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Group 2 innate lymphoid cells (ILC2) are innate counterparts of T helper 2 (Th2) cells
that maintain tissue homeostasis and respond to injuries through rapid interleukin (IL)-
5 and IL-13 secretion. ILC2s depend on availability of arginine and branched-chain
amino acids for sustaining cellular fitness, proliferation, and cytokine secretion in both
steady state and upon activation. However, the contribution of amino acid transporters
to ILC2 functions is not known. Here, we found that ILC2s selectively express Slc7a8,
encoding a transporter for arginine and large amino acids. Slc7a8 was expressed in
ILC2s in a tissue-specific manner in steady state and was further increased upon activa-
tion. Genetic ablation of Slc7a8 in lymphocytes reduced the frequency of ILC2s, sup-
pressed IL-5 and IL-13 production upon stimulation, and impaired type 2 immune
responses to helminth infection. Consistent with this, Slc7a8-deficient ILC2s also failed
to induce cytokine production and recruit eosinophils in a model of allergic lung
inflammation. Mechanistically, reduced amino acid availability due to Slc7a8 deficiency
led to compromised mitochondrial oxidative phosphorylation, as well as impaired acti-
vation of mammalian target of rapamycin and c-Myc signaling pathways. These find-
ings identify Slc7a8 as a key supplier of amino acids for the metabolic programs
underpinning fitness and activation of ILC2s.
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Innate lymphoid cells (ILCs) are tissue sentinel lymphocytes that lack antigen receptors,
which respond to pathogens and injuries by prompt secretion of cytokines (1). Classifica-
tion of ILC subsets parallels the current paradigm for T helper (Th) cell differentiation
with group 1 ILCs (ILC1s), group 2 ILCs (ILC2s), and group 3 ILCs (ILC3s) mirroring
Th1, Th2, and Th17, respectively. ILC2s are marked by high GATA-3 expression, and
secrete interleukin (IL)-5, IL-9, IL-13, and amphiregulin (Areg) in response to alarmins,
such as IL-25 and IL-33, as well as neuropeptides released by neurons, such as Neurome-
din U (NMU) (2). ILC2s can be further subcategorized into natural ILC2s (nILC2s)
and inflammatory ILC2s (iILC2s) based on surface markers and cytokine production (3).
nILC2s express low-to-intermediate levels of KLRG1, and are responsive to IL-33 via
high expression of the IL-33 receptor ST2, whereas iILC2s are KLRG1highST2– and are
mainly responsive to IL-25 via expression of the IL-25 receptor, IL17Rb. ILC2s express
divergent transcriptional profiles in peripheral tissues, such as small intestine, large intes-
tine, lung, adipose tissue, and skin (4), where they contribute to immunity and metabolic
homeostasis. ILC2s respond to helminth infection by secreting IL-5, IL-13, and Areg,
facilitating worm expulsion and tissue repair (5). ILC2s also contribute to tissue restora-
tion after lung epithelial damage due to influenza virus infection (6). Conversely, ILC2s
aggravate airway hyperresponsiveness in mouse models of allergic lung disease (7, 8).
ILC2s have been implicated in the control of lipid metabolism in the adipose tissue, by
producing IL-13 to polarize macrophages toward an M2-like phenotype, and by promot-
ing beiging of adipocytes to attenuate high fat diet-induced obesity and metabolic dysre-
gulation (9, 10). In addition to mediating innate type 2 responses, ILC2s shape T cell
immunity by presenting antigens through MHCII and expressing costimulatory mole-
cules (11, 12). Recent investigations have also shown that ILC2s promote antitumor
immune responses in models of melanoma, lung metastasis, and pancreatic cancer
(13, 14), while facilitating tumor growth in other models of colorectal cancer (15) and
lung metastasis (16).
Immune cell function is dependent on a capacity to adapt metabolic programs to

the demands imposed by activation, expansion, and differentiation into various effector
or memory states (17–19). While metabolic adaptations underpinning T cell responses
have been extensively investigated, there is a growing appreciation that metabolic
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changes also underlie ILC functions. In response to helminth
infection, ILC2s utilize fatty acid metabolism and mitochon-
drial oxidative phosphorylation (OXPHOS) for fueling their
effector function (20). In contexts of hyperactivation, such as
deficiency of the inhibitory checkpoint PD1, ILC2s switch their
metabolism toward glycolysis (21). ILC2 proliferation and cyto-
kine production also depend on arginine metabolism by arginase
1, which converts arginine into ornithine to promote wound
healing and fibrosis by enhancing production of polyamines,
L-proline, and type 2 cytokines (20, 22). Consistent with this, a
recent report found that human ILC2s require arginine and
branched-chain amino acids for mitochondrial OXPHOS, as
demonstrated by reduced frequency of peripheral ILC2s in indi-
viduals with defective mitochondrial OXPHOS (23). ILC2 func-
tions also depend on tryptophan metabolism. Tryptophan
hydroxylase 1 (TPH1), the rate-limiting enzyme in the synthesis
of serotonin, is required for ILC2 responses to helminth infec-
tion, particularly their ability to differentiate into inflammatory
ILC2s (iILC2) that secrete IL-17 (24). Conversely, indole catab-
olites of tryptophan that activate the aryl hydrocarbon receptor
(AHR) attenuate ILC2 activation (25). The importance of amino
acids in ILC2 function is further supported by reports demon-
strating that ILC2 activation depends on the mammalian target
of rapamycin (mTOR) pathway (26, 27), which couples amino
acid availability with initiation of translation and cell growth
through the activation of S6 kinase (S6) and c-Myc (28–30).
Given the importance of amino acids in sustaining ILC2

functions, we hypothesized that amino acid transport contrib-
utes to ILC2 activation and maintenance. Here we found that
ILC2s selectively express the solute carrier (Slc)7a8 in a tissue-
specific manner. Together with SLC3A2, SLC7A8 forms a het-
erodimeric amino acid transporter known as large amino acid
transporter (LAT) 2, which transports various amino acids,
including arginine and branched-chain amino acids across the
plasma membrane (31). Slc7a8 was highly expressed on small
intestine lamina propria (siLP), lung and adipose tissue ILC2s
in the steady-state, and its conditional deletion in lymphocytes
reduced ILC2 numbers in these tissues. Slc7a8 was further
up-regulated upon IL-25 and IL-33 stimulation in response to
increased amino acid demand; however, Slc7a8 deficiency
impaired production of IL-5 and IL-13 by ILC2s, resulting in
attenuated type 2 immune responses to intestinal helminth
infection and house dust mite (HDM) allergens. Mechanisti-
cally, Slc7a8 deficiency impaired ILC2 functions via mitochon-
drial OXPHOS, mTOR signaling, and c-Myc expression. We
conclude that SLC7A8 is a key supplier of amino acids for the
metabolic programs that sustain fitness and activation of ILC2s.

Results

ILC2s Express Slc7a8 in a Tissue-Specific Manner. We searched
for amino acid transporters differentially expressed in ILCs
using RNA-sequencing (RNA-seq) data from the Immgen data-
base. We noted that Slc3a2, which encodes the common chain
of the amino acid transporters LAT1 and LAT2, was highly
expressed in siLP ILC2s compared to ILC3s. Among the bind-
ing partners of Slc3a2, Slc7a8 (encoding LAT2) was also highly
expressed in siLP ILC2s, whereas Slc7a5 (encoding LAT1) was
hardly detectable (Fig. 1 A and B). We further examined the
expression of LAT1 and LAT2 transporters in ILC2s across dif-
ferent tissues in single-cell RNA-seq data of ILC2s in different
organs (Fig. 1C) (4). Slc7a8 was preferentially expressed in
ILC2s from siLP, lung, fat, and bone marrow, whereas skin
ILC2s showed low Slc7a8 expression and high Slc7a5 expression

(Fig. 1D and SI Appendix, Fig. S1A), suggesting that most tissue
resident ILC2s utilize LAT2, with the exception of skin ILC2s,
which express mainly LAT1. Analysis of publicly available single-
cell RNA-seq data (32) showed that Slc7a8 expression was further
up-regulated upon IL-25 and IL-33 stimulation (Fig. 1E). NMU,
which costimulates ILC2s through NMU receptor 1 (32, 33), did
not induce the expression of either Slc7a5 or Slc7a8 alone, but
synergized with IL-25 to up-regulate Slc7a5. We confirmed these
observations by assessing expression of Slc7a8, Slc3a2, and Slc7a5
in ILC2s sort-purified from siLP of C57BL/6 mice. Slc7a8
mRNA expression markedly increased after stimulation with
either IL-25 or IL-33 in vitro; Slc7a5 and Slc3a2 expression also
spiked after treatment with IL-25, but not IL-33 (Fig. 1 F–H).
Thus, Slc7a8 might play a role in ILC2 functions in both homeo-
stasis and activation in most tissues, with the exception of skin in
which Slc7a5 may be more relevant.

ILC2 Homeostasis and Cytokine Function Is Impaired in Il7rαcre

Slc7a8fl/fl Mice. To investigate the role of SLC7A8 in ILC2s, we
generated mice conditionally deficient of Slc7a8 in lymphocytes
using Il7rαcre (Il7rαcreSlc7a8fl/fl). Since Il7rαcre causes haploin-
sufficiency for Il7r that in itself impacts ILC2 numbers (SI
Appendix, Fig. S1B), we always examined Il7rαcreSlc7a8+/+ as
controls. Both frequencies and numbers of ILC2s in the siLP,
fat, and lung were reduced in Il7rαcreSlc7a8fl/fl mice compared
to Il7rαcreSlc7a8+/+ mice in steady state (Fig. 2 A–G), whereas
there was no difference in ILC1, cNK, and different subsets of
ILC3 numbers (SI Appendix, Fig. S1 C–I). Interestingly, num-
bers of skin ILC2s, which lack Slc7a8 expression, were compa-
rable between Slc7a8-deficient and control mice (SI Appendix,
Fig. S1J). Slc7a8-deletion did not affect the expression of
characteristic ILC2 markers (SI Appendix, Fig. S2 A–D). In
addition, the frequency of splenic T cells and B cells was com-
parable between Il7rαcreSlc7a8fl/fl and Il7rαcreSlc7a8+/+ mice
(SI Appendix, Fig. S2 E–I). We then investigated the impact of
SLC7A8 on ILC2 activation. IL-5 and IL-13 production were
analyzed by intracellular staining of ILC2s isolated from
siLP after in vitro stimulation with PMA/Ionomycin for 4 h.
Frequencies of IL-5+ and IL-13+ ILC2s were reduced among
Il7rαcreSlc7a8fl/fl ILC2s after stimulation, compared with
Il7rαcreSlc7a8+/+ control ILC2s (Fig. 2 H–J). We further exam-
ined whether SLC7A8 plays a differential role in nILC2 vs.
iILC2 differentiation and activation. To test this, we intra-
peritoneally administered IL-25 to Il7rαcreSlc7a8fl/fl and
Il7rαcreSlc7a8+/+ mice for 3 d, then analyzed lung iILC2s and
nILC2s by flow cytometry (SI Appendix, Fig. S1K). iILC2
and nILC2 numbers were comparable between Il7rαcreSlc7a8+/+

and Il7rαcreSlc7a8fl/fl mice (Fig. 2 K and L), perhaps due to a
compensatory increase of Slc7a5 induced by IL-25 (Fig. 1G).
Notwithstanding, IL-5 and IL-13 production by nILC2s, and
IL-17 production by iILC2s were reduced in Il7rαcreSlc7a8fl/fl

compared to Il7rαcreSlc7a8+/+ mice (Fig. 2 M–P). Since basal
ILC2 secretion of IL-5 is essential to maintain peripheral eosino-
phils (33), we compared the numbers of eosinophils in siLP and
spleen of Il7rαcreSlc7a8+/+ and Il7rαcreSlc7a8fl/fl mice. The num-
bers of eosinophils in both siLP and spleen were lower in Il7rαcre

Slc7a8fl/fl mice than control mice (Fig. 2 Q–S), corroborating
reduced systemic production of IL-5 by ILC2s. Altogether,
these data suggested that SLC7A8 is required for ILC2 main-
tenance and activation.

ILC2 Responses to Helminth Infection and Allergic Lung Challenge
Are Blunted in Il7rαcreSlc7a8fl/fl Mice. Since ILC2s are highly acti-
vated to produce type 2 cytokines during intestinal helminth
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infection and in response to allergen challenge in the lungs, we
investigated the impact of Slc7a8 deletion in these settings.
Il7rαcreSlc7a8fl/fl mice were infected with L3 larvae of Heligmoso-
moides polygyrus (H. polygyrus) and parasite load was analyzed
(Fig. 3A). Although H. polygyrus infection lasts 3 to 4 mo in
C57BL/6 mice, we examined mice at early time points when
infection is mainly impacted by innate ILC2 responses rather
than adaptive Th2 responses. Il7rαcreSlc7a8fl/fl mice had higher
egg burden as compared to Il7rαcreSlc7a8+/+ mice 12 d postin-
fection (Fig. 3B). Consistent with an inability to mount robust
ILC2 activation, the frequencies of IL-5+ and IL-13+ ILC2s
were lower in small intestinal tissues from Il7rαcreSlc7a8fl/fl mice
compared to Il7rαcreSlc7a8+/+ control mice (Fig. 3 C–E). The fre-
quency of Th2 in siLP and mesenteric lymph nodes was compara-
bly low in Slc7a8-deficient and control mice at the early time
point examined (SI Appendix, Fig. S3 A and B). We conclude that
Slc7a8-deficiency impairs ILC2 responses to helminth infection.
Because lung ILC2s also produce type 2 cytokines in

response to allergens (8), we tested whether deficiency of Slc7a8
affected ILC2 activation and inflammation in response to allergic
lung challenge. We intranasally instilled four doses of HDM
extract to Il7rαcreSlc7a8fl/fl and Il7rαcreSlc7a8+/+ control mice
and analyzed ILC2s and airway inflammation 24 h after the final
dose (Fig. 3F). We chose repeated challenges with HDM within
a short time rather than presensitization followed by challenge to
facilitate innate over Th2 responses. Frequencies and absolute
numbers of lung ILC2s in the Il7rαcreSlc7a8fl/fl mice were

significantly lower than Il7rαcreSlc7a8+/+ control mice after
HDM challenge (Fig. 3 G–I). Moreover, the percentage of IL-5+

and IL-13+ ILC2s were lower in the lungs of Il7rαcreSlc7a8fl/fl

mice as compared to Il7rαcreSlc7a8+/+ control mice (Fig. 3 J–L).
HDM challenge also induced a significantly higher influx of eosi-
nophils into the lungs of Il7rαcreSlc7a8+/+ control mice as com-
pared to Il7rαcreSlc7a8fl/fl mice (Fig. 3 M–O), consistent with the
ILC2 impairment. Only a minor population of CD4 T cells
expressed IL-5 and IL-13 (SI Appendix, Fig. S3C), suggesting
that ILC2 are the major contributors to IL-5 and eosinophilia in
these settings. Taken together, these data demonstrate that
SLC7A8 is a critical regulator of ILC2 functions in response to
infectious and allergenic type 2 immune stimuli.

Slc7a8-Deficient ILC2s Have Lower Mitochondrial Mass and
Impaired mTOR Signaling. ILC2 metabolism relies on mito-
chondrial OXPHOS (20). Given the role of branched amino
acids in supporting OXPHOS in ILC2s (23), we hypothesized
that Slc7a8-deficiency may affect ILC2 OXPHOS metabolism.
Assessment of mitochondrial mass and membrane potential of
ILC2s by Mitotracker green and Mitotracker red staining,
respectively, showed that Slc7a8-deficient ILC2s had lower
mitochondrial mass and membrane potential compared to con-
trol ILC2s (Fig. 4 A–D), corroborating a defect in OXPHOS.
Amino acid transport is also an important factor triggering the
key amino acid sensor mTOR, which coordinates amino acid
availability with protein synthesis, energy production, c-Myc
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activation, and proliferation (28, 34). To determine the impact
of Slc7a8 deficiency in mTOR signaling, we stimulated ILC2s
sort-purified from siLP with IL-25 and IL-33 and measured
phosphorylation of S6 (pS6), a key enzyme downstream of

mTOR signaling that controls translation initiation. Both flow
cytometric and immunoblot analyses corroborated that pS6 was
lower in Slc7a8-deficient ILC2s than control ILC2s (Fig. 4
E–G). Since reduction of amino acid availability and mTOR
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Fig. 2. Slc7a8 deficiency affects ILC2 numbers and function. (A) Representative FACS plots showing the frequency of ILC2s and ILC3s in siLP of
Il7rαcreSlc7a8+/+ and Il7rαcreSlc7a8fl/fl mice. (B–G) Frequency and cell counts of ILC2s in siLP (B and C), fat (D and E), and lung (F and G) of Il7rαcreSlc7a8+/+ and
Il7rαcreSlc7a8fl/fl mice. (H) Representative FACS plot showing intracellular staining of IL-5 in siLP ILC2s. (I and J) Frequency of IL-5+ and IL-13+ ILC2s in SILP.
(K and L) Cell numbers of nILC2s and iILC2s. (M) Representative FACS plot showing intracellular staining of IL-5 in lung ILC2s. (N and O) Frequency of IL-5+

and IL-13+ nILC2s in lungs of Il7rαcreSlc7a8+/+ and Il7rαcreSlc7a8fl/fl mice. (P) Frequency of IL-17+ iILC2s in lungs of Il7rαcreSlc7a8+/+ and Il7rαcreSlc7a8fl/fl mice.
(Q) Representative FACS plots showing the frequency of eosinophils in siLP of Il7rαcreSlc7a8+/+ and Il7rαcreSlc7a8fl/fl mice. (R and S) Eosinophil counts in siLP
and spleen of Il7rαcreSlc7a8+/+ and Il7rαcreSlc7a8fl/fl mice. Data shown as mean ± SEM. Each dot represents an individual mouse. Data are representative of
two individual experiments. Statistical significance was determined by Students t test. *P < 0.05, **P < 0.01,***P < 0.001.
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Slc7a8fl/fl mice were orally gavaged with L3 larvae. Eggs were enumerated in the feces at day 12 postinfection and immune parameters were analyzed at day 14
postinfection. (B) Eggs per gram of feces. (C) Representative FACS plot showing intracellular staining of IL-5 in ILC2s of siLP of H. polygyrus-infected mice. (D and E)
Frequency of IL-5+ and IL-13+ ILC2s of siLP. (F) Scheme depicting the HDM instillation experiment. (G) Representative FACS plot, (H and I) frequencies and numbers
of ILC2s in the lungs of Il7rαcreSlc7a8+/+ and Il7rαcreSlc7a8fl/fl mice at day 10 of HDM instillation. (J) Representative FACS plot showing intracellular staining of IL-5 in
lung ILC2s. (K and L) Frequency of IL-5+ and IL-13+ ILC2s of the lungs of Il7rαcreSlc7a8+/+ and Il7rαcreSlc7a8fl/fl mice at day 10 of HDM instillation. (M) Representative
FACS plot, (N and O) frequency and numbers of eosinophils in the lungs of Il7rαcreSlc7a8+/+ and Il7rαcreSlc7a8fl/fl mice. Data shown as mean ± SEM. Data are repre-
sentative of two individual experiments. Each dot represents an individual mouse. Statistical significance was determined by Students t test. *P < 0.05, **P < 0.01.
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signaling also affect expression of c-Myc (30, 35) that is required
for ILC2 activation (27), we examined Slc7a8-deficient and con-
trol siLP ILC2s for c-Myc expression by flow cytometry. Upon
stimulation with IL-25 and IL-33, Slc7a8-deficient siLP ILC2s
showed reduced c-Myc expression compared to control ILC2s
(Fig. 4 H and I). Together these results demonstrated that
Slc7a8-deficiency and resulting reduced availability of amino
acids impair the OXPHOS, mTOR signaling, and c-Myc in
ILC2s, compromising their maintenance and cytokine production.

Discussion

Our study demonstrates that ILC2s require SLC7A8 for both
maintenance during homeostasis and activation during immune

responses. In the steady state, Slc7a8 was highly expressed in
most tissue ILC2s, with the exception of skin ILC2s; accord-
ingly, Slc7a8-deficiency led to reduced ILC2 numbers in the
siLP, lung, and adipose tissue, whereas skin ILC2 numbers
remained unaffected. Slc7a8 expression was further up-regulated
in ILC2s stimulated by IL-25 and IL-33, indicating that acti-
vated ILC2s increase their demand for amino acid import via
SLC7A8-mediated transport in concert with type 2 cytokine pro-
duction. In agreement with this, Slc7a8-deficient siLP and lung
ILC2s produced markedly less IL-5 and IL-13 in models of
helminth infection and allergic lung disease. We noted that
IL-25 induced up-regulation of Slc7a5 in vitro; moreover, nILC2
and iILC2 numbers in lung were sustained in Slc7a8-deficient
mice after intraperitoneal injection of IL-25 in vivo. Thus,
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tative histogram plot showing Mitotracker green and Mitotracker red staining in siLP ILC2s of Il7rαcreSlc7a8+/+ and Il7rαcreSlc7a8fl/fl mice. (C and D) Geometric
mean intensity (GMI) of Mitotracker green and Mitotracker red of siLP ILC2s. (E and F) Representative histogram plots and GMI depicting pS6 levels in siLP
ILC2s upon stimulation with IL-25 and IL-33. (G) Immunoblot showing pS6 and GAPDH in ILC2s sort purified from intestine and stimulated with IL-25 and
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SLC7A5 may complement SLC7A8 in transporting amino acids
in activated ILC2s, while being the major amino acid supplier
for ILC2s in the skin.
Previous studies showed a role for arginine in proliferation and

cytokine production of lung ILC2s, which express arginase 1, a
key urea cycle enzyme that hydrolyzes arginase (22). Moreover, it
was recently shown that arginine and branched-chain amino acids
are required to sustain OXPHOS, cellular fitness, and mainte-
nance of human peripheral ILC2s in the steady state (23). The
mTOR pathway, which integrates intracellular amino acid sens-
ing with anabolic and energy metabolism, was also shown to be
required for ILC2 activation (26, 27), corroborating the impor-
tance of availability of intracellular amino acids. Our results con-
nect these previous studies, demonstrating that SLC7A8 is the
major transporter of arginine and other amino acids for the
mTOR pathway in ILC2s residing in most tissues. Based on
previous studies on CD4 T cells, it is possible that mTOR sus-
tains ILC2 fatty acid metabolism and OXPHOS through the
mTORC1–PPARγ and mTORC1–SREBP1 pathways, which
are essential for fatty acid uptake and fatty acid synthesis
respectively (36). Alternatively, amino acids supplied by SLC7A8
may be used for the synthesis of fatty acids that fuel ILC2
OXPHOS. Discriminating these possibilities is an important
direction for future studies.
It is noteworthy that ILCs and T cells have distinct require-

ments for LATs in steady state versus activation. ILC2s have
elevated expression of SLC7A8 in the steady state, which is
further augmented upon activation along with the expression of
SLC7A5; conversely, expression of SLC7A5 or SLC7A8 in T
cells is induced upon activation but minimal in the steady state
(30, 37). We envision that ILC2s, as all innate lymphocytes, are
poised for cytokine secretion and therefore require metabolic
support for OXPHOS in the steady state for their basal level of
activation. In contrast, resting T cells proliferate and acquire
effector or memory functions only after receiving strong extra-
cellular signals that overcome a critical threshold, and hence
require metabolic support only after activation. Accordingly,
SLC7A8 and SLC7A5 are minimally expressed in resting
T cells, but induced upon activation, for example in tumor-
infiltrating CD8 T cells (37). Moreover, conditional deletion of
Slc3a2 in mouse T cells affects antigen-induced proliferation
but not the number of peripheral T cells in the steady state

(38). Similarly, conditional deletion of Slc7a5 in T cells affects
Th1 and Th17 differentiation as well as acquisition of CD8
T cell cytotoxicity without affecting T cell development (30).
Remarkably, although Th2 produce IL-5 and IL-13 in response
to allergens and parasites, such as H. polygyrus and HDM
(39, 40), and have strong transcriptional similarities with ILC2s,
the expression and functional impact of SLC7A8 and SLC7A5
in Th2 have not been investigated. In our study, we geared our
analysis of type 2 immunity toward ILC2 responses by avoiding
presensitization with HDM and examining all read-outs at early
time points, such that potentially confounding Th2 responses
were minimal. Future studies in different settings will be essen-
tial to evaluate LAT1 and LAT2 transporters in Th2 functions.

Unrestricted ILC2 activation has been reported in several
allergic pathologies, including asthma (41). We demonstrated
that Slc7a8-deficiency attenuates lung ILC2 responses to HDM
allergen challenge, reducing airway inflammation and eosino-
phil infiltration in the lungs. Therapeutic targeting of ILC2s or
ILC2-mediated cytokines is currently explored for these diseases
(42). Since SLC7A8 acts as a key promoter of ILC2 mainte-
nance and activation, SLC7A8 could be a potential therapeutic
target for ILC2-mediated inflammatory disorders.

Materials and Methods

Experimental details on mice, reagents and cell lines, cell extraction from tissues,
antibody staining for flow cytometry and sorting, infection and asthma models,
and statistical analyses for this study are described in detail in SI Appendix,
Materials and Methods. Animal studies were performed in accordance with
the guidelines of the Washington University in Saint Louis Animal Studies
Committee.

Data, Materials, and Software Availability. All study data are included in
the main text and supporting information.

ACKNOWLEDGMENTS. We thank Jennifer K. Bando and Wei-Le Wang
for helpful discussions. The work was supported by NIH R21AI159210 and
R01DK124699 (to M. Colonna), NIH R01HL148033 (to S.J.V.D.) and National
Research Foundation of Korea 2020R1A6A3A03037855 (to D.-H.K.).

Author affiliations: aDepartment of Pathology and Immunology, Washington University
School of Medicine in St. Louis, St. Louis, MO 63108

1. E. Vivier et al., Innate lymphoid cells: 10 years on. Cell 174, 1054–1066 (2018).
2. C. S. Klose, D. Artis, Innate lymphoid cells as regulators of immunity, inflammation and tissue

homeostasis. Nat. Immunol. 17, 765–774 (2016).
3. Y. Huang et al., IL-25-responsive, lineage-negative KLRG1(hi) cells are multipotential

‘inflammatory’ type 2 innate lymphoid cells. Nat. Immunol. 16, 161–169 (2015).
4. R. R. Ricardo-Gonzalez et al., Tissue signals imprint ILC2 identity with anticipatory function.

Nat. Immunol. 19, 1093–1099 (2018).
5. D. R. Neill et al., Nuocytes represent a new innate effector leukocyte that mediates type-2

immunity. Nature 464, 1367–1370 (2010).
6. L. A. Monticelli et al., Innate lymphoid cells promote lung-tissue homeostasis after infection with

influenza virus. Nat. Immunol. 12, 1045–1054 (2011).
7. Y. J. Chang et al., Innate lymphoid cells mediate influenza-induced airway hyper-reactivity

independently of adaptive immunity. Nat. Immunol. 12, 631–638 (2011).
8. T. Y. Halim et al., Group 2 innate lymphoid cells are critical for the initiation of adaptive T helper 2

cell-mediated allergic lung inflammation. Immunity 40, 425–435 (2014).
9. J. R. Brestoff et al., Group 2 innate lymphoid cells promote beiging of white adipose tissue and

limit obesity. Nature 519, 242–246 (2015).
10. A. B. Molofsky et al., Innate lymphoid type 2 cells sustain visceral adipose tissue eosinophils and

alternatively activated macrophages. J. Exp. Med. 210, 535–549 (2013).
11. T. Y. F. Halim et al., Tissue-restricted adaptive type 2 immunity is orchestrated by expression of the

costimulatory molecule OX40L on group 2 innate lymphoid cells. Immunity 48, 1195–1207.e6 (2018).
12. C. J. Oliphant et al., MHCII-mediated dialog between group 2 innate lymphoid cells and CD4(+)

T cells potentiates type 2 immunity and promotes parasitic helminth expulsion. Immunity 41,
283–295 (2014).

13. N. Jacquelot et al., Blockade of the co-inhibitory molecule PD-1 unleashes ILC2-dependent
antitumor immunity in melanoma. Nat. Immunol. 22, 851–864 (2021).

14. J. A. Moral et al., ILC2s amplify PD-1 blockade by activating tissue-specific cancer immunity. Nature
579, 130–135 (2020).

15. E. Jou et al., An innate IL-25-ILC2-MDSC axis creates a cancer-permissive microenvironment for Apc
mutation-driven intestinal tumorigenesis. Sci. Immunol. 7, eabn0175 (2022).

16. M. J. Schuijs et al., ILC2-driven innate immune checkpoint mechanism antagonizes NK cell
antimetastatic function in the lung. Nat. Immunol. 21, 998–1009 (2020).

17. M. D. Buck, D. O’Sullivan, E. L. Pearce, T cell metabolism drives immunity. J. Exp. Med. 212,
1345–1360 (2015).

18. N. M. Chapman, M. R. Boothby, H. Chi, Metabolic coordination of T cell quiescence and activation.
Nat. Rev. Immunol. 20, 55–70 (2020).

19. L. A. O’Neill, E. J. Pearce, Immunometabolism governs dendritic cell and macrophage function.
J. Exp. Med. 213, 15–23 (2016).

20. C. Wilhelm et al., Critical role of fatty acid metabolism in ILC2-mediated barrier protection during
malnutrition and helminth infection. J. Exp. Med. 213, 1409–1418 (2016).

21. D. G. Helou et al., PD-1 pathway regulates ILC2 metabolism and PD-1 agonist treatment
ameliorates airway hyperreactivity. Nat. Commun. 11, 3998 (2020).

22. L. A. Monticelli et al., Arginase 1 is an innate lymphoid-cell-intrinsic metabolic checkpoint
controlling type 2 inflammation. Nat. Immunol. 17, 656–665 (2016).

23. L. Surace et al., Dichotomous metabolic networks govern human ILC2 proliferation and function.
Nat. Immunol. 22, 1367–1374 (2021).

24. A. L. Flamar et al., Interleukin-33 induces the enzyme tryptophan hydroxylase 1 to promote
inflammatory group 2 innate lymphoid cell-mediated immunity. Immunity 52, 606–619.e6 (2020).

25. S. Li et al., Aryl hydrocarbon receptor signaling cell intrinsically inhibits intestinal group 2 innate
lymphoid cell function. Immunity 49, 915–928.e5 (2018).

26. T. Petrova, J. Pesic, K. Pardali, M. Gaestel, J. S. C. Arthur, p38 MAPK signalling regulates cytokine
production in IL-33 stimulated type 2 innate lymphoid cells. Sci. Rep. 10, 3479 (2020).

27. L. Ye et al., A critical role for c-Myc in group 2 innate lymphoid cell activation. Allergy 75, 841–852
(2020).

28. R. G. Jones, E. J. Pearce, MenTORing immunity: mTOR signaling in the development and function
of tissue-resident immune cells. Immunity 46, 730–742 (2017).

PNAS 2022 Vol. 119 No. 46 e2215528119 https://doi.org/10.1073/pnas.2215528119 7 of 8

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2215528119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2215528119/-/DCSupplemental


29. R. M. Loftus et al., Amino acid-dependent cMyc expression is essential for NK cell metabolic and
functional responses in mice. Nat. Commun. 9, 2341 (2018).

30. L. V. Sinclair et al., Control of amino-acid transport by antigen receptors coordinates the metabolic
reprogramming essential for T cell differentiation. Nat. Immunol. 14, 500–508 (2013).

31. M. Pineda et al., Identification of a membrane protein, LAT-2, that Co-expresses with 4F2 heavy
chain, an L-type amino acid transport activity with broad specificity for small and large zwitterionic
amino acids. J. Biol. Chem. 274, 19738–19744 (1999).

32. C. S. N. Klose et al., The neuropeptide neuromedin U stimulates innate lymphoid cells and type 2
inflammation. Nature 549, 282–286 (2017).

33. A. Wallrapp et al., The neuropeptide NMU amplifies ILC2-driven allergic lung inflammation. Nature
549, 351–356 (2017).

34. P. Nicklin et al., Bidirectional transport of amino acids regulates mTOR and autophagy. Cell 136,
521–534 (2009).

35. R. Wang et al., The transcription factor Myc controls metabolic reprogramming upon T lymphocyte
activation. Immunity 35, 871–882 (2011).

36. M. Angela et al., Fatty acid metabolic reprogramming via mTOR-mediated inductions of PPARγ
directs early activation of T cells. Nat. Commun. 7, 13683 (2016).

37. Y. Liu et al., Tumor-repopulating cells induce PD-1 expression in CD8+ T cells by transferring
kynurenine and AhR activation. Cancer Cell 33, 480–494.e7 (2018).

38. J. Cantor, M. Slepak, N. Ege, J. T. Chang, M. H. Ginsberg, Loss of T cell CD98 H chain specifically
ablates T cell clonal expansion and protects from autoimmunity. J. Immunol. 187, 851–860
(2011).

39. L. G. Gregory et al., Inhaled house dust mite induces pulmonary T helper 2 cytokine production.
Clin. Exp. Allergy 39, 1597–1610 (2009).

40. R. M. Anthony et al., Memory T(H)2 cells induce alternatively activated macrophages to mediate
protection against nematode parasites. Nat. Med. 12, 955–960 (2006).

41. K. R. Bartemes, G. M. Kephart, S. J. Fox, H. Kita, Enhanced innate type 2 immune response in
peripheral blood from patients with asthma. J. Allergy Clin. Immunol. 134, 671–678.e4 (2014).

42. L. M. Cobb, M. R. Verneris, Therapeutic manipulation of innate lymphoid cells. JCI Insight 6,
e146006 (2021).

8 of 8 https://doi.org/10.1073/pnas.2215528119 pnas.org


