal cells can engage different

metabolic modules depending on their differentiation stage and

function. ECM remodeling regulates glucose metabolism (58), but
how these cells adapt metabolically to inflammation is not well un-
derstood (59). We found that metabolic activation of mAT stromal
cells was a hallmark of the response to H. polygyrus infection and
critical for increased ECM production. Metabolic activation in
stromal cells resulted in increased incorporation of glucose into
serine and glycine and in increased ATP levels. This is consistent
with a requirement for glycine to support increased synthesis of col-
lagens in which ~30% of amino acids are glycine and for increased
cellular ATP tomeet the energetic demands of protein translation in
cells that have assumed a highly biosynthetic role, producing ECM,
cytokines, and chemokines for export after stimulation by TH2-
derived cytokines. As for collagen synthesis and cytokine produc-
tion, metabolic changes were more pronounced in mAT stromal
cells frommice responding to a secondary versus primary infection.
This raises the possibility that stromal cells may exhibit innate
memory analogous to that described for innate immune cells, in
which primary exposure to a stimulus results in metabolism-depen-
dent epigenetic changes around responsive genes that allow the cells
to respond more strongly upon secondary stimulation (60, 61). Al-
ternatively, this may reflect ongoing effects of stronger in vivo stim-
ulation related to larger numbers of TH2RM cells in the mAT. The
presence of TH2RM cells in gAT from infected mice, in the absence
of activated stromal cells, and the dependence of stromal cell acti-
vation on TH2 cells suggest that the activation status of TH2RM cells
is dictated by the anatomical proximity to the site of infection and
related to stromal cell activation.
mAT activation in infected mice shares some features, including

the activation of stromal cells to make Col1A1, with the creeping
fibrotic mAT of Crohn’s disease. Creeping fat serves to prevent
the systemic spread of intestinal bacteria, which translocate across
the gut wall due to loss of epithelial integrity associated with
Crohn’s disease (62). H. polygyrus are not thought to penetrate
the gut wall, but on the basis of the creeping fat model, we speculate
that increased collagen deposition within mAT may reflect a defen-
sive process aimed at increasing the strength and resilience of the
intestine and its associated vasculature to minimize the possibility
and consequences of perforation. Despite the presence within the
mAT of CD9+matrix fibroblasts, which strongly expressed collagen
genes, the MPC were the main source of pCol1 protein during in-
fection and also appeared to be the dominant producers of fibrin-
ogen (Fn1), fibrillin (Fbn1), and uridine diphosphate–glucose 6-
dehydrogenase (Udgh), which together are critical components of
the ECM. Increased mechanical stiffness of the ECM can potentiate
cell migration (63, 64) and therefore may also play a role in TH2 cell
and other immune cell movement into and through the interstitial
spaces. Moreover, it can influence stem cell fate determination (65),
so it is feasible that the changes in ECM during infection observed
here could contribute to the accumulation of MPC. Perhaps related
to this, MPC identity is maintained by TGFβ1 (16), and in this
context, it is notable that mAT TH2RM cells produced this cytokine.
Persistence of a large population of mAT TH2RM cells almost a

year after clearance of infection was notable and consistent with
reports of the longevity of lung TH2RM cells (66). TH2RM cells
within mAT expressed Arg1, Nmur1, and Calca, which have previ-
ously been considered to be primarily expressed by ILC2 (67–70).
This pattern of gene expression, together with their ability to
become activated directly by cytokines, supports the view that
innate reprogramming of TH2 cells is an integral part of terminal
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differentiation driven by exposure to tissue-derived cytokine such as
TSLP and IL-33 (34, 40, 71). Similarities between mAT TH2 cells
and mAT ILC2 indicate that tissue residency is promoting conver-
gent transcriptional patterns in different type 2 immune cells, an
idea already seen with similarities between TH2 cells and ILC2 in
lungs and small intestine (34). In this context, it is of interest that
interactions between ILC2 and stromal cells, like those shown here
for TH2 cells and stromal cells, also occur within the adventitia
(12, 19).
In addition to classic type 2 cytokines, mAT TH2RM cells also

produced Areg, a cytokine previously implicated in immunity to in-
testinal helminths (48, 49). Areg produced by Treg cells has also been
linked with tissue repair (72), but our data indicate that during and
after H. polygyrus infection such a reparative role could be falling
largely to the persistent TH2RM population. Relatively little is
known of roles for Areg and EGFR signaling in AT physiology.
However, previous work indicated that autocrine signaling via
EGFR in TH2 cells is important for immunity to intestinal nema-
todes, because coordinated signaling through EGFR and the IL-33
receptor is essential for TH2 cells to make IL-13 (49). We observed
that in addition to this pathway, Areg was able to drive TSLP pro-
duction by mAT stromal cells. This cross-talk between Areg and
TSLP production could stabilize the lymphoid niche within the
tissue and therefore have implications for the persistence of
TH2RM cells in mAT. The fact that Areg can release TGFβ1 from
latent TGFβ1 through integrin-αv activation (73) indicates that pol-
yfunctional TH2RM cells capable of making both cytokines may be
particularly potent sources of active TGFβ1. In our experiments,
synergy between Areg and TGFβ1 was apparent in vitro, where
Areg was able to prime stromal cells for enhanced metabolic re-
sponses to TGFβ1. This is consistent with previous reports of
cross-talk between EGFR- and TGFβ1-induced events in the devel-
opment of kidney fibrosis (74). Deletion of Egfr in stromal cells em-
phasized the importance of Areg signaling for modulating stromal
vascular fraction cellularity in mAT and for protective immunity
against an enteric infection. Our results support an emerging
view of EGFR signaling in stromal cells providing a critical compo-
nent of tissue immunity against helminth infection. Although our
experiments did not allow identification of stromal cells specifically
in mAT as critical for immunity, we found MPC at the interface
between mAT and small intestine in what we believe are conduits
between the two organs and adjacent to granulomas. This raises
the possibility that these cells can directly contribute to strengthen-
ing of the intestinal wall and supporting granuloma formation.
Our findings on mAT contribute to the growing realization that

AT can provide help to tissues fighting infection or recovering from
wounding (26, 75–77). These findings warrant broader consider-
ation of the function of AT during disease. The extent to which
changes in populations of resident immune cells affect the helper
activity of AT has been unclear, but our findings indicate that this
may be of major significance because immune cells and AT stromal
cells have evolved powerful dynamic mechanisms for reciprocal ac-
tivation and regulation.

MATERIALS AND METHODS
Study design
The objective of this study was to investigate the role of mAT re-
modeling that is driven by intestinal infection with H. polygyrus

in mice. We studied changes in immune and stromal cell popula-
tions using RNA-seq and scRNA-seq technologies, flow cytometry,
enzyme-linked immunosorbent assay (ELISA)–based measure-
ments, metabolic profiling, and immunofluorescence and immuno-
histology imaging. Studies in which primary H. polygyrus infection
was analyzed had an end point between days 11 and 14, which per-
mitted the assessment of adult worm burden and adaptive immune
responses. To study memory responses, we repeated H. polygyrus
infection 5 weeks after the clearance of initial infection and analysis
was again performed between days 11 and 14.We used age- and sex-
matched mice. Group sizes were determined on the basis of exper-
imental purposes using previous experience or estimated on the
basis of preliminary data. This study was not blinded. Sampling
and experimental replicates are indicated in the figure legends.

Mouse models
C57BL/6J (the Jackson Laboratory: 000664), Balb/cJ (the Jackson
Laboratory: 000651), Cd4-Cre (the Jackson Laboratory: 022071),
Pdgfra-Cre (the Jackson Laboratory:013148), Il4eGFP Foxp3RFP
Il10Bit [generated by crossing Il4tm1Lky (78), Foxp3tm1Flv (79), and
Tg(Il10-Thy1a) (80) mice], Il4ratm2Fbb (IL-4Rfl/fl) (81), Egfrtm1Dwt
(EGFRfl/fl) (82), B6(129S4)-Il33tm1.1Bryc/J (the Jackson Laboratory:
030619), and B6;FVB-Tg(Adipoq-cre)1Evdr/J (the Jackson Labora-
tory: 028020) mice were used. Mice were maintained at the Wash-
ington University School of Medicine in St. Louis, the Max Planck
Institute for Immunobiology and Epigenetics, or the Bloomberg-
Kimmel Institute for Cancer Immunotherapy at Johns Hopkins.
All corresponding animal protocols were approved by the animal
care committee of the Regierungspraesidium Freiburg, the
Animal Care and Use Committee (ACUC) of Washington Univer-
sity in St. Louis, or the ACUC of Johns Hopkins University. Mice
were bred under specific pathogen–free standards. Animals used for
tissue harvest or experimental procedures were aged between 7 and
12 weeks at the start of the experiment and were age- and sex-
matched. Both female and male mice were used in the study.

Experimental infections and interventions
H. polygyrus bakeri L3-stage larvae were prepared at the U.S. De-
partment of Agriculture (Beltsville, USA) (83). For H. polygyrus in-
fection, mice were each gavaged with 200 L3-stage larvae in
phosphate-buffered saline (PBS). For primary infection, mice
were left for 11 to 14 days before being euthanized or treated with
the anthelminthic pyrantel pamoate (1 mg per mouse). For second-
ary infection, mice were infected at 5 weeks after treatment and eu-
thanized 11 to 14 days later. For H. polygyrus egg and adult worm
counts, small intestines were removed, opened longitudinally, and
placed into a mesh cloth on top of a 50-ml tube filled with PBS for 3
to 4 hours in a 37°C water bath. Adult parasites dropped through
themesh into the tube and were recovered for counting on a dissect-
ing microscope. Parasite eggs were isolated by floatation on saturat-
ed sodium chloride from cecal contents collected from individual
mice and counted under a microscope. For CD4+ T cell depletion,
mice were infected; treated; and, 5 weeks later, injected with anti-
CD4 monoclonal antibody (mAb) (500 μg per mouse intraperito-
neally per injection; clone GK1.5, Bio X Cell) 1 day before second-
ary infection and then again at day 6 after infection. Mice were
euthanized on day 11 of secondary infection. For IL-7Rα blockade,
mice were infected and treated and injected with anti–IL-7Rα mAb
(500 μg per mouse intraperitoneally per injection; clone A7R34, Bio
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X Cell) on days 3 and 9 after treatment and euthanized on day 12
after treatment. For treatment with FTY720 (Enzo, BML-SL233-
0005), mice were infected and treated and, 5 weeks later, injected
with FTY720 every second day, starting from 1 day before secondary
infection (six injections in total, 10 μg per mouse intraperitoneally
per injection). Mice were euthanized on day 11 of secondary infec-
tion. For Areg (R&D Systems, 989-AR) treatment, naïve mice were
injected three times with Areg (10 μg per mouse intraperitoneally)
on days 0, 3, and 6 and were euthanized on day 9. For IL-33 (BioL-
egend,580504) treatment, naïve mice were injected three times on
three consecutive days with IL-33 (1 μg per mouse intraperitoneal-
ly) and euthanized on day 9. For the magnetic resonance imaging
(MRI), the EchoMRI 3-in-1 Body Composition Analyzer was used
according to the manufacturer’s instructions. To assess food intake,
mice were housed three per cage and chow consumption per day
was estimated on the basis of the weight of chow remaining in the
food hopper and divided by the number of mice in the cage to
obtain chow consumption per day per mouse measurement.
High-fat diet experiments used chow containing 60% fat (Research
Diets, D12492i).

Cell isolation and culture
Stromal cells and immune cells were isolated from tissues obtained
from euthanized and PBS-perfused animals. For isolation from
mAT, gAT, and small intestine lamina propria (SI LP), enzymatic
tissue digestion was performed. To purify TH2 cells (TCRβ+
CD4+ IL4-eGFP+ FOXP3-RFP−), non-TH2/non-Treg cells (CD45+
TCRβ+ CD4+ IL4-eGFP− FOXP3-RFP−), and stromal cell subpop-
ulations (based on Ly6c and CD9 expression), we isolated cells via
FACS, excluding dead cells and doublets. Total mAT and gAT
stromal cells were isolated using the Adipose Tissue Progenitor Iso-
lation Kit (Miltenyi Biotec, 130-106-639). Stromal cells were plated
at 2 × 105 to 4 × 105 cells per well and cultured overnight. Superna-
tants were collected, and cytokines or pCol1 was measured by
ELISA. In experiments where effects of cytokines on stromal cell
biology or adipogenic potential of mAT stromal cell subpopulations
were assessed, adipogenic factors were added to mimic AT condi-
tions. For details of cell isolation and culture, see Supplementary
Materials and Methods.

Flow cytometry
For analysis of intracellular cytokine production, cells were restim-
ulated for 4 hours with phorbol 12-myristate 13- acetate (0.1 μg/
ml), ionomycin (1 μg/ml), and brefeldin A (10 μg/ml). Cells were
surface-stained with mAbs diluted in PBS/0.1% bovine serum
albumin (BSA) and Fc-block (BioLegend) for 30 min on ice.
Fixable Viability Dye (eBioscience) was added to allow the exclusion
of dead cells. For intracellular staining, cells were fixed and permea-
bilized using the FOXP3/transcription factor staining kit (eBio-
science). The list of antibodies and more details on the flow
cytometry protocols can be found in Supplementary Materials
and Methods.

Microscopy
Hematoxylin and eosin (H&E), Masson’s trichrome, or CD55/CD4
multiplex immunostaining were performed on formalin-fixed, par-
affin-embedded tissue sections. Images were acquired using a Zeiss
Axio Imager Apotome or Hamamatsu NanoZoomer S210 Digital
slide scanner.

For immunofluorescent whole-mount staining of CD3, CD4,
CD31, DPP4, Pi16, GATA3, perilipin1, PDGFRα, collagen 1, and
IL-33, mAT samples were formalin-fixed, permeabilized in 1%
Triton X-100 in PBS (Sigma-Aldrich), blocked with 2.5% BSA
and 0.5% Triton X-100 in PBS, and incubated with primary anti-
bodies, followed by staining with secondary antibodies and
nuclear staining (Hoechst 33342). Samples were mounted with
ProLong Diamond Antifade Mountant (Thermo Fisher Scientific).
Confocal images were acquired using a Zeiss spinning disk confocal
microscope equipped with a Photometrics Prime BSI camera and
Apochromat objectives or with a Zeiss Axio Observer inverted mi-
croscope with a LSM800 confocal module. For details, see Supple-
mentary Materials and Methods.

RNA sequencing
The Ambion’s RNAqueous-Micro Kit (catalog no. 1931) or Qiagen
RNeasy Kit (catalog no. 75144) was used for bulk RNA isolation
from sort-purified PDGFRα+ Sca1+ stromal cells from C57BL/6J
mice (Fig. 1, I and J) and PDGFRα+ Sca1+ stromal cells from
Egfrfl/fl-Pdgfra-Cre mice (Fig. 7J). RNA isolation from granulomas
and unaffected small intestinal tissues (fig. S19) was done using
oligo(dT) beads (Invitrogen). scRNA-seq of sort-purified mAT
stromal vascular fraction cells was performed using the 10X Geno-
mics Chromium Controller. scRNA-seq of sort-purified CD4+
TCRβ+ T cells from mLN, mAT, and small intestine lamina
propria was performed using the CEL-Seq2 method (84) with mod-
ifications as described (85). Details for RNA-seq and scRNA-seq are
included in Supplementary Materials and Methods.

Metabolic profiling
OCR and ECARweremeasured in XFmedia under basal conditions
and in response to 1 μM oligomycin, 1.5 μM fluoro-carbonyl
cyanide phenylhydrazone (FCCP), and 100 nM rotenone + 1 μM
antimycin A using the 96-well XF or XFe Extracellular Flux Analyz-
er (Seahorse Bioscience). For stable isotope tracing, mAT stromal
cells isolated from naïve mice were cultured in adipogenic differen-
tiation conditions for 3 days, and during the final 6 hours, 12C-
glucose was replaced with uniformly heavy-labeled 13C-glucose.
Cell metabolites were extracted using 70 μl of extraction buffer
(50:30:20, methanol:acetonitrile:water). Metabolite measurements
were made via liquid chromatography–mass spectrometry (LC-
MS) using an Agilent 1290 Infinity II ultrahigh-performance
liquid chromatography (UHPLC) system in line with a Bruker
Impact II QTOF operating in negative ion mode. Metabolites
were quantified using AssayR (86) and identified by matching accu-
rate mass and retention time to standards. For details, see Supple-
mentary Materials and Methods.

Quantification and statistical analysis
With the exception of scRNA-seq and RNA-seq datasets, statistical
analyses were performed using Prism 7 software (GraphPad). Com-
parisons for two groups were calculated using rank Mann-Whitney
or unpaired t tests. Comparisons of more than two groups were cal-
culated using one-way ordinary unpaired analysis of variance
(ANOVA) with Bonferroni’s multiple comparison tests. Tests
were two-sided and α = 0.05 (95% confidence interval).
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Resident TH2 cells orchestrate adipose tissue remodeling at a site adjacent to
infection
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Leentje Dreesen, Maria Sibilia, J. Andrew Pospisilik, Joseph F. Urban, Jr., Dominic Grn, Erika L. Pearce, and Edward J.
Pearce
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Adipose tissue affects parasitic infection
Adipose tissue has been linked to immune responses and protection against infection, but how it contributes to
parasitic helminths remains unclear. Here, Kabat et al. used RNA-seq, metabolomics, flow cytometry, and histology
to study the adipose tissue from mice infected with intestinal Heligmosomoides polygyrus. They found that helminth
gut infection reduced mesenteric adipose tissue, which associated with increased infiltration of resident TH2 CD4+
T cells that produced TGF# and amphiregulin. Via these factors, resident TH2s communicated with thymic stromal

lymphopoietin and IL-33–producing stromal cells in the collagen-rich interstitial spaces of the mesenteric adipose
tissue. Disrupting amphiregulin signaling in stromal cells led to worse H. polygyrus infection. Thus, TH2 and stromal

cells communicate in the adipose tissue, contributing to anti-parasite immunity.
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