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TCF-1 and TOX regulate the memory
formation of intestinal group 2 innate
lymphoid cells in asthma

Kaifan Bao 1,2 , Xiaoqun Gu1, Yajun Song1, Yijing Zhou1, Yanyan Chen1, Xi Yu3,
Weiyuan Yuan1, Liyun Shi2, Jie Zheng 1,4 & Min Hong 1

Immunememory has been expanded to group 2 innate lymphoid cells (ILC2s),
but the cellular and molecular bases remain incompletely understood. Based
on house dust mite (HDM)-induced mice asthma models and human samples,
we applied flow cytometry, parabiosis, in vivo imaging and adoptive trans-
plantation to confirm the persistence, migration and function of
CD45+lineage–CD90.2+NK1.1–NKp46–ST2–KLRG1+IL-17RB+ memory-like ILC2s
(ml-ILC2s). Regulated by CCR9/CCL25 and S1P signaling,ml-ILC2s reside in the
lamina propria of small intestines (siLP) in asthma remission, and subsequently
move to airway upon re-encountering antigens or alarmins. Furthermore, ml-
ILC2s possess properties of longevity, potential of rapid proliferation and
producing IL-13, and display transcriptional characteristics with up-regulation
of Tox and Tcf-7. ml-ILC2s transplantation restore the asthmatic changes
abrogated by Tox and Tcf7 knockdown. Our data identify siLP ml-ILC2s as a
memory-like subset, which promotes asthma relapse. Targeting TCF-1 and
TOX might be promising for preventing asthma recurrence.

Asthma is a chronic airway disorder dominated by type 2 immune
responses, which affected nearly 358 million populations globally in
2015 as reported1. In developing countries like China, changes in
environment and lifestyle during modernization might have given
rapid rise to the incidence of asthma from 1.24% to 4.2% in the last two
decades2. Although the prevalence is still lower than the estimates in
developed countries like the UK3,4, the growing rate of asthma and the
shortcomings of existing medications, such as inevitable adverse
effects along with long-term application for seizure control5–7, urge us
to better understand the pathogenesis of this refractory airway disease
and develop novel therapeutic strategies to treat asthma.

After repeated allergen exposure, antigen-specific T helper 2
(Th2) cells have been well-recognized as the principal source of the
type 2 cytokines interleukin (IL)−4, IL-5 and IL-13, contributing to the
pathophysiological features of allergic asthma. In recent years, more

and more studies have shown that group 2 innate lymphoid cells
(ILC2s) resemble Th2 cells in producing type 2 cytokines and mediat-
ing allergic inflammation8,9. In contrast with Th2 cells, ILC2s are anti-
gen non-specific and could be directly activated by alarmins like IL-33,
IL-25 and thymic stromal lymphopoietin (TSLP) released by epithelial
cells upon stress or allergen exposure10. Classically, partially activated
CD4+ Th2 cells will differentiate into memory subsets, which possess
the capability to migrate in vivo and respond rapidly upon another
contact of the same allergen, mediating inflammatory responses.
Interestingly, the immunological memory has been extended to innate
immune cells as evidenced by recent studies11–13. IL-33 or papain-
experienced ILC2s persist in lungs drain lymph nodes (LNs), and
respond rapidly to another allergen exposure, which display memory-
like characteristics14. Moreover, a subset of IL-10-producing ILC2s,
termed ILC210, contracted after stimulus removal and persisted in vivo
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to respond positively to minimal IL-33 stimulation15. After multiple
exposures to the Alternaria allergen extract, lung ICOS+ST2+ILC2s
acquire memory, enabling them to elicit asthma-like responses16.
These incidences suggested that ILC2s might acquire memory char-
acteristics like persistence and quick response. Despite these advan-
ces, whether memory ILC2s possess in vivo migrating capability as
observed in memory T cells has yet to be investigated, and more in-
depth studies are needed to define the memory phenotype of ILC2s in
allergic immune responses.

Killer-cell lectin-like receptor G1 (KLRG1), expressed by mature
natural killer (NK) cells, CD4+ and CD8+αβ T cells, has been used as a
marker to discriminate short-lived effector cells from long-lived
memory cell precursors17. KLRG1 is found expressed on certain sub-
sets of ILC2s18–20. Generally, KLRG1 is considered a co-inhibitory
receptor of ILC2s, and the activation of it by its ligand, E-cadherin, has
been shown to inhibit effector response of ILC2s21. However, recent
studies have demonstrated that a groupof KLRG1hi inflammatory ILC2s
(iILC2s) are potent to expulse invaded Nippostrongylus brasiliensis (N.
brasiliensis)20,22. Thus, the role of KLRG1 in regulating ILC2s remains
controversial. In addition, KLRG1+ILC2s were reported as intestinal
ILC2s23 and acquire migrating property, which enables them to traffic
from intestine to lungs in N. brasiliensis infection20. Despite the fact
that intestine invasion is one of the characteristics of this hookworm
infection, certain ILC2s subsets are migratory and are speculated to
contribute to various host defense responses.

In this present study based on house-dust-mite (HDM)-induced
mice models and clinical asthmatic participants, we find that the long-
living ST2–KLRG1+IL-17RB+ ml-ILC2 subset retains strong capability of
proliferation and expansion, and producing type 2 cytokines like IL-13
in vivo and in vitro. Miceml-ILC2s reside in the lamina propria of small
intestine (siLP) in remission, and move to airway to induce inflamma-
tory responses upon re-exposure to allergen or alarmins. Furthermore,
high levels of genes related with memory T (Tmem) cell formation and
function like thymocyte selection-associated high mobility group box
(Tox), transcription factor 7, T cell-specific (Tcf7) and Il7r, etc., are
identified in both mice and human ml-ILC2s, indicating that
ST2–KLRG1+IL-17RB+ ILC2s possess similar transcriptional character-
istics with Tmem. Tcf7 and Tox knockdown abrogated the memory-like
properties ofml-ILC2s, indicating that these transcriptional factors are
essential in ml-ILC2s development.

Results
Mice ST2–KLRG1+IL-17RB+ ILC2s with IL-13-producing potential-
ities accumulate in siLP in asthma remission
To assess the kinetics of different ILC2 subsets during the asthma
process, we established an i.p. HDM sensitization model and collected
samples at various time points (Fig. 1A). As a result, airway hyperre-
sponsiveness (AHR), elevated serum IgE, eosinophils in peripheral
blood, protein levels of type 2 cytokines in lung homogenates and
varied cytology in bronchoalveolar lavage fluid (BALF) all restored to
the levels of the control group 7 days after challenge (D30), which is
physiologically relevant to the steady state of asthma (Fig. 1B–F).
Furthermore, flow cytometry analysis showed difference of type 2
immune cells kinetics (Fig. 1G, H, Fig. S1). Specifically, CD4+GATA3+

Th2s increased in PBMC, mediastinal LN and lungs during asthma
exacerbation on day 24 (Fig. S1A). As shown in Fig. S1B–D,
ST2–KLRG1+IL-17RB+ ILC2s markedly raised in PBMC, mediastinal LN
and lungs upon asthma attack, whereas ST2–KLRG1+IL-17RB– ILC2s
showed negligible changes numerically. In addition, ST2+ ILC2s only
rose in lungs, which is consistent with the previous report that ST2+

ILC2s are a tissue-resident subset while KLRG1+ ILC2s are a circulating
population20. Most notably, ST2–KLRG1+IL-17RB+ ILC2s were abundant
in siLP rather thanother sites at remissionphase, in sharpcontrastwith
Th2s and other ILC2s subsets, including ST2+ and ST2–KLRG1+IL-17RB–

(Fig. 1H, Fig. S1A–D). Since intraperitoneal injection of HDM applied in

the i.p. HDM sensitization model may induce systemic immune acti-
vation, we established another 12-day asthmatic mice model with only
airway exposure of HDM (Fig. S2A–F). Similarly, increased frequency
and number of ST2–KLRG1+IL-17RB+ ILC2s were found in siLP on day 19
while other asthmatic changes restored (remission phase) (Fig. S2G).

Wenext sought to give amore detailed pictureon type 2 cytokine-
producing potential of the ST2–KLRG1+IL-17RB+ ILC2 subset during
asthma remission (Fig. 1I–L, Fig. S1E–G, Fig. S2H–K). The proportion
and mean fluorescence intensity (MFI) analysis suggested that
ST2–KLRG1+IL-17RB+ ILC2s in siLP retained great potentialities for
producing IL-13 instead of IL-5 (Fig. 1I, J). In addition, we found that
ST2–KLRG1+IL-17RB+ ILC2s were the primary potential source of IL-13
while IL-5 was more likely from Th2s (Fig. 1K, L). IL-4, in contrast, was
notdetected fromST2–KLRG1+IL-17RB+ ILC2s, andTh2s, ST2+ILC2s, and
other cells like mast cells, basophils and eosinophils are the main
source of elevated IL-4 in lungs (Fig. S1G). Similar results were deter-
mined in the 12-day asthmatic mice model as well (Fig. S2H–K). These
data indicated that the ST2–KLRG1+IL-17RB+ ILC2 subset accumulated
in siLP and possessed strong IL-13-producing capability in remission of
HDM-induced asthma.

In addition, as alarmins IL-25, IL-33, and TSLP are the pro-
inflammatory factors activating ILC2s, we assessed the contribution of
these cytokines inducing ST2–KLRG1+IL-17RB+ ILC2s both in lungs and
siLP at different phases (Fig. S3A). As a result, ST2–KLRG1+IL-17RB+

ILC2s markedly increased in lungs after intranasal IL-25 stimulation
(Fig. S3B), and accumulated in siLP 12 days later (Fig. S3C). Of note, the
combination of IL-25 and IL-33 further induced this subset of ILC2s
while IL-33 or TSLP alone showed negligible effect. These data sug-
gested IL-25 played a pivotal role in inducing ST2–KLRG1+IL-17RB+

ILC2s, and IL-33 might serve as a synergistic role. Interestingly, the
combination of IL-25 and TSLP did not show similar efficacy as
observed in IL-25 + IL-33. Samet al. 24. report that IL-33 signals via a ST2-
independent pathway. Instead, IL-33 binds to receptor for advanced
glycation end products (RAGE) to signal via epidermal growth factor
receptor (EGFR), which subsequently induces mucin hypersecretion
and alters the differentiation of airway epithelial cells. This might help
to explain the synergistic efficacy of IL-33 stimulating ST2-negativeml-
ILC2s. Thus, airway stimulation with alarmins, especially IL-25, can
induce the accumulation of ST2–KLRG1+IL-17RB+ ILC2s in siLP, incon-
sistent with HDM.

Hence, we found that ST2–KLRG1+IL-17RB+ ILC2s accumulated in
siLP and retained type 2 cytokine IL-13-producing potential when
allergen or non-allergen-induced- airway inflammatory responses
emerged, raising the possibility that siLP serves as a reservoir of
asthma relapse-promoting ST2–KLRG1+IL-17RB+ ILC2s.

Adoptive transfer of ST2–KLRG1+IL-17RB+ ILC2s from siLP is able
to induce asthmatic attack
As shown in Fig. S4, analysis of dynamic changes during different time
points of asthma relapse suggested that siLP ST2–KLRG1+IL-17RB+

ILC2s aggregated in remission and then decreased upon another
allergen exposure. Meanwhile, this specific subset of ILC2s sig-
nificantly increased in lungs upon asthma attack coincidentally. We
then attempted to determine if ST2–KLRG1+IL-17RB+ ILC2s identified
in siLP were the source of these cells in lungs driving asthma relapse.
For this, CD45.1+lineage–CD90.2+NK1.1–NKp46–GATA3+ST2–KLRG1+IL-
17RB+ ILC2s were sorted from in vitro culturing lineage-negative
cells derived from bone marrow (BM), spleen, lungs and siLP
of CD45.1+ mice in remission phase of asthma, and then adoptively
transferred into irradiated CD45.2+ mice (Fig. 2A). Recipient
mice were then challenged with HDM intranasally without sensitiza-
tion as performed on donor mice. Remarkably, flow cytometry
analysis of CD45.1+lineage–CD90.2+NK1.1–NKp46–GATA3+ST2–KLRG1+

IL-17RB+ ILC2s in CD45.2+ mice demonstrated that only cells from
donor siLP gave rise to ST2–KLRG1+IL-17RB+ ILC2s accumulated in
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recipient lungs (Fig. 2B–E). Asthmatic changes, as evidenced by ele-
vated IL-13 production, serum IgE level, thickened bronchial wall and
inflammatory cell infiltration, were observed in themice transplanted
with siLP-derived cells (Fig. 2F–H). Among these, rapid elevation of
IgE might be regulated by high levels of IL-13-induced direct IgE class
switching instead of sequential switching from IgM via IgG to IgE25,26.
Taken together, we tentatively concluded that ST2–KLRG1+IL-17RB+

ILC2s originated from those in siLP in remission might subsequently

accumulate in lungs upon another allergen exposure and mediate
asthma relapse.

ST2–KLRG1+IL-17RB+ ILC2s circulate and move between airway
and siLP during asthma progress
ILC2s are generally considered as tissue-resident cells, but recently
Huang and colleagues20 defined KLRG1high iILC2s as circulating cells,
with the ability to migrate in vivo and mediate host defense against
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infection of the hookworm N. brasiliensis. We next tried to verify that
ST2–KLRG1+IL-17RB+ ILC2s found in siLP in asthma remission were
circulating cells utilizing a parabioticmicemodel (Fig. 3A, B and Figs S5
and S6). For this, CD45.1+ and irradiated CD45.2+ mice were surgically
connected to generate parabiotic partners sharing blood circulation.
CD45.1+ mice were subsequently exposed to HDM to induce asthmatic
changes. In remission, the changes of CD45.1+ST2–KLRG1+IL-17RB+

ILC2s in CD45.1+ mouse and its CD45.2+ counterpart was analyzed. In
line with our previous findings, ST2–KLRG1+IL-17RB+ ILC2s in siLP of
CD45.1+ mice were markedly increased (Fig. S5E). Notably,
CD45.1+ST2–KLRG1+IL-17RB+ ILC2s were also detected to be elevated in
siLP in CD45.2+ littermates, indicating that this particular ILC2 subset
was circulating cells. In contrast, negligible ST2+ ILC2s from CD45.1+

mouse was found in its CD45.2+ counterpart (Fig. S6A), which sug-
gested that the ST2+ subset was tissue-resident as reported before. In
addition, despite the existence of CD45.1+ST2–KLRG1+IL-17RB– subset
in CD45.2+ mice, no significant changes of them were found in all sites
(Fig. S6B), suggesting a specific role of ST2–KLRG1+IL-17RB+ ILC2s
during asthma remission.

Recruitment of lymphocytes from the circulation into mucosal
tissues requires the engagement of adhesion molecules and their
corresponding vascular ligands. Similar to adaptive immune cells, ILCs
are reported to express different trafficking receptors, which further
contributes to the characterization of their subsets27–30. ILC1s and
ILC3s in mesenteric LN undergo a retinoic acid-dependent homing
receptor switch from CCR7 to CCR9 and α4β7 to traffic to the gut. In
contrast, the gut-homing property of Lin–NK1.1–CD127+CD90+Sca-
1+KLRG1+GATA-3+ ILC2s is programmed in bone marrow27. To further
confirm and gain mechanistic insight into the migration of
ST2–KLRG1+IL-17RB+ ILC2s between lungs and siLP during asthma
process, we performed in vivo imaging and analyzed the potential
molecular mechanism of ST2–KLRG1+IL-17RB+ ILC2s migration
(Fig. 3C–F, Fig. S7). For this, sorted ST2–KLRG1+IL-17RB+ ILC2s were
stained with Xenolight DiR, and then injected intravenously into mice
at challenge or remission stage, respectively (Fig. 3C). As a result,
ST2–KLRG1+IL-17RB+ ILC2s injected into mice under asthma attack
accumulated only in lungs, whereas the majority of ST2–KLRG1+IL-
17RB+ ILC2s transferred during asthma remission were identified to
reside in SI, suggesting that ST2–KLRG1+IL-17RB+ ILC2s might migrate
from airway to intestine during asthma relief. Previous studies have
demonstrated that CC chemokine receptor 9 (CCR9)- chemokine (C-C
motif) ligand 25 (CCL25) andα4β7 integrin-mucosal vascular addressin
cell adhesion molecule 1 (MAdCAM-1) served as the main gut-homing
signaling for memory T cells31, promoting us to further investigate the
molecule forces driving ST2–KLRG1+IL-17RB+ ILC2s migration to intes-
tine. Indeed, CCR9 and α4β7 integrin were highly expressed on
ST2–KLRG1+IL-17RB+ ILC2s in contrast with ST2–KLRG1– and
ST2–KLRG1+IL-17RB– subsets (Fig. S7A–D). Concurrently, the levels of
CCL25 in SI were markedly increased after airway being exposed to
allergen (Fig. S7E) while MAdCAM-1 showed negligible changes, sug-
gesting that CCR9/CCL25 axis might be the major player mediating
ST2–KLRG1+IL-17RB+ ILC2s homing to intestine. Supportively, in vivo
imaging showed that CCX282-B, a selective antagonist of CCR9,
restricted the leaving of most ST2–KLRG1+IL-17RB+ ILC2s in lungs of

micewhereas the anti-α4β7monoclonal antibody Etrolizumabdidnot,
indicating a vital role of CCR9/CCL25 in the homing of ST2–KLRG1+IL-
17RB+ ILC2s toward SI (Fig. 3C). Previous study has shown that IL-13
stimulates the expression of chemotactic factors such as CCL2532. In
line with type 2 cytokines in lungs of asthmatic mice, serum IL-13 and
IL-5 increased after airway exposure of HDM, and subsequently
decreased in remission (Fig. S8A, B). To determine if IL-13/IL-5 induce
CCL25 expression, mixed cells were isolated from SI and treated with
recombinant IL-5 and/or IL-13 (Fig. S8C, D). As a result, IL-13 markedly
stimulated CCL25 while IL-5 showed negligible effect. In addition,
MAdCAM-1 was not affected by both cytokines. These data pre-
liminarily suggested a role of elevated serum IL-13 in inducing intest-
inal CCL25 production, which helps to explain how
CCR9+ST2–KLRG1+IL-17RB+ ILC2s traffic to SI in pathological process of
asthma.

In addition, substantial amounts of ST2–KLRG1+IL-17RB+ ILC2s
appeared in lungs but not SI when mice were re-exposed to HDM
(relapse), further corroborating the in vivo trafficking of ST2–KLRG1+IL-
17RB+ ILC2s during asthma relapse as we speculated before. And as
evidencedbyDiR intensity, ST2–KLRG1+IL-17RB+ ILC2s alsoproliferated
in lungs upon another allergen stimulation. The G protein–coupled
sphingosine 1-phosphate (S1P)/S1PR signaling pathway has been
reported to be indispensable for KLRG1high iILC2s exit from tissues to
lymph20. Consistently, we found that S1P expressed highly in the
plasma of mice during asthma recurrence (Fig. 3D). Treatment of
FTY720, the S1P signaling-specific antagonist, sharply reduced the
amount of ST2–KLRG1+IL-17RB+ ILC2s in lungs (Fig. 3E) as the con-
sequenceof blocking ST2–KLRG1+IL-17RB+ ILC2smigration from siLP to
circulation. Considering that S1P is a shared signal to regulate the
migration of several immune cells including T cells, dendritic cells,
macrophages, etc., we speculate that the restriction of ST2–KLRG1+IL-
17RB+ ILC2s might partially contribute to limited asthmatic responses
including pulmonary pathological changes and IL-13 overexpression
(Fig. 3F, G).

In aggregate, these data indicated that ST2–KLRG1+IL-17RB+ ILC2s,
partially at least driven by CCR9 and S1P signaling, migrated between
airway and siLP during asthma relief or relapse.

ST2–KLRG1+IL-17RB+ ILC2s mediate allergen- or IL-25-induced
asthma relapse independent of adaptive immune cells
When ST2–KLRG1+IL-17RB+ ILC2s were restricted within siLP during
secondary allergen exposure, airway inflammation was markedly
dampened aswe observed in Fig. 3F, G. Hence, we further analyzed the
pathological significance of ST2–KLRG1+IL-17RB+ ILC2s migration dur-
ing recurrent asthma. To this end, the monoclonal antibody neu-
tralizing KLRG1 was injected intraperitoneally to the established
asthmatic model on wild type (WT) or Rag1–/– mice, which lacked
mature T and B lymphocytes (Fig. 4A). For WT mice, HDM exposure
stimulated the expansion of ST2–KLRG1+IL-17RB+ ILC2s in lungs, which
was significantly reversed by KLRG1 neutralization (Fig. 4B). In parallel,
IL-13, the major effector cytokine produced by ST2–KLRG1+IL-17RB+

ILC2s aswedemonstrated inFig. 1, was substantially decreased in lungs
of mice receiving KLRG1 mAb (Fig. 4C). Also, allergen- mediated AHR
and histological changes were markedly alleviated upon KLRG1

Fig. 1 | Lineage–CD90.2+NK1.1−NKp46–Rorγt–GATA3+ST2–KLRG1+IL-17RB+ ILC2s
with IL-13-producing capability accumulated in siLP in asthma remission.
A Flow diagram of the i.p. HDM sensitization model. Challenge phase: D24,
Remission phase: D30. B Airway resistance of mice was determined on day 1 (D1),
D8, D15, D24 and D30 under methacholine (0, 6.25, 12.5, 25 and 50mg/mL in PBS)
stimulation. C Serum IgE (n = 8), D lung IL-4, IL-5 and IL-13 (n = 8), E eosinophils in
peripheral blood (n = 6), and F cytology of bronchoalveolar lavage fluid (BALF)
(n = 10) were determined at indicated time points. G Gating strategy. In live CD45+

lymphocytes, Th2s are defined as CD4+GATA3+, and total ILC2s are defined as
lineage–CD90.2+NK1.1–NKp46–Rorγt–GATA3+. H Kinetics of the frequency and

number of ST2–KLRG1+IL-17RB+ ILC2 subset in the lamina propria of small intestines
(siLP) (n = 10). I, J IL-13+ percentage and MFI I and IL-5+ percentage and MFI J of
ST2–KLRG1+IL-17RB+ ILC2s in siLP after stimulation with PMA, ionomycin, brefeldin
A and monensin. K, L Pie charts of IL-13+ K and IL-5+ L cell populations in siLP in
remission under stimulation (n = 10). Mice in control group (Ctrl) were treated with
corresponding volume of sterile normal saline. Data points are individual mice
pooled from three independent experiments for all panels. Data are shown as the
mean ± SD. Statistical comparisons were performed using unpaired one-way
ANOVA with Dunnett’s test except in B and F using unpaired two-way ANOVA. p
values are shown on the graphs. Source data are provided as a Source Data file.
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inhibition (Fig. 4D, E).More importantly, similar trendof these changes
was observed in Rag1–/–mice, suggesting that KLRG1-expressing innate
cells were capable of mediating asthmatic responses without the
contribution of T and B cells. To further confirm if ST2–KLRG1+IL-17RB+

ILC2s were the pivotal players in this process, ST2–KLRG1+IL-17RB+

ILC2s isolated from siLP of HDM-stimulated Rag1–/– mice were treated

with KLRG1 mAb or isotype IgG in vitro, followed by adoptive transfer
into Rag1–/– mice pre-treated with anti-CD90.2 (ILC depleted) via tail
vein (Fig. 4F). As portrayed in Fig. 4G–J, ST2–KLRG1+IL-17RB+ ILC2s
substantially expanded after HDM or IL-25 exposure, and asthmatic
responses were observed in recipient mice. In contrast, KLRG1 mAb-
treated cells did not induce similar responses in recipient mice,

Fig. 2 | siLP was the source of ST2–KLRG1+IL-17RB+ ILC2s accumulated in lungs
that mediated recurrence of airway inflammation. A Donor CD45.1+ mice were
sensitized and challenged with HDM follow the i.p. HDM sensitization model pro-
tocol. On day 30 (remission), lineage-negative cells were isolated from bone mar-
row (BM), spleen, lungs and siLP, respectively and cultured in vitro for expansion.
Subsequently, 5 × 105 CD45+lineage–CD90.2+NK1.1–NKp46–ST2–KLRG1+IL-17RB+

ILC2s were sorted and injected into the irradiated CD45.2+ mice via tail vein.
Recipient CD45.2+ mice were then treated with 25μg HDM intranasally for 3 times
once daily. 24 hours later, single cells in lungs were prepared for flow cytometry
analysis. B–E Representative plots and statistical results (bar graph) showing the
percentages and the numbers of ST2–KLRG1+IL-17RB+ ILC2s at lungs in mice that

received cells derived from B BM, C spleen,D lungs, or E siLP, respectively. F,G IgE
levels in serum F and IL-13 and IL-5 protein levels in lungs (G) of recipient mice in
each group were detected by ELISA. H Histological scores and representative
images of lungs of recipient mice by hematoxylin-eosin staining. Magnification:
×200, scale bar = 100μm. Results are representative of three independent experi-
ments. Means ± SD from 8 mice each group. Statistical comparisons were per-
formed using unpaired, two-sidedWelch’s t-test except in F–H using unpaired two-
way ANOVA. p values are shown on the graphs. Source data are provided as a
Source Data file. Fig. 2A Created with BioRender.com released under a Creative
Commons Attribution-NonCommercial-NoDerivs 4.0 International license https://
creativecommons.org/licenses/by-nc-nd/4.0/deed.en.
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indicating that these transferred antigen- non-specific ST2–KLRG1+IL-
17RB+ ILC2s were sufficient to mediate asthmatic inflammation inde-
pendent of adaptive immune cells or pre-existing ILC2s. Combined
with our previous results, it is tentatively proposed that siLP-derived
ST2–KLRG1+IL-17RB+ ILC2s rapidly accumulated in lungs through cir-
culation to mediate immune responses, leading to more severe and
quicker asthma relapse.

Mice ST2–KLRG1+IL-17RB+ ILC2s in siLP possess memory-like
characteristics after the resolution of asthmatic responses
Our data indicate that ST2–KLRG1+IL-17RB+ ILC2s with IL-13- producing
potential accumulate in siLP during steady state of asthma and these
specific subset of ILC2s are able to migrate to airway to induce
recurrent asthma-like responses upon allergen or IL-25 exposure. We
propose that siLP ST2–KLRG1+IL-17RB+ ILC2s might serve as
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immunological memory cells as adaptive immune cells with great
potential to induce asthma recurrence. Considering that immune
memory cells are generally long-lived11, we then analyzed the persis-
tence of ST2–KLRG1+IL-17RB+ ILC2s in siLP after HDM exposure
(Fig. 5A). As portrayed in Fig. 5B, C, the level of ST2–KLRG1+IL-17RB+

ILC2s was substantially escalated and remained high in siLP up to 90
days after challenge. In contrast, the abundance of ST2–KLRG1+IL-17RB+

ILC2s in PBMC, lungs and mesenteric LN increased 24 hrs after chal-
lenge and declined to similar level of control group (Fig. S9A–E). We
then intranasally administered the nuclear-staining agent, bromo-
deoxyuridine (BrdU), intomicewithHDMchallenge fromday 21 to day
23 (Fig. 5D). Intriguingly, results showed that most siLP ST2–KLRG1+IL-
17RB+ ILC2s (74.9 ± 1.4%) incorporated BrdU (Fig. 5D), and
BrdU+ST2–KLRG1+IL-17RB+ ILC2s were detected up to 90 days after
challenge, suggesting this ILC2 subset as a population endow longevity
the specific characteristic of immunological memory cells. Similar
results were found in the i.n. HDMsensitizationmodelwith only airway
exposure of HDM that BrdU+ST2–KLRG1+IL-17RB+ ILC2s could be
detected 60 days after last HDM exposure (Fig. S10). These data
demonstrated that high amount of long-lived ST2–KLRG1+IL-17RB+

ILC2s in siLP during asthma remission was from the survived cells in
airway, as BrdU was only administered intranasally.

Memory immunological cells like Tmem display superior prolifera-
tion capacity and remain poised to rapidly elaborate effector functions
upon pathogen re-exposure33. We then used recombinant mouse IL-33
and IL-25 as alarmins to stimulate three siLP-sorted ST2–ILC2 sub-
populations including KLRG1–, KLRG1+IL-17RB– and KLRG1+IL-17RB+ dur-
ing asthma remission (herein referred as AR-KLRG1–, AR-KLRG1+IL-17RB–

andAR-KLRG1+IL-17RB+) andST2–KLRG1+IL-17RB+ ILC2sorted fromsiLPof
naive WT mice (herein referred as naive-KLRG1+IL-17RB+) (Fig. 5E). After
stimulation, 90.2% of AR-KLRG1+IL-17RB+ILC2s were Ki-67-positive, in
sharp contrast with naive-KLRG1+IL-17RB+, AR-KLRG1– and AR-KLRG1+IL-
17RB– subsets (Fig. 5F). Consideringof similar trendwas found inabsolute
cell number and expansion analysis (Fig. 5G, H), we confirmed that
ST2–KLRG1+IL-17RB+ ILC2s in siLP of mice during asthma remission
endowed strong proliferation and expansion capability. Moreover, AR-
KLRG1+IL-17RB+ ILC2s retainedgreat potential of producing IL-13whereas
only 3.43%of naive-KLRG1+IL-17RB+ and4.85%of AR-KLRG1+IL-17RB–were
IL-13+ and AR-KLRG1– showed negligible cytokine-producing capability
after stimulation (Fig. 5I). The percentage of IL-5- producing cells, by
contrast, all ranged from 1.16 % to 3.42% for these four subsets with or
without alarmins treatment. As reported19, KLRG1highiILC2s produce
amount of IL-17 in contrast with siLP AR-KLRG1+IL-17RB+ ILC2s sorted
during asthma remission, indicating them as distinct phenotypes
(Fig. S11).

Taken these data into consideration, this particular AR-
ST2–KLRG1+IL-17RB+ ILC2s accumulated in siLP were distinct from
other subpopulations of ILC2s at the same location during remission
phase. Furthermore, naive-ST2–KLRG1+IL-17RB+ ILC2s did not endow
similar properties, which suggest that AR-ST2–KLRG1+IL-17RB+ ILC2s in
siLP after asthma resolves serve as “trained”or immunologicalmemory
cells contributing to relapse. Hence, we herein define AR-
ST2–KLRG1+IL-17RB+ ILC2s as long-lasting memory-like ILC2s (ml-
ILC2s) based on the conception proposed before11,14.

Tcf7 and Tox are essential for the memory-like functions of
ml-ILC2s
For a further depth view of memory-induction of ml-ILC2s in mice
asthma remission, we then analyzed the expression of various genes
which are previously reported being related with immunological
memory-induction, cell residency and activation. As a result, naive-
ST2–KLRG1+IL-17RB+, AR-ST2–KLRG1–, AR-ST2–KLRG1+IL-17RB– and AR-
ST2–KLRG1+IL-17RB+ (ml-ILC2s) showed distinct transcriptional hall-
marks (Fig. 6).

Several genes implicated in exhaustion and memory-induction
were differentially expressed in ml-ILC2s, e.g., down-regulation of
Pdcd1 and up-regulation of Tox and Tcf7 (Fig. 6A, Fig. S12A). By
encoding programmed death 1 (PD-1), Pdcd1 induces a cascade of
intracellular signaling that results in T cell inhibition and exhaustion34.
Activated ILC2s are recognized to express high level of PD-135,36. PD-1
alters cell metabolism and function of IL-33-induced pulmonary
Lin–ST2+CD127+ ILC2s, and PD-1 agonist limits the activation and pro-
liferation of these ILC2s35. Similarly, PD-1 suppresses the effector
function of Lin–CD45+CD127+GATA3+KLRG1+ ILC2s against helminthic
infection via inhibiting signal transducer and activator of transcription
5 (STAT5) signaling36. In our study, ST2–KLRG1+IL-17RB+ ml-ILC2s dis-
play relatively lower expression of Pdcd1, raising the possibility that
these allergen-primed ml-ILC2s in siLP have undergone PD-1-induced
contraction and are at steady state during asthma remission. Tcf7,
which encodes T cell factor 1 (TCF-1), a high-mobility group (HMG) box
transcription factor that plays a pivotal role in the differentiation and
survival of memory CD8+ T cells37,38. Tox encodes thymocyte selection-
associated high-mobility group box protein TOX (TOX), a member of
thehigh-mobility group transcription factors39. Several studies suggest
that TOX is not exclusively associated with T cell exhaustion. To
illustrate, Yaoet al. 40. report thatTOX is required for the programming
of progenitor-like CD8+ T cells in chronic infection. Sekine and
colleagues41 find that most circulating effector memory CD8+ T cells
also express TOX. Our data indicate that ml-ILC2s express high mRNA
levels of Tcf7 and Tox, suggesting TCF-1 and TOX signaling might be

Fig. 3 | Circulating ST2–KLRG1+IL-17RB+ ILC2 subset migrated between airway
and siLP in HDM-induced asthma. A CD45.1+ and irradiated CD45.2+ mice were
surgically jointed from olecranon to knee joint and recovered for 4 weeks to
establish blood chimerism. Subsequently, CD45.1+ mice were treated with HDM as
Fig. 1A.B The percentages and the numbers of ST2–KLRG1+IL-17RB+ ml-ILC2s in siLP
of CD45.1+ and CD45.2+ were analyzed on day 30. Cells were gated on
CD45.1+lineage–CD90.2+NK1.1–NKp46–GATA3+. For in vivo imaging experiments,
mice were treated with HDM to establish the asthma relapsemodel as portrayed in
Fig. S4. C On day 30 (remission), ST2–KLRG1+IL-17RB+ ILC2s were sorted from siLP
and stainedwith 5mMXenolight DiR, and then injected intravenously (5 × 105 cells/
each) into various groups of mice. Specifically, mice in DiR- group were injected
with unstained cells. For the remission + CCX282-B group, recipient mice resting
fromasthmasymptomswere treatedwith theCCR9antagonist CCX282-B at 50mg/
kg (daily injection subcutaneously) from day 24 to day 30. For the remission +
Etrolizumab group, recipient mice resting from asthma symptoms were treated
with the anti-α4β7 monoclonal antibody Etrolizumab at 5mg/kg (injection intra-
venously) on day 24, 26, 28 and 30. For the relapse group, mice in remission were
injected with DiR-stained cells, followed with treatment of HDM at 50μg

intranasally for 2 times once per hour. Mice in the relapse + FTY720 group received
intravenous injection of FTY720 along with 2-time intranasal administration of
HDM. Mice in all groups were imaged 2 hours post cell injection, and organs
including lungs, spleen, liver, SI and large intestine were then rapidly harvested and
imaged.D S1P expression in plasma collected frommice post asthma relapse (D34,
D37 and D40) was measured by ELISA. The S1P signaling antagonist FTY720 was
administered intraperitoneally to asthmaticmice on days 31 to 33 for 3 times. E The
percentages and the numbers of ST2–KLRG1+IL-17RB+ ILC2s in lungs were detected
on D34. F Histological examination of lungs by hematoxylin-eosin staining. Mag-
nification: ×200, scale bar = 100μm. G Protein levels of IL-13 in lungs was detected
by ELISA. Results are representative of three independent experiments.Means ± SD
from 6mice for each group. Statistical comparison was conducted using unpaired,
two-sidedWelch’s t test for B and unpaired one-way ANOVAwith Dunnett’s test for
the rest. p values are shown on the graphs. Source data are provided as a Source
Data file. Fig. 3A Created with BioRender.com released under a Creative Commons
Attribution-NonCommercial-NoDerivs 4.0 International license https://
creativecommons.org/licenses/by-nc-nd/4.0/deed.en.
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required for memory development of ml-ILC2s during asthma relief.
Bach2 (BTB and CNC homology, basic leucine zipper transcription factor
2), Myb (myeloblastosis oncogene) and Id3 (inhibitor of DNA binding 3)
are considered to be the transcriptional factors to promote memory T
cell formation beside Tcf7 and Tox42–46, but negligible difference of
their expression levels was observed in ml-ILC2s. In addition, several
key regulators includingMaf (MAF bZIP transcription factor), Fhl2 (four

and a half LIM domains 2), Zeb1 (zinc finger E-box binding homeobox 1),
Fosb (FBJ osteosarcoma oncogene B), Runx1 (runt related transcription
factor 1), Nr4a2 (nuclear receptor subfamily 4, group A, member 2), and
Mpp7 (membrane protein, palmitoylated 7 (MAGUK p55 subfamily
member 7)) have been reported to be associated with memory-like
properties of papain- and Aspergillus-primed ILC2s16,47. However, our
result showed that the expression levels of these genes were not
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markedly changed (Fig. 6A, Fig. S12A), raising the possibility that they
are not the key regulators in memory-induction of ml-ILC2s. These
transcriptional differences suggest an exclusive role of ST2–KLRG1+IL-
17RB+ ml-ILC2s in asthma relapse.

We then knockdown Tcf7 and Tox to evaluate the regulatory roles
of them in memory-like functions of ml-ILC2s. For in vitro cultures,
levels of target mRNAs and proteins of ml-ILC2s were markedly
decreased after transfection as evidenced by q-PCR and flow cyto-
metry analysis (Fig. S13A–D). In addition, ml-ILC2s expanded and
secreted amount of IL-13 after alarmins treatment for 8 consecutive
days, which was notably inhibited by Tcf7 and Tox interference
(Fig. 6B, C). Besides, siTcf7 and siTox markedly downregulated the
mRNA levels of Klrg1, Il-17rb, Il1rl1, Il2ra, Il7r, Il13,Gata3, Ccr9 and S1pr1
of ml-ILC2s (Fig. 6D and Fig. S14). We found that Tcf7 and Tox knock-
downnotably decreased the expression ofCCR9 and S1PR1 ofml-ILC2s
(Fig. 6E, F). Next, we employed BrdU to evaluate the longevity and
migration of ml-ILC2s during asthma development when Tcf7 or Tox
was knockdown (Fig. 6G). About 80% of ST2–KLRG1+IL-17RB+ ml-ILC2s
was BrdU-positive in siLP during asthma remission (D61), which was
sharply decreased by siTcf7 or siTox (Fig. 6H). Furthermore, upon
asthma relapse, we found that about 70% of ST2–KLRG1+IL-17RB+ ml-
ILC2s in lungswasBrdU-labeledwhereas the average percentageswere
only 4.2% and 11.4% when Tcf7 and Tox were interfered, respectively
(Fig. 6I). These data suggested that Tcf7 and Tox were pivotal for the
migrating capability and/or long-lasting of ml-ILC2s. We then injected
in vivo siRNAs via tail vein of Rag1–/– mice to knockdown Tcf7 and Tox
and adoptively transferred ml-ILC2s before secondary asthma attack
(Fig. 6J). As portrayed in Fig. 6K–M, another 3-day airway exposure of
HDM rapidly induced AHR, elevated protein levels of IL-13 in lungs and
inflammatory cell infiltration and thickened bronchial walls in Rag1–/–

mice. Both in vivo siTcf7 and siTox prominently alleviated these asth-
matic responses, which could be inverted by subsequent adoptive
transfer of cultured ml-ILC2s but not those cells pre-transfected by
siRNAs. Collectively, these data demonstrated that Tcf7 and Tox were
key factors to regulate the memory-like properties of ml-ILC2s
including longevity, hyperresponsiveness and inter-organ migration
during asthma progress.

Human CD45+lineage–CRTH2+CD127+GATA3+ST2–KLRG1+IL-
17RB+ ILC2s are identical to mice ml-ILC2s
Based on the data acquired from mice models, we have determined
that ml-ILC2s possess memory-like characteristics and in vivo traf-
ficking property, orchestrating asthmatic recurrence upon another
challenge. To probe if ST2–KLRG1+IL-17RB+ ILC2s persist in asthmatic
patients during remission, we collected PBMCs from 15 asymptomatic
volunteers with physician-diagnosed asthma, and analyzed the
CD45+lineage–CRTH2+CD127+GATA3+ST2–KLRG1+IL-17RB+ ILC2s popu-
lation within. The results showed that CD45+lineage–CRTH2+CD127+

GATA3+ST2–KLRG1+IL-17RB+ ILC2s in circulation remained higher in
asthmatic participants compared with healthy control (Fig. 7A, B).
Moreover, over 60% of ST2–KLRG1+IL-17RB+ ILC2s were determined as

IL-13- producing subset, whereas negligible changes were identified
with IL-5-producing potentiality (Fig. 7C, D). In contrast, KLRG1– and
KLRG1+IL-17RB– subsets showed no significant changes and possess
relatively stronger IL-5-producing potentiality than IL-13 (Fig. S15).
These data suggested that human ST2–KLRG1+IL-17RB+ ILC2s main-
tained pro-inflammatory phenotype despite at asthma remission
phase with negligible clinical signs. To further probe if human
ST2–KLRG1+IL-17RB+ ILC2s possess memory-like features like we
observed in mice models, we sorted the ST2–KLRG1+IL-17RB+ ILC2s
from PBMCof healthy donors (marked asH-KLRG1+IL-17RB+) and three
subsets of ST2– ILC2s from human PBMC in asthma remission (marked
as A-KLRG1–, A-KLRG1+IL-17RB– and A-KLRG1+IL-17RB+) and cultured
them with stimulation of recombinant human IL-25 and IL-33 (Fig. 7E).
Ki-67 staining, changes of cell number and expansion increase con-
firmed that ST2–KLRG1+IL-17RB+ subset from asthmatic patients
retained strong proliferation capability (Fig. 7F–H). In sharp contrast
with H-KLRG1+IL-17RB+, A-KLRG1– and A-KLRG1+IL-17RB– subsets,
A-ST2–KLRG1+IL-17RB+ ILC2s displayedhyper potential of producing IL-
13 under stimulation of alarmins (Fig. 7I). In addition, IL-5-producing
capability of human A- KLRG1+IL-17RB+ was relatively mild, similar to
miceml-ILC2s (Fig. 7J). As portrayed inFig. 7K, L,mRNA levels ofPDCD1
decreased and TOX, TCF-7, IL2RA, IL7R, CCR9, S1PR1, IL-13 and GATA3
increased in A-KLRG1+IL-17RB+ ILC2s, suggesting this specific
ILC2 subset in circulation of asthmatic patients during remission with
identical transcriptional hallmarks to mice memory-like ml-ILC2s.
Collectively, these results indicated that CD45+lineage–CRTH2+CD127+

GATA3+ST2–KLRG1+IL-17RB+ ILC2s in peripheral blood of asthmatic
patients during remission possess memory-like characteristics, in
parallel to ml-ILC2s defined in mice models.

Discussion
Previously, leukocytes likemacrophages, NK cells and ILC2s, etc., have
been reported to acquire a long-lasting memory-like property, termed
“trained immunity”11. NK cells acquire memory characteristics after
being activated by cytomegalovirus or cytokines, including IL-12, IL-15
and IL-18, suggesting NK cell memory can be antigen-specific or
antigen-non-specific. The antigen-specific memory of NK cells is
dependent on the Ly49H receptor, which capacitate NK cells to
recognize viral antigens48. But ILC2 memory has been described as
antigen non-specific in several recent studies. Previous study14 indi-
cates that ST2+ ILC2s activated by intranasal papain or IL-33 persist in
lungs and draining mediastinal LN, and respond more vigorously than
naive ILC2s to a secondary stimulation, evidenced by BrdU-labeling
and type 2 cytokines secretion. Also, lung ST2+ ILC2s, preactivated by
the fungal allergen Aspergillus oryzae protease, significantly elevate
and produce an incredible amount of IL-5 and IL-13 followedby a single
intranasal challenge of another allergen papain, suggesting these lung-
resident memory ST2+ ILC2s are allergen non-specific14. Based on two
models of our study, increasedTh2s and several ILC2 subsets including
ST2+ ILC2s, ST2–KLRG1+IL-17RB+ and ST2–KLRG1+IL-17RB–were found in
HDM (Der p 1)-challenged lungs. However, only ST2–KLRG1+IL-17RB+

Fig. 4 | siLP-derived ST2–KLRG1+IL-17RB+ ILC2s mediated asthmatic
responses independent of adaptive immune cells. AWT or Rag1–/– mice were
stimulated with HDM, and anti-KLRG-1 mAb or isotype IgG were administered
intraperitoneally as indicated. B The percentage and the number of CD45+

lineage–CD90.2+NK1.1–NKp46–GATA3+ST2–KLRG1+IL-17RB+ ILC2s in lungs were
analyzed on day 24. C Pulmonary IL-13 was detected by ELISA.D Airway resistance
was measured under stimulation of methacholine. E Pulmonary histological
changes were observed by hematoxylin-eosin staining. Magnification: ×200, scale
bar = 100 μm. F Rag1–/– mice were stimulated with HDM, and CD45+lineage–

CD90.2+ST2–KLRG1+IL-17RB+ ILC2swere sorted from siLP onD30. In vitro culturing
cells were treated with anti-KLRG1 mAb or isotype control, and then adoptively
transferred into untreated ILC2 depleted (anti-CD90.2 mAb or isotype control)
Rag1–/– mice via tail vein (5 × 105 cells/mouse). Recipient mice were intranasally

treated (i.n.) with 25μg HDM or 500 ng recombinant IL-25 for 3 consecutive days.
G The percentage and the number of CD45+lineage–CD90.2+NK1.1–NKp46–GATA3+

ST2–KLRG1+IL-17RB+ ILC2s in lungs. H, I IL-13 level in lungs homogenates H and
airway resistance I was measured. J Pulmonary histological changes were ana-
lyzed. Magnification: ×200, scale bar = 100μm. Results are representative of three
independent experiments. Data was shown as Means ± SD. n = 6 in all panels
except for n = 3 in D and I. Statistical comparison was conducted using unpaired,
two-sidedWelch’s t test, except in (D) and (I) using unpaired two-way ANOVAwith
the Bonferroni posttest to analyze dose response to methacholine. p values are
shown on the graphs. Source data are provided as a Source Data file. Fig. 4F
Created with BioRender.com released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license https://creativecommons.org/
licenses/by-nc-nd/4.0/deed.en.
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ml-ILC2s accumulated and persisted in distal siLP after asthma reso-
lution whereas Th2s and other ILC2s all decreased. And this particular
subset ofml-ILC2s accumulated in siLP during remission phase remain
positive for intracellular IL-13. Another airway exposure to HDM or IL-
25 resulted in prominently expanded ST2–KLRG1+IL-17RB+ ml-ILC2s in
lungs alongside with aggravated asthmatic reponses, raising the pos-
sibility that ST2–KLRG1+IL-17RB+ ml-ILC2s might play a key role in

orchestrating asthma relapse. Furthermore, airway administration of
BrdU resulted in the persistence of BrdU+ ml-ILC2s as long as 90 days
(60 days observed on the airway treatment-only HDMmice model) in
siLP, indicating that ST2–KLRG1+IL-17RB+ ml-ILC2s acquire longevity,
which is one of the characteristics of memory immune cells. Besides,
in vitro experiments indicate that sorted siLP ml-ILC2s retain high-
potential of proliferation and expansionuponexposure to IL-25 and IL-
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33. Notably, this ILC2 subset tends to produce IL-13 rather than IL-5
upon challenge, but the underlying mechanism remains to be
investigated.

Generally, CD45RA– memory T cells are divided into CCR7–

effectormemory T cells (Tem) and CCR7+ central-memory T cells (Tcm):
the former subsets recirculate and rapidly enter peripheral tissues to
mediate inflammatory responses upon another infection while the
latter travel to secondary lymphoid organs after infection regressed
and can stimulate dendritic cells, B cells and generate a great number
of effector cells upon secondary stimulation49. Previously, KLRG1hi

iILC2s have been demonstrated to possess migrating property from
intestine to lungs during N. brasiliensis infection19,20. The source of the
iILC2s migrating to lungs to expulse N. brasiliensis is pre-perturbated
small intestine (SI), which distinct fromthe secondary lymphoid tissue-
homing, recirculation and subsequent inflamed site-targeting migra-
tion processes of memory T cells. Martinez-Gonzalez, I. et al. also
reported that ILC2s elevated in the blood and in the liver weeks after
activation14. naive ILC2s and ST2+ memory ILC2s previously reported
are tissue-resident14,16,50,51. In our study, observation of kinetic changes
and parabiosis study indicated that ST2–KLRG1+IL-17RB+ ml-ILC2s
firstly proliferated in airway upon allergen exposure, but subse-
quently move to peripheral circulation and finally accumulated in siLP
in asthma remission. It is intriguing as they are circulating cells, which
distinct from those lung-resident memory ST2+ ILC2s as previously
reported14,16. In addition, adoptive transfer experiments suggested that
the large number of ml-ILC2s in lungs upon secondary allergen expo-
sure derived from the cells reside in siLP in asthma remission, which
resembles the infected tissue-homing capability of memory T cells.
Furthermore, in vivo imaging showed that ml-ILC2s injected into mice
upon asthma attack accumulated in lungs whereas those injected into
mice during remission were found primarily in SI. In addition, intra-
nasal administration of BrdU during HDM stimulation gave rise to
elevated BrdU+ ml-ILC2s in siLP. These data indicated a siLP-homing
process of ml-ILC2s after asthma resolution, similar to the secondary
lymphoid tissue-homing property of memory T cells.

Collectively, allergen-primed ST2–KLRG1+IL-17RB+ ml-ILC2s are
memory immune cells endowed with many of the immunological
memory characteristics like memory T cells, among which in vivo
migrating capability between lungs and intestine ofml-ILC2s in asthma
development is firstly reported in this study. And these data highlight
an immune memory cell-like tissue-homing, recirculation, and
inflamed site-targeting characteristic of ST2–KLRG1+IL-17RB+ ml-ILC2s
during asthma, which distinct from the intestine-lung migration of
iILC2s along with the process of helminth intrusion. Critically, we also
found that CD45+lineage–CRTH2+CD127+GATA3+ST2–KLRG1+IL-17RB+

ILC2s remain higher in peripheral blood of clinical asthmatic patients
even they were asymptomatic in remission phase. These human
ST2–KLRG1+IL-17RB+ ILC2s also possessed memory-like features like
strong proliferation and IL-13-producing capabilities, in parallel with
mice ml-ILC2s we found in experimental models.

Previously studies have shown that ILC2 activation induced by
papain can mediate T cell-independent acute allergic inflammation in
Rag-deficient mice, and RAR-related orphan receptor alpha (Rora)sg/sg

BMT mice deficient for ILC2s fail to develop inflammatory responses,
suggesting that ILC2s are pivotal in the generation of type 2
responses52,53. We investigated whether ST2–KLRG1+IL-17RB+ ml-ILC2s
could induce asthmatic responses independent of adaptive immune
cells and pre-existing ILC2s by transferring siLP-derived ml-ILC2s into
naive Rag1–/– mice pre-treated with anti-CD90.2 and performing
intranasal administration of HDM or recombinant IL-25. Results
showed that direct allergen stimulation without pre-sensitization
resulted in further-expanded ml-ILC2s in lungs, and asthmatic
responses including higher IL-13 level andworsenAHR. In addition,ml-
ILC2s isolated from siLP of HDM-primed Rag1–/– mice led to similar
changes inmice received IL-25, indicating thatml-ILC2smediate type 2
inflammatory responses in an allergen non-specific manner.

Following infection clearance, effector T cells are acknowledged
to undergo a contraction phase, and those survivors (Tmem) obtain
unique self-renewal property and the ability to recall effector functions
upon another specific stimulation54,55. BrdU-labeling experiments
suggested that ST2–KLRG1+IL-17RB+ ml-ILC2s persisted for a long time,
indicating these ml-ILC2s survive from contraction. But the molecular
basis of ILC2 contraction is largely unknown. Generally, the exhaustion
of T cells is mainly dominated by negative regulatory pathways
including cell surface inhibitory receptors like PD-1, soluble cytokines
like IL-10, and immunoregulatory Treg cells, etc

56. Interestingly, KLRG1,
expressed on NK cells and antigen-experienced T cells, is also an
inhibitory receptor similar to PD-157. Since our data and previous
studies19,20,58 observed that certain subset of ILC2s express KLRG1, it is
legitimate that KLRG1 pathway might be responsible for ILC2 con-
traction. Huang, et al. found that KLRG1hi ILC2s (iILC2s) were inflam-
matory cells against helminth infection, whereas our data suggested
that ST2–KLRG1+IL-17RB+ ml-ILC2s possessed memory and in vivo
migrating properties in asthma development. Furthermore, KLRG1
neutralization by antibody blockade in vivo or in vitro followed by
adoptive transfer into naiveRag1–/–miceprominently inhibit asthmatic
changes. These data indicated that KLRG1 neutralization reversed the
potency of ml-ILC2s mediating allergic inflammation relapse. Previous
study indicates that PD-1 signaling disruptionmarkedly promotes ILC2
in number and the anti-helminth effector function, suggesting PD-1 as
an inhibitory factor of ILC2s36. Our study showed that mRNA level of
Pdcd1 (encoding PD-1) remained low in both mice and human
ST2–KLRG1+IL-17RB+ ILC2s, indicating a different role of PD-1 and
KLRG1 in ml-ILC2s development. In addition, IL-17RB might play a role
contributing to the high responsiveness of ml-ILC2s. Martinez-
Gonzalez et al. speculated that allergen-experienced ST2+Thy1+ILC2s
respond more vigorously than naive ILC2s because they expressed
high levels of IL-17RB, and IL-25 and IL-33 both can activate them11. We
found that ST2–KLRG1+IL-17RB+ ml-ILC2s could be induced by IL-25,
and the combination of IL-25 and IL-33 further increased ml-ILC2s

Fig. 5 | ST2–KLRG1+IL-17RB+ ILC2s in siLP of mice in asthma remission were
endowed with memory-like characteristics. A Flow chart of asthma mice model
establishment and sample collection.B, COn days 21 to 23, BrdU (0.8mg/mice) was
given intranasally. At indicated time points, single-cell suspensionwas prepared and
subjected to flow cytometry analysis; Dynamic changes of the percentage B and
numbersCofCD45+lineage–CD90.2+GATA3+ST2–KLRG1+IL-17RB+ ILC2s in siLP.DThe
proportions of BrdU+ST2–KLRG1+IL-17RB+ ILC2s in siLP of HDM-challenged mice
were analyzed by flow cytometry. A control histogram (shaded in blue) was gener-
ated using cells from ctrl mice stained with BrdU. E During asthma remission (AR)
(day 30) of the i.p. HDM sensitization model, three ILC2 subsets including KLRG1–,
KLRG1+IL-17RB+ and KLRG1+IL-17RB+ (marked as AR-KLRG1–, AR-KLRG1+IL-17RB+ and
AR-KLRG1+IL-17RB+) were purified from the total CD45+lineage–CD90.2+ST2– cells
from siLP. Besides, ST2–KLRG1+IL-17RB+ ILC2s (marked as naive-KLRG1+IL-17RB+

ILC2s) were sorted from siLP of untreated WT mice. Cells were then cultured (5 ×

103/well) with 10 ng/mL IL-2 and 20 ng/mL IL-7, and treated with (alarmins + ) or
without (alarmins-) 200ng/mL IL-25 and 200ng/mL IL-33 every other day for
14 days. Subsequently, cells were collected for further analysis. (F-H) Ki-67+ per-
centage F, number (G) and fold changes H of expansion of cells were determined.
I Representative plots and statistical results (bar graph) showing the percentages of
IL-13+ and IL-5+ of these four ILC2 subsets after stimulation with PMA, ionomycin,
brefeldin A and monensin. Data are representative of four independent experi-
ments.Means ± SD;n = 5 for the naive-KLRG1+IL-17RB+ group, andn= 9 for theother
groups. B, C statistical comparisons were performed using unpaired, two-sided
Welch’s t test. F–I unpaired two-way ANOVA with the Bonferroni posttest analysis
was performed. p values are shown on the graphs. Source data are provided as a
Source Data file. Fig. 5E Created with BioRender.com released under a Creative
Commons Attribution-NonCommercial-NoDerivs 4.0 International license https://
creativecommons.org/licenses/by-nc-nd/4.0/deed.en.
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(Fig. S3), similar to ST2+Thy1+ILC2s in lungs. However, ml-ILC2s are
ST2-negative and commonly they cannot be activated by IL-33. The
synergistic efficacy of IL-33 might be correlated with its binding with
RAGE andEGFR insteadof ST2 as reported24, but in-depth investigation
is needed in the future.

Although several studies have implicated ILC2 in memory or
trained immunity in context of allergic asthma, the molecular
mechanisms underlying remain largely unknown59. Constant exposure

to Alternaria allergen induces transcriptional and epigenetic repro-
gramming in lung ILC2s. Specifically, the balance between a gene
repression program involving Nr4a2, Zeb1, Bach2, and JunD and a
preparedness program involving Fhl2, FosB, Stat6, Srebf2, and MMP7
contributes to the development of memory ICOS+ST2+ ILC2s16. The
transcription factor Maf knocked-down ILC2s downregulated several
genes involved in T cellmemory, indicating an important role ofMaf in
trained immunity of ILC247. In contrast, our data showed that
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ST2–KLRG1+IL-17RB+ml-ILC2s in siLP displayed increased expression of
two transcriptional factors Tcf7 and Tox. As a downstream transcrip-
tional factor of Wnt-β-catenin signaling pathway, TCF-1 (encoded by
Tcf7) is induced by NOTCH signaling and plays a pivotal role in T cell
development, differentiation and memory formation60,61. Exhausted
T cells expressing TCF-1 endowed with self-renewing capability and
were indispensable for the long-term maintenance of persistent
immune responses62,63. Adoptive transfer of TCF-1+ exhausted T cells
rapidly repopulated and induced T cell responses in chronic virus
infections and tumors, whereas no similar capabilities were foundwith
their TCF-1– counterparts62,64. It is widely held that TOX is a key reg-
ulator of T cell exhaustion, but growing evidence suggests this tran-
scription factor is also crucial for T cell memory. Adoptive transfer of
retroviral transduction-induced TOX-overexpression significantly
enhanced the persistence of lymphocytic choriomeningitis virus
(LCMV)-infected CD8+ T cells. Meanwhile, Tox deficiency led to a
substantial reduction of CD8+ T cells40. TOX is also reported as a uni-
versal regulator of memory development of CD8+ T cells against
chronic virus like cytomegalovirus (CMV), Epstein-Barr virus (EBV) and
human immunodeficiency virus (HIV)41. Sekine and colleagues41 also
indicated that TOX was expressed primarily in effector memory CD8+

T cells, whereas TCF-1 was expressed primarily in naive and early-
differentiated memory CD8+ T cells. In our study, both mice and
human memory-like ST2–KLRG1+IL-17RB+ ILC2s in asthma remission
express high mRNA levels of Tcf7 and Tox, suggesting both TCF-1 and
TOX signaling are required for memory development of ml-ILC2s
during asthma relief. Furthermore, expression levels of several genes
involved in leukocyte migration including Ccr9, S1pr1 and integrin
alpha 4 (Itga4) were elevated in ml-ILC2s comparing to the other two
subsets, suggesting a trafficking rather than tissue-resident tendency
of ml-ILC2s (Fig. S12B). ST2–KLRG1+IL-17RB+ ml-ILC2s also displayed
increased expression of genes associated with ILC2 identity and acti-
vation, including Il1rl1 (encoding the IL-33 receptor), Il2ra, Il7r, Icos and
Il13. In addition, this ILC2 subset expressed high levels of Gata3 and
Rora, but nomarked differencewas identified in the other two subsets
(Fig. S12C). Mouse inflammatory ILC2s (iILC2s) are reported to be
capable tomigrate in vivo and potent to expulse helminth infections20.
These ILC2s express high levels of KLRG1 and IL-17RB, in line with our
ST2–KLRG1+IL-17RB+ ml-ILC2s distinguished in asthma progress. How-
ever, mouse iILC2s are also characterized with remarkably decreased
levels of intracellular arginase 1 (ARG1), and their activation depend on
high expression levels of basic leucine zipper ATF-like transcription

factor (BATF)19,65,66. In contrast, mRNA levels of Arg1 and Batf of
ST2–KLRG1+IL-17RB+ ml-ILC2s in siLP of asthma remission did not show
similar variation characteristics (Fig. S12A), suggesting an exclusive
role of ml-ILC2s in asthma relapse.

To summarize, we have demonstrated in detail that mice
ST2–KLRG1+IL-17RB+ ml-ILC2s generated in airway can migrate to and
persistent primarily in distal siLP in asthma remission.Moreover, these
ml-ILC2s are endowed with memory-like characteristics including
longevity, strong potential of proliferation and expansion and IL-13-
producing capability upon allergen or alarmins challenges (Fig. S16).
Critically, human CD45+lineage–CRTH2+CD127+GATA3+ST2–KLRG1+IL-
17RB+ ILC2s are identical tomiceml-ILC2s inmemory-like features and
transcriptional hallmarks. Thus, ml-ILC2s mediate a de facto innate
immune memory, which might be an explanation of why some indi-
viduals suffer from severe asthma relapse without being exposed to
previously determined allergens. More interestingly, the in vivo traf-
ficking property ofml-ILC2s in different phases of asthma expands our
understanding of the gut-lung axis, which has so far focused on
microbe-derived components or metabolites like short-chain fatty
acids67. Our findings on ILC2 memory and migration properties high-
light the pivotal role of innate immunological memory during asthma
development, and hold great potential for future therapies targeting
ml-ILC2s in remission phase instead of restraining inflammatory
responses upon asthma attack. However, in-depth investigations need
to be applied to investigate the mechanistic roles of TCF and TOX
contributing to the memory development of ml-ILC2s in asthma.
Besides, more experiments need to be applied to determine whether
ml-ILC2s contribute to the relapseof other allergic diseases like rhinitis
and whether siLP serves as a shared site for ml-ILC2s to reside.

Methods
Study approval
All animal studies were approved by the Animal Care and Use Com-
mittee of Nanjing University of Chinese Medicine, and strictly per-
formed according to the Guide for the Care and Use of Laboratory
Animals. All human experimental procedures were reviewed and
approved by the Ethical Committee of Nanjing Hospital of Chinese
Medicine (KY2019039).

Animals
Mice were maintained under specific pathogen-free conditions with
food and water ad libitum in the Laboratory Animal Center at Nanjing

Fig. 6 | Tcf7 and Tox are essential for memory-like function development of
ST2–KLRG1+IL-17RB+ ml-ILC2s. A In asthma remission, KLRG1–, KLRG1+IL-17RB–,
KLRG1+IL-17RB+ subsets (marked as AR-KLRG1–, AR-KLRG1+IL-17RB– and AR-
KLRG1+IL-17RB+) in total CD45+lineage–CD90.2+ST2– ILC2s in siLP were sorted.
KLRG1+IL-17RB+ ILC2 (marked as naive-KLRG1+IL-17RB+) were isolated from siLP of
naive WT mice (5 ~ 7 × 105 for every subset, purity > 98%). Total RNA was isolated,
and qRT-PCR was performed. Heat map of mRNA expression values of selected
genes (see Fig. S12). n = 6 for AR-KLRG1–ILC2, AR-KLRG1+IL-17RB– ILC2 and AR-
KLRG1+IL-17RB+ ILC2, n = 3 for naive-KLRG1+IL-17RB+ ILC2. B–F Sorted
CD45+lineage–CD90.2+NK1.1–NKp46–ST2–KLRG1+IL-17RB+ml-ILC2swere transfected
with siRNAs targeting Tcf7 or Tox (siTcf7 or siTox) or negative control (Negative
Ctrl). Togetherwith AR-KLRG1–, AR-KLRG1+IL-17RB– andnaive-KLRG1+IL-17RB+ ILC2s
(5 ± 103 per well), a combination of 200ng/mL IL-25 and 200ng/mL IL-33 were
added every two days with IL-2 and IL-7 for 8 days. Knockdown efficiency of Tcf7 or
Tox was confirmed (see Fig. S13A–D). B Cell expansion was calculated relative to
day 0. C Protein levels of IL-13 in culture medium were detected by ELISA. n = 8 for
ml-ILC2 Ctrl, ml-ILC2 Negative Ctrl, ml-ILC2 siTcf7 and ml-ILC2 siTox, n = 5 for AR-
KLRG1–ILC2,AR-KLRG1+IL-17RB– ILC2andnaive-KLRG1+IL-17RB+ ILC2.DHeatmapof
mRNA expression values of selected genes (see Fig. S14). n = 3. Expression of
E CCR9 and F S1PR1 of all cells in each group were detected with flow cytometry.
n = 3. G Flow chart of asthma mice model, BrdU administration, RNA interference
and sample collection. On days 7–11, BrdU (0.8mg/mice) was given intranasally
daily. Rag1–/– mice (n = 5) were injected with Ambion in vivo si-negative control or

indicated siRNAs on days 12–18, and were intranasally treated with 25μg HDM on
days 72-74. The percentage of BrdU+ in ST2–KLRG1+IL-17RB+ILC2s inH siLP onday 71
and in (I) lungs on day 75weredetectedwith flow cytometry. J Flow chart of asthma
mice model, adoptive transfer, RNA interference, and sample collection. Rag1–/–

mice were exposed with HDM and rested till AHR vanished as described in Fig. S2.
Mice were injected with Ambion in vivo si-negative control, siTcf7 or siTox on days
16-18, and were intranasally treated with 25μg HDM on days 19–21. For the groups
of in vivo siTcf7+ml-ILC2AT+HDMand in vivo siTox+ml-ILC2 AT +HDM,micewere
injected (i.v.) with 5 × 105 ml-ILC2s precultured with transfection of si-negative
control on day 19 beforeHDM treatment; For the groups of in vivo siTcf7+siTcf7-ml-
ILC2 AT+HDM and in vivo siTox+siTox-ml-ILC2 AT+HDM,mice were injected (i.v.)
with 5 × 105ml-ILC2spreculturedwith transfection of siRNAs onday 19 beforeHDM
treatment. Twenty-four hours after the last HDM treatment, K airway resistance
(n = 3) and L IL-13 level in lung homogenates were measured (n = 6).M Pulmonary
histological changes were analyzed (n = 6). Magnification: ×200, scale bar = 100
μm. Data was shown as Means ± SD. Results are representative of three indepen-
dent experiments. Statistical comparison was conducted using unpaired one-way
ANOVA with Dunnett’s test, except in (B) and (K) using unpaired two-way ANOVA
with the Bonferroni posttest. p values are shown on the graphs. Source data are
provided as a Source Data file. Fig. 6G, J Created with BioRender.com released
under a Creative Commons Attribution-NonCommercial-NoDerivs 4.0 Interna-
tional license https://creativecommons.org/licenses/by-nc-nd/4.0/deed.en.
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University of Chinese Medicine. The cages were kept at a temperature
of 23 ± 3 °C, a humidity of 50 ± 10%, and a 12 h/12 h dark light cycle.
C57BL/6 J (WT) mice were purchased from Shanghai SLAC Laboratory
Animal Co. Ltd. B6/JGpt-Rag1em1Cd/Gpt (Rag1–/–) mice were purchased
from GemPharmatech Co. Ltd (Strain#T004753). B6.SJL-Ptprca Pepcb/
BoyJ (B6.SJL-CD45.1) mice were purchased from The Jackson Labora-
tory (Strain#002014).Miceofboth sex (6-12weeks old)were randomly
assigned to groups in all experiments.

Human participants
A total of 18 asymptomatic, non-smoking participants with allergic
asthma history and 11 healthy volunteers were recruited to the study.
Specifically, asthmatic participants were all at remission stage, defined
as no wheezing episode for at least more than 50 days. All relevant
ethical regulations for work with human donors were complied with,
and informed consent was obtained from all participants. See demo-
graphics details in Supplementary Data 1.
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HDM sensitization and challenges
A 24-day HDM-induced asthma model (hereinafter referred as the i.p.
HDM sensitization model) was established as described previously68.
Briefly, mice were given intraperitoneal injection (i.p.) of 50μg HDM
(#B82; Stallergenes Greer) for three times on days 0, 7, and 14, fol-
lowed by 3 consecutive intranasal challenges (i.n.) of 25μg HDM to
elicit asthmatic responses on days 21–23. To elicit asthma recurrence,
model mice rested from AHR were re-exposed to 25μg HDM on days
31-33. For another 12-day asthmamodel (hereinafter referred as the i.n.
HDM sensitization model)69, mice were sensitized with 60μg HDM
(i.n.) on day 0, followed by 5-time challenges with 60μg HDM (i.n.) on
days 7–11. Mice were euthanized by overdose of isoflurane and sam-
ples were collected at indicated time points. To collect BALF, the tra-
chea was exposed and cannulated with 20G catheter. 0.8mL 1× PBS at
4 °Cwas gently infused followed by extraction, and this procedurewas
repeated 3 times. Total recovered volume was ~2.5–2.7mL/mouse. In
the experiments with cytokine quantification and histology observa-
tion, left lung lobes were ligated, and only right lung lobes were
infused with 0.5mL 1× pre-cold PBS for 3 times. The BALF was then
centrifuged at 1500RPM for 10minutes at 4 °C. The supernatant was
discarded, and remaining cell pellets were resuspended with 1mL 1×
PBS (4 °C). Total cells counting was performed on Countstar (Alit
Biotech). For cytology investigation, cells were stained with Wright-
Giemsa Staining Solution (#C0131-500mL; Beyotime), and eosinophils,
neutrophils, macrophages and lymphocytes were enumerated and
analyzed with hemocytometers.

Measurement of airway responsiveness
Under anesthesia by isoflurane, airway resistance of mice was mea-
sured post trachea intubation under the exposure of increasing doses
of aerosolizedmethacholine (#1396364; Sigma-Aldrich) at 0, 6.25, 12.5,
25, 50mg/mL diluted in PBS. Data was collected from Buxco Pul-
monary FunctionTest (DSI). Before administrationof the next doses of
methacholine, resistance was ensured to return to baseline. Airway
resistance under each dose of methacholine was calculated using 20
measurements.

Preparation of cell suspensions
Human and mice PBMCs were enriched from peripheral blood by a
Percoll (#FMS-FL01; FCMACS) gradient centrifugation at 800× g for
20min. LNs were harvested and single-cell suspensions were obtained
through 70μm-cell strainers. SI were opened longitudinally, and
washed twice with ice cold PBS for removing the contents. Peyer’s
patches were removed and tissues were mechanically disrupted into
small pieces, and then incubated at 37 °C for 50min in PBS containing
5mM EDTA to dissociate intraepithelial leukocytes. The remained
fragments were washed twice with ice-cold PBS and then incubated at

for 55min with Liberase TM (200μg/mL) (#5401127001; Sigma-
Aldrich) plus DNase I (10μg/mL) (#10104159001; Sigma-Aldrich). For
isolation of cells from lungs and trachea, tissues were disrupted by
scissors, then were digested for 35min at 37 °C in an enzyme mix
composed of Liberase TM plus DNase I. Single-cell suspension was
then yielded by straining digested tissues, followed by ACK solution
(#FMS-RBC100; FCMACS) treatment. Leukocytes were washed and
further enriched by a Percoll gradient centrifugation before further
analysis.

Flow cytometry and cell sorting
To analyze mice ILC2s, different combinations of antibodies against
lineage markers (CD3ε, clone 145-2C11, Ly-6G/Ly-6C, clone RB6-8C5,
CD11b, clone M1/70, CD45R/B220, clone RA3-6B2, TER-119/Erythroid
cells, clone Ter-119; #133302; BioLegend; 1:200), CD45 (clone 30-F11;
#25-0451-82; eBioscience; 1:500), CD90.2/Thy1.2 (clone 53-2.1; #64-
0902-82; eBioscience; 1:500), NK1.1 (clone PK136; #414-5941-82;
eBioscience; 1:500), NKp46/CD335 (clone 29A1.4; #48-3351-82;
eBioscience; 1:500), CD4 (clone RM4-5; #Q22165; eBioscience; 1:500),
IL-33R/ST2 (clone RMST2-2; #63-9335-82; eBioscience; 1:200), GATA3
(clone TWAJ; #56-9966-42; eBioscience; 1:100), Rorγt (clone B2D; #61-
6981-82; eBioscience; 1:100), KLRG1 (clone 2F1; #46-5893-80;
eBioscience; 1:200), IL-17RB (cloneMUNC33; #50-7361-82; eBioscience;
1:200), CD199/CCR9 (clone CW-1.2; #48-1991-82; eBioscience; 1:500),
CD363/S1PR1 (clone SW4GYPP; #50-3639-42; eBioscience; 1:500),
integrinα4β7 (clone DATK-32; #12-5887-82; eBioscience; 1:500), CD45.1
(clone A20; #48-0453-82; eBioscience; 1:500), Ki-67 (clone SolA15; #46-
5698-82; eBioscience; 1:500), IL-4 (clone 11B11; # 25-7041-82;
eBioscience; 1:200), IL-5 (cloneTRFK5; #12-7052-81; eBioscience; 1:200),
IL-13 (clone eBio13A; #47-7133-80; eBioscience; 1:200), TCF-1 (clone
C.725.7; #MA5-14965; invitrogen; 1:200) and TOX (clone TXRX10; #12-
6502-82; Invitrogen; 1:200) or corresponding control isotypes were
applied depending on the experiment. Cells were blocked with FcR
Blocking Reagent (#130-092-575, Miltenyi Biotec), followed by 30min
of staining with antibodies and with LIVE/DEAD Fixable aqua at 4 °C.
Total mice ILC2s are identified as live CD45+lineage–CD90.2+NK1.1–

NKp46–GATA3+, and memory-like ILC2s (ml-ILC2s) are gated as
CD45+lineage–CD90.2+NK1.1–NKp46–GATA3+ST2–KLRG1+IL-17RB+. For
intracellular analysis, cells were treatedwith 1×Cell StimulationCocktail
(plus protein transport inhibitors) (#00-4975-93; eBioscience) and the
Foxp3/Transcription Factor Staining Buffer Set (#00-5523-00;
eBioscience) according to the manufacturer’s instructions before anti-
body staining. To analyze human ILC2s, antibodies against CD45 (clone
HI30; #MHCD4512; Invitrogen; 1:500), lineagemarkers (CD2, cloneRPA-
2.10, CD3, cloneOKT3,CD14, clone61D3,CD16, cloneCB16, CD19, clone
HIB19, CD56, clone TULY56, and CD235a, clone HIR2; #22-7778-72;
eBioscience; 1:250), CRTH2 (clone BM16; #12-2949-41; eBioscience;

Fig. 7 | CD45+lineage–CRTH2+CD127+GATA3+ST2–KLRG1+IL-17RB+ ILC2s in per-
ipheral blood of asymptomatic asthmatic patients are identical to mice ml-
ILC2s. Flow cytometry was performed to analyze CD45+lineage–CRTH2+CD127+

GATA3+ST2–KLRG1+IL-17RB+ ILC2s in PBMCs purified from asthmatic patients dur-
ing remission phase (all rested for 50 days or longer) and healthy donors. A Gating
strategy, B statistical plots, C IL-13+ percentage andMFI andD IL-5+ percentage and
MFI of CD45+lineage–CRTH2+CD127+GATA3+ST2–KLRG1+IL-17RB+ ILC2s. E KLRG1–,
KLRG1+IL-17RB– and KLRG1+IL-17RB+ subsets were purified from the total CD45+

lineage–CRTH2+CD127+ST2– ILC2s in PBMC of 6 asymptomatic asthmatic patients
(marked as A-KLRG1–, A-KLRG1+IL-17RB– and A-KLRG1+IL-17RB+). KLRG1+IL-17RB+

subsets were sorted from total ILC2s in PBMC of 3 healthy donors (marked as
H-KLRG1+IL-17RB+). Cells were then cultured (5 × 103/well) with 10 ng/mL IL-2 and
20ng/mL IL-7, and treated with (alarmins+) or without (alarmins−) 200ng/mL
recombinant human IL-17E/IL-25 and 200ng/mL recombinant human IL-33 every
other day for 21 days. Subsequently, cells were collected for further analysis. F Ki-
67+ percentage, G absolute number and H fold changes of expansion of cells were
determined. Representative plots and statistical results (bar graph) showing the

percentages of I IL-13+ and J IL-5+ of three ILC2 subsets after stimulation with PMA,
ionomycin, brefeldin A andmonensin. KLRG1–, KLRG1+IL-17RB– and KLRG1+IL-17RB+

subsets in total CD45+lineage–CRTH2+CD127+ST2– ILC2s in PBMC of asymptomatic
asthmatic patients (marked as A-KLRG1–, A-KLRG1+IL-17RB– and A-KLRG1+IL-17RB+)
and KLRG1+IL-17RB+ subsets in total ILC2s in PBMC of healthy donors (marked as
H-KLRG1+IL-17RB+) were sorted (4.5 ~ 6.8 × 105 for every subset, purity > 98%).
K, L Total RNA was isolated, and qRT-PCR was performed. K Heat map of mRNA
expression values of selected genes. L Bar plots of mRNA expression values (rela-
tive to GAPDH) for genes significantly changed. Data was shown as Means ± SD.
n = 8 H and 15 A for (A–D). n = 11 (H) and 18 A for E–J. n = 6 (A-KLRG1–, A-KLRG1+IL-
17RB– and A-KLRG1+IL-17RB+) and 3 (H-KLRG1+IL-17RB+) for (K, L). Statistical com-
parisons were performed using unpaired, two-sided Welch’s t test for (B–D), and
unpaired one-way ANOVA with Dunnett’s test for (L). p values are shown on the
graphs. Source data are provided as a Source Data file. Fig. 7E Created with BioR-
ender.com released under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license https://creativecommons.org/licenses/by-nc-nd/
4.0/deed.en.
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1:500), CD127 (clone eBioRDR5; #15-1278-42; Invitrogen; 1:500), GATA3
(clone TWAJ; #48-9966-42; Invitrogen; 1:200), ST2 (clone hIL33Rcap;
#46-9338-42; Invitrogen; 1:200), KLRG1 (clone47-9488-41; #47-9488-41;
eBioscience; 1:200), IL-17RB (clone 170220; #FAB1207A; R&D systems;
1:200), IL-13 (clone 85BRD; #51-7136-42; Invitrogen; 1:200), IL-5 (clone
TRFK5; #48-7052-82; Invitrogen; 1:200), Ki-67 (clone SolA15; #53-5698-
82; Invitrogen; 1:500) and corresponding isotype controls were applied.
Samples were prepared as described inmice ILC2 analysis. Total human
ILC2s are defined as live CD45+lineage–CRTH2+CD127+GATA3+, and
human memory-like ILC2s are CD45+lineage–CRTH2+CD127+GATA3+

ST2–KLRG1+IL-17RB+ ILC2s. Cells were acquired on Cytoflex S (Beckman
Coulter) and analyzed with FlowJo v10.4 software (TreeStar).

Lineage-negative cells frommice bone marrow, spleen, lungs and
siLP were enriched with Lineage Cell Depletion kit (#130-090-858;
Miltenyi Biotec) according to the manufacturer’s instructions. To sort
ml-ILC2s and other ILC2 subsets, lineage-negative cells of asthmatic
mice in remission phase were magnetically enriched, and purified by
fluorescence-activated cell sorting on FACS Aria III cell sorter (BD
Bioscience).

In vitro cell culture
Mice CD45+Lineage-negative cells (3–5 × 105) were cultured in round-
bottom plates with irradiated PBMCs (25Gy, 1 × 106/mL) in complete
RPMI medium containing 10% FBS, 10 ng/mL IL-2 (#212-12; peprotech)
and 20 ng/mL IL-7 (#217-17; peprotech) for 30 days. For the source
confirmation of lung ml-ILC2s upon HDM recall, lineage–CD90.2+

NK1.1–NKp46–ST2–KLRG1+IL-17RB+ were re-sorted after expansion. For
the proliferation, expansion and cytokine production analysis,
KLRG1+IL-17RB+, KLRG1+IL-17RB– and KLRG1– subsets from total CD45+

lineage–CD90.2+NK1.1–NKp46–ST2– cells in siLP were purified and see-
ded in round-bottom culture wells (5 × 103/well). Combination of
alarmins including 200 ng/mL IL-25 (#7909-IL-010/CF; R&D Systems)
and 200 ng/mL IL-33 (#3626-ML-010/CF; R&D Systems) were added
every two days with IL-2 and IL-7 for 14 days before flow cytometry
analysis.

For the KLRG1 neutralization and adoptive experiment,
CD45+lineage–CD90.2+NK1.1–NKp46–ST2–KLRG1+IL-17RB+ ml-ILC2s were
sorted from siLP of Rag1–/– mice in asthma remission, and expanded
with 10ng/mL IL-2 and 20ng/mL IL-7. The culture was incubated with
0.75μg/mL anti-KLRG-1 (clone 2F1, #BE0201; BioXCell) or isotype IgG
(#BE0087; BioXCell) for 3 consecutive days before adoptive transfer.

Sort-purified human CD45+lineage–CRTH2+CD127+ILC2s were
expanded for 5 weeks with irradiated PBMCs (Co60, 25Gy, 2 × 106/mL)
in RPMI medium with 10% heat-inactivated FBS, 2mM glutamine, 100
IU/mL recombinant IL-2 and 100 IU/mL recombinant IL-7 (Cat#200-02
and Cat#200-07; Peprotech) in Ultra-Low Attachment flasks (Corning).
Afterwards, CD45+lineage–CRTH2+CD127+ST2–KLRG1+IL-17RB+, CD45+

lineage–CRTH2+CD127+ST2–KLRG1+IL-17RB– and CD45+lineage–CRTH2+

CD127+ST2–KLRG1– subsets from culture cells were re-sorted, and then
seeded in 96-well round-bottomplates at the density of 5 × 103 cells per
well. A combination of 200ng/mL IL-17E/IL-25 (Cat#200-24; Pepro-
tech) and 200ng/mL IL-33 (#3625-IL-010/CF; R&D Systems) were
added every two days with IL-2 and IL-7 for 21 days, followed by flow
cytometry analysis.

RNA interference
In vitro, 6 pmol Silencer Select siTcf7, siTox (#4390771; invitrogen) or
Silencer Select Negative Control #1 siRNA (#4390843; invitrogen) in
100μL of Opti-MEM was mixed with 1μL Lipofectamine RNAiMAX
(#13778150; invitrogen), and incubated for 20min at room tempera-
ture. Culturedml-ILC2s (5 × 103 in 500μL RPMImedium per well) were
added in. Combination of 200ng/mL IL-17E/IL-25 (Cat#200-24;
Peprotech) and 200ng/mL IL-33 (#3625-IL-010/CF; R&DSystems)were
added every 2 days with IL-2 and IL-7 for 8 days before further analysis.
For In vivo studies, 100μL of Ambion In Vivo siTcf7, siTox (#4457308;

invitrogen) or Ambion In Vivo Negative Control #1 siRNA (#4457287;
invitrogen) solution (1.2mg/mL) was mixed with 100μL of Invivo-
fectamine 3.0 Reagent (#IVF3001; invitrogen), and incubated for
30min at 50 °C. Dilute the complex by adding 1mL of PBS, and
injected into Rag1–/– mice in asthma remission (day 19 of the airway
stimulation model) via tail vein (10μL/g body weight). Mice were then
intranasally exposed to 25μg HDM once per day on days 19-21. Asth-
matic responses were evaluated 24 hours after the last HDM
stimulation.

Neutralization of KLRG1
For in vivo KLRG1neutralization,WTorRag1–/–micewere injectedwith
10mg/kg InVivoMAb anti-mouse KLRG-1 (clone 2F1, #BE0201; BioX-
Cell) or isotype IgG (#BE0087; BioXCell) intraperitoneally on day 0, 7,
14 and 21 of the i.p. HDM sensitization model. For adoptive transfer
experiments, CD45+lineage–CD90.2+NK1.1–NKp46–ST2–KLRG1+IL-17RB+

ml-ILC2s purified from siLP of asthmatic Rag1–/– mice were expanded
in vitro, followed by incubation with anti-KLRG-1 or isotype IgG.
Afterwards, cells were injected into T/B/ILC-deficient mice via tail vein
for further analysis.

Adoptive transfer
Sorted CD45+lineage–CD90.2+NK1.1–NKp46–ST2–KLRG1+IL-17RB+ ml-
ILC2s of expanded lineage-negative cells from bone marrow, spleen,
lungs or siLP of asthmatic CD45.1+ mice during mission phase were
injected into irradiated CD45.2+ mice (5 × 105 donor cells per mouse)
via tail vein. In the KLRG1 neutralization/adoptive transfer experiment,
naive Rag1–/– mice were treated with 200μg InVivoPlus anti-mouse
Thy1.2 (CD90.2) (clone30H12, #BP0066; BioXCell) to deplete ILCs or
isotype IgG2b (#BE0090; BioXCell) intraperitoneally on day 1, 3 and 5
prior to the injection (i.v.) of 5 × 105 ml-ILC2s with/without pretreat-
ment of siRNAs on indicated days. Afterwards, 25μg HDM or 500ng
recombinant IL-25 (#7909-IL-025; R&D Systems) was intranasally
administered to recipient mice every 24hours for 3 consecutive days,
followed by further analysis 24 hours after last administration.

Parabiosis
CD45.2+ WT mice were sublethally irradiated (Co60, 10Gy) and para-
biosed toCD45.1+miceof similar size as described previously70. Briefly,
each pair of mice cohabitated harmoniously were anesthesized, and
surgical areas on the opposite sides of two mice were thoroughly
shaved and further asepticized with betadine and alcohol. Incisions
weremade in the skin, and the elbow joints and knee joints of twomice
were anchored, followed by skin connection and sterile saline admin-
istration to prevent dehydration. Mice were then intramuscularly
administered with dezocine every 12 hours for 3 days to provide
analgesics. Water containing 106 U/liter polymyxin B sulfate and 1.1 g/L
neomycin sulfate were provided to parabiotic mice for 2 weeks post-
surgery. Establishment of HDM-induced asthmamodel was performed
on CD45.1+ mice 4 weeks after surgery.

Bromodeoxyuridine (BrdU) labeling
Ondays 21 to 23 of the i.p. HDM sensitizationmodel and days 7 to 11 of
the i.n. HDM sensitization model, mice were intranasally administered
with 0.8mg BrdU (#559619; BD Biosciences) dissolved in 30μL PBS.
On days 1, 30, 60, and 90 (i.p. HDM sensitization model) and 7 and 60
(i.n. HDM sensitization model) after the last intranasal exposure of
HDM, single-cell suspensions were prepared from siLP prior to flow
cytometry analysis.

Xenolight DiR imaging
Sorted 5 × 105miceml-ILC2s from siLP in 940μL PBSwere stainedwith
60μL of Xenolight DiR (#125964; PerkinElmer) at 5mM. After incu-
bation at 37 °C for 30min, cell pellet was washed twice and resus-
pended in PBS before adoptive transfer into mice at the stage of
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asthma attack or remission. For the mice in the remission + CCX282-B
group, HDM-induced asthmatic mice were treated with the selective
antagonist of CCR9 CCX282-B (50mg/kg, injected subcutaneously)
(#698394-73-9; AxonMedchem)or vehicle daily fromday24 today 30,
followed by ml-ILC2s transfer. Mice in the remission + Etrolizumab
group were treated with the anti-α4β7 monoclonal antibody Etrolizu-
mab (injected via tail vein, 5mg/kg) (#1044758-60-2; MedChemEx-
press) on days 24, 26, 28, and 30. And for the relapse groups, mice
during remissionphaseof asthma receivedml-ILC2s transfer, andwere
injected intravenously with FTY720 (1mg/kg) (#HY-12005; Med-
ChemExpress) or vehicle for 2 times along with the intranasal admin-
istration of HDM (50μg) once per hour concurrently. Two hours after
ml-ILC2s injection, mice in all groups were imaged ventrally with IVIS
optical imaging systems (PerkinElmer), and organs including lungs,
spleen, liver, SI and large intestine were then rapidly harvested for
ex vivo imaging. Filter set was 710 nm excitation and 760nm emission,
and images were acquired under the same scale setting.

Enzyme-linked immunosorbent assays (ELISA)
Mouse IL-4, IL-5, IL-13, IL-17A, IgE, CCL25, MAdCAM-1 and S1P con-
centrations in indicated samples were detected by performing ELISA
assays according to the manufacturers’ instructions (mouse IL-4, IL-5,
IL-13, IL-17A and IgE: #88-7044-86, #88-7054-86, #88-7137-88, # 88-
7371-86 and #88-50460-88; Invitrogen, mouse CCL25 and MAdCAM-1:
#DY481 and #DY2768; R&D systems and mouse S1P: #K-1900, Eche-
lon). Mouse IL-4, IL-5, IL-13 in lungs, and CCL25 and MAdCAM-1 in SI
homogenates were adjusted by the total protein level detected by BCA
protein assays.

Quantitative real-time reverse transcriptase PCR (qRT-PCR)
RNA was isolated from sorted mice or human ILC2s (5 ~ 7 × 105) using
the RNeasy Micro Kit (#74004; Qiagen) according to the manu-
facturer’s instructions. RNAwas synthesized into complementary DNA
with HiScript II 1st Strand cDNA Synthesis Kit (R211-01; Vazyme Bio-
tech) in the presence of RiboLock RNase inhibitor (#EO0381, Thermo
Fisher Scientific). qRT-PCR was performed with SYBR Green PCR
MasterMixwere used (#Q511-02; Vazyme Biotech) using ABI 7500 Fast
Real-Time PCR platform (Applied Biosystems). Quantification of rela-
tive gene expression was analyzed using 2−ΔΔCt, and normalized to
Gapdh/GAPDH. Primers used are listed in Supplementary Data 2.

Histology
Tissues were fixed in 4% paraformaldehyde and embedded in paraffin.
Sections at 6μmwere dewaxed and hydrated before hematoxylin and
eosin staining. Images were acquired by the Mantra system (Perki-
nElmer). Lung sliceswere scored for severity of airway inflammationby
a histopathologist in a blinded manner according to the following
scoring system: 0, normal; 0.5, verymild; 1, mild; 1.5,mild-moderate; 2,
moderate; 2.5, moderate-severe; 3, severe.

Statistics
No data were excluded from analysis. Statistical analysis was per-
formed with GraphPad Prism software version 9.5.0 (GraphPad). Data
are shown as mean ± SD. A p value ≤0.05 was considered statistically
significant. Unpaired, two-sided Welch’s t-test, unpaired one-way
analysis of variance (ANOVA) with Dunnett’s test or unpaired two-
way ANOVA with the Bonferroni posttest were used as indicated.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
This study does not include data deposited in external repositories. All
other data are available in the article and its Supplementary files or

from the corresponding author upon request. Source data are pro-
vided with this paper.
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