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Angiotensin Il enhances group 2 innate lymphoid cell
responses via ATla during airway inflammation
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Group 2 innate lymphoid cells (ILC2s) have emerged as critical mediators in driving allergic airway inflammation. Here, we
identified angiotensin (Ang) Il as a positive regulator of ILC2s. ILC2s expressed higher levels of the Ang Il receptor ATla, and

colocalized with lung epithelial cells expressing angiotensinogen. Administration of Ang Il significantly enhanced ILC2
responses both in vivo and in vitro, which were almost completely abrogated in ATla-deficient mice. Deletion of ATla or
pharmacological inhibition of the Ang II-AT1 axis resulted in a remarkable remission of airway inflammation. The regulation of
ILC2s by Ang Il was cell intrinsic and dependent on interleukin (IL)-33, and was associated with marked changes in
transcriptional profiling and up-regulation of ERK1/2 phosphorylation. Furthermore, higher levels of plasma Ang Il correlated
positively with the abundance of circulating ILC2s as well as disease severity in asthmatic patients. These observations reveal a
critical role for Ang Il in regulating ILC2 responses and airway inflammation.

Introduction

Allergic asthma is caused by repeated allergen exposure and
is one of the most common chronic inflammatory diseases
(Lambrecht and Hammad, 2015). Airway hyper-responsiveness
and airway remodeling are the major pathologies of this disease.
Type 2 T helper (Th2) cell-mediated B cell production of IgE and
recruitment of mast cells and eosinophils are considered to be
the dominant mechanisms of allergic asthma (Walker and
McKenzie, 2018).

Emerging evidence has demonstrated the importance of
group 2 innate lymphoid cells (ILC2s) in both initiating and
amplifying allergic airway inflammation (Klose and Artis, 2016).
Upon allergen challenge and helminth infection, lung epithelial
cells secrete certain alarmins, such as IL-33, IL-25, and thymic
stromal lymphopoietin, which activate ILC2s residing in the
lungs and trigger their secretion of the type 2 cytokines IL-5 and
IL-13 (Hardman et al., 2013; Oboki et al., 2010; von Moltke et al.,
2016). These cascades cause recruitment of eosinophils, goblet
cell hyperplasia, and activation of Th2, finally leading to allergic

airway inflammation (Oliphant et al., 2014). ILC2s are therefore
considered to be one of the major drivers of type 2 allergic in-
flammation. In contrast with the counterpart of Th2 cells in
adaptive immunity, ILC2s do not express antigen-specific re-
ceptors; their activation is immediate and does not involve an-
tigen presentation.

The mechanistic regulation of ILC2 has been extensively
studied. ILC2s express receptors, including those for certain
cytokines, lipid mediators, neurotransmitters, hormones, and
nutrients, which renders them highly responsive to a variety of
stimulators from the tissue microenvironment in a context-
dependent manner (Cardoso et al., 2017; Chu et al., 2020;
Klose et al., 2017; Nussbaum et al., 2013; Moriyama et al., 2018;
von Moltke et al., 2016; Wallrapp et al., 2017). ILC2s also express
receptors and ligands that mediate cell-cell interaction (Halim
et al.,, 2018; Rigas et al., 2017). Upon receiving tissue-derived
stimulation via particular receptors, ILC2s can be rapidly ei-
ther activated or suppressed, thereby shifting tissue homeostasis
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or triggering inflammation. Lung epithelial cell-derived soluble
factors play an important role in regulating ILC2 responses
during allergic airway inflammation (Hardman et al., 2013;
Yasuda et al., 2012; Schneider et al., 2018; von Moltke et al,,
2016). However, the molecular mechanisms underlying the
regulation of ILC2s by lung epithelium-derived peptides are
only partially understood.

Angiotensin (Ang) II, an effector hormone in the renin-Ang
system (RAS), plays a critical role in the maintenance of blood
pressure and electrolyte balance (Kumar et al., 2007; Stegbauer
etal., 2009). Therapeutic blocking of Ang II and its receptors is a
cornerstone in the treatment of hypertension (Christiansen and
Zuraw, 2019). Ang II exerts its functions via binding to Ang II
receptors, type 1 (AT1) and type 2 (AT2), eliciting a variety of
intracellular signaling cascades (Cortez-Retamozo et al., 2013;
Shepherd et al., 2018). In addition to systematic production of
Ang I1, local production of Ang II has been described in a variety
of tissues, which contributes to inflammatory responses and
tissue homeostasis such as pulmonary arterial hypertension,
autoimmune encephalomyelitis, and tumor metastasis (de Man
et al.,, 2012; Shen et al., 2020; Stegbauer et al., 2009). A single-
cell sequencing study showed that airway epithelial cells express
detectable levels of angiotensinogen (AGT) and Ang-converting
enzyme (ACE), the enzymes essential for the production of Ang
I, at steady-state (Plasschaert et al., 2018). Modulation of RAS
activity affected the severity of airway inflammation, although
conflicting results were obtained from different groups (Imai
et al., 2005; Ohwada et al., 2007; Tan et al., 2018). Previous
cohort studies have shown that patients with asthma displayed
a higher incidence of hypertension than nonasthmatic in-
dividuals. Meanwhile, patients with hypertension suffer from
more severe asthma (Christiansen et al., 2016; Christiansen and
Zuraw, 2019; Ferguson et al., 2014). Those studies prompted us
to explore the potential role of Ang II in ILC2-driven airway
inflammation.

In this study, it was found that Ang II synthesis was clearly
induced in lung epithelial cells upon allergen challenge. ILC2s
expressed the Ang II receptor ATla. We demonstrate that Ang II
promoted ILC2 responses in a cell-intrinsic and IL-33-dependent
manner. Deletion of ATla or pharmacological inhibition of the
Ang II-ATI axis markedly alleviated allergic airway inflamma-
tion. Asthmatic patients displayed higher levels of Ang Il in their
circulation than healthy individuals, which was positively cor-
related with ILC2 proportions. These observations provide novel
insights into the mechanism of ILC2 regulation during airway
inflammation.

Results

Enhanced RAS activity in lung epithelial cells upon

allergen exposure

To explore the potential role of Ang II in ILC2 responses, the
protease papain was used to induce allergic inflammation
(Halim et al., 2018; Lambrecht and Hammad, 2015; Oboki et al.,
2010). The expression of key components in the RAS system,
including AGT, renin, and ACE, was evaluated in lungs. The re-
sults showed that these enzymes were highly expressed in lung
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epithelial cells (CD45-EpCAM?") as compared with hematopoietic
cells (CD45*EpCAM-) under both steady-state (PBS groups) and
allergic inflammation (papain groups; Fig. 1 A and Fig. S1 A).
Moreover, significant up-regulation of RAS components was
observed in lung epithelium upon papain challenge; this was
also observed with 1133 (Fig. 1 A). Immunofluorescence (IF)
staining revealed an elevation of AGT-positive cells in lungs
after allergen challenge (Fig. S1 B). Importantly, we observed a
clear colocalization of AGT with epithelial cell adhesion molecule
(EpCAM) in lungs, which was significantly increased after pa-
pain administration (Fig. 1 B and Fig. S1 C). Pulmonary neuro-
endocrine cells represent specialized and rare lung epithelial
cells and were reported to amplify allergic asthma via regulating
ILC2 responses (Branchfield et al., 2016; Sui et al., 2018). Pul-
monary neuroendocrine cells (calca-encoding calcitonin gene-
related peptide [CGRP]-positive cells) displayed elevated AGT
expression under the papain condition as compared with steady-
state (Fig. S1 D). No noticeable changes were observed in AGT
expression in kidney and liver tissues after papain challenge
(Fig. S1 E), which indicated that enhanced RAS activation was
specific to lungs in responses to airway inflammation. Fur-
thermore, a significant elevation of Ang II levels in bronchoal-
veolar lavage fluid (BALF) was observed in asthmatic mice
induced by papain or house dust mite (HDM; Fig. 1, C and D).
These observations collectively indicated that allergen exposure
significantly enhances RAS activity in lung epithelial cells.

ILC2s express the Ang Il receptor ATla

To directly investigate the potential role of Ang II in ILC2s, the
expression of Ang II receptors was evaluated in ILC2s and other
types of immune cells. The gating strategies of ILC2s, other ILC
subsets, and ILC2 progenitors are shown in Fig. S1, I-M, as de-
scribed previously (Lei et al., 2018; Walker et al., 2015; Yu et al.,
2014). Results showed that the expression of Agtrla (ATla) in
ILC2s, from either lungs or mesenteric LNs (mLNs), was re-
markably higher than those in ILCls, ILC3s, T and B lympho-
cytes, eosinophils, or neutrophils (Fig. 1 E). The transcript level
of ATla in ILC2 was comparable with dendritic cells (DCs) and
macrophages (Fig. 1 E; Cortez-Retamozo et al., 2013). In addition,
ILC2s expressed a significantly higher level of ATla than of AT2a
or ATIb; Gata3 and Adrb2 were used as positive controls (Fig. 1 F
and Fig. S1 F; Mjosberg et al., 2012; Moriyama et al., 2018). The
expression of ATla in ILC2s was confirmed by flow cytometry
(Fig. 1 G). Approximately 30% of IL-5 tdTomato-positive ILC2s
expressed ATla in the lung under steady-state (Fig. 1 H and Fig.
S1 G). Distinct ILC2 progenitors, including common lymphoid
progenitors (CLPs), a-lymphoid progenitors, common helper-
like ILC progenitors, and ILC2 precursors, also expressed de-
tectable levels of ATla (Fig. S1 H). These observations indicate
the possibility that ILC2s are modulated by Ang II-ATla signal-
ing in the lung.

Ang 1l enhances ILC2 responses both in vitro and in vivo

To determine whether there is a physical interaction between
AGT" epithelial cells and ILC2s in lungs, we imaged lungs from
PBS- or papain-challenged IL-5 reporter mice in which ILC2s are
represented by tdTomato expression (Dahlgren et al., 2019;
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Figure 1. Evaluation of Ang 11-AT1a signaling in epithelial cells and ILC2s from lung. (A and B) Naive mice were i.n. administered with papain (20 ug/
mouse/d) or PBS for 5 d and sacrificed on day 6. (A) mRNA expression of AGT, Renin, and ACE was measured in lymphocytes (CD45"EpCAM-) and epithelial cells
(CD45-EpCAM*) from lungs. 1133 was used as a positive control. (B) IF staining of AGT in the tracheal epithelium from naive mice after papain or PBS challenge
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(n =3 or 4). Representative images are shown, with statistical data from three independent experiments. Red, EpCAM; green, AGT; blue, DAPJ; scale bar, 20 um.
(C and D) The levels of Ang Il in the BALF after papain (C) or HDM (D) challenge; PBS was used as a vehicle control. PBS, n = 4; Papain, n = 6; HDM, n = 5.
(E) AT1a expression was measured by qRT-PCR. Mac, macrophages; Neu, neutrophils; DC, dendritic cells; Eos, eosinophils; n = 3 or 4. (F) Expression of distinct
Ang Il receptors in ILC2s from lung. (G) Flow-cytometric analyses of AT1a expression in distinct ILC subsets; n = 4. (H) IF staining of AT1a in lungs from IL-
5-tdTomato-reporter mice under steady-state; tdTomato-positive cells indicate ILC2s; scale bar, 50 um; n = 3. All data are from two or three independent
experiments in all graphical panels; mean + SEMs are shown in all graphical panels. Two-way ANOVA (A) or the unpaired t test (B-G) was used. *, P < 0.05; **,

P < 0.01. BM, bone marrow; iso, isotype; MFI, mean fluorescence intensity.

Nussbaum et al., 2013; Sui et al., 2018). IF staining showed that
IL-5* ILC2s were in close proximity to AGT* epithelial cells in
lungs under both steady-state and allergen challenge conditions
(Fig. 2 A). These observations indicated that Ang II-ATla sig-
naling may mediate the crosstalk between lung epithelium and
ILC2 in a paracrine manner. The abundance of ILC2s and their
progenitors was next determined by flow cytometry in Agtrla-
deficient (ATla~’~) mice and WT (ATIa*/*) littermates. Results
indicated that ATla*/* and ATla/~ mice displayed comparable
levels of ILC2 progenitors in bone marrow (Fig. S2 A). Addi-
tionally, no obvious differences were observed in the pro-
portions of ILC2s in lungs (Fig. S4 ] and Fig. 5 B), or of ILCls,
ILC2s, and ILC3s in the mLN and colon (Fig. S2, B-D). These
results indicate that ATla deficiency does not affect the devel-
opment or homeostasis of ILCs under steady-state.

We next investigated whether Ang II-ATla signaling is dis-
pensable for ILC2 function. First, lung ILC2s from naive mice
were cultured in the presence of Ang II in vitro. The transcripts
of the effector cytokines II5, Il13, and Mki67 in ILC2s were pro-
foundly increased by Ang II stimulation (Fig. 2 B). The Ang II-
enhanced type 2 cytokine production was further confirmed by
ELISA (Fig. 2 C). Combination Ang II with IL-33 significantly
enhanced the production of type 2 cytokines after 6-h stimula-
tion of lymphocytes from the mLN (Fig. 2 D). Similar results
were obtained when purified lung ILC2s were stimulated by Ang
I (Fig. 2 E). Next, Ang II was administered to naive mice by i.p.
injection, as a result of which the proportion of ILC2s in the lung
was elevated approximately twofold (Fig. 2 F). The production of
effector cytokines and proliferation by lung ILC2s was enhanced
by Ang 1I (Fig. 2, G and H). Similar results were observed in
ILC2s from the mLN (Fig. 2, I and ]J) and white adipose tissue
(Fig. 2 K). The abundance of ILC2 precursors in bone marrow,
however, was not affected (Fig. S2 E). The proportions of spleen
NK cells and mLN CCR6* ILC3s were comparable (Fig. S2, F and
G). The effect of Ang II on ILC2s was abrogated in ATla~/~ mice
(Fig. S2 H). IL-5 and IL-13 production from lung ILC2s, and ILC2
proliferation, were significantly lower in ATla~/~ mice than in
ATla*/* controls after Ang II administration (Fig. S2 I). These
observations collectively suggested that Ang II enhances ILC2
responses.

Regulation of ILC2s by Ang Il is cell intrinsic

To explore whether the effect of Ang IT on ILC2s is cell intrinsic,
mixed bone marrow chimeras were performed. Bone marrow
cells from ATla~/~ mice (CD45.2) and ATla*/* mice (CD45.1) were
mixed at a 1:1 ratio and then transferred into recipient mice
(CD45.1/CD45.2; Fig. 3 A). Results showed that the ratio of
CD45.1*/CD45.2* cells was ~1:1 in the peripheral blood of re-
cipients 5 wk later (Fig. S3 A), indicating a comparable bone
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marrow reconstitution between ATla~/~ and ATla*/* donor mice.
The proportion of ILC2s derived from ATla~/~ donors was sig-
nificantly lower than that from ATla*/* donors after Ang II
challenge in both the lung and the mLN (Fig. 3 B). No differences
were observed between PBS groups (Fig. 3 B). Consistent with
this, the production of effector cytokines IL-5 and IL-13 by ILC2s,
as well as cell proliferation, was compromised in ILC2s derived
from ATla~/~ donors as compared with ATla*/* donors after Ang
II administration (Fig. 3, C-E). In sharp contrast, cytokine pro-
duction by Th2 cells was not affected (Fig. S3 B). In addition, the
reconstitution of CD19* B lymphocytes, CD3* T cells, and myeloid
cells was comparable (Fig. S3, C and D).

To exclude the potential effect of adaptive lymphocytes
(Gurram and Zhu, 2019), Rag-1"/~ mice were i.n. challenged with
Ang II for 5 d. We found that Ang II promoted the infiltration of
eosinophils and the elevation of type 2 effector cytokines in
BALF (Fig. S3, E and F). The absolute cell numbers of ILC2s in the
lung (Fig. S3 G), their proliferation (Fig. S3 H), and the pro-
duction of effector cytokines (Fig. S3 I) were correspondingly
elevated by Ang II. Histological staining confirmed that airway
inflammation was slightly aggravated by Ang II (Fig. S3]). These
results indicate that the effect of Ang I on ILC2 is independent of
T and B lymphocytes.

For further confirmation, adoptive transfer of ILC2s into NCG
(immunodeficient nonobese diabetic-Prkdcem26Cd22]]ppgem26Cd22/
Nju) mice, which lack T cells, B cells, NK cells, and ILCs, was per-
formed. To obtain sufficient numbers of ILC2s, naive mice were
treated with IL-33 to expand ILC2s in vivo. ILC2s (2 x 10%) from the
lung were adoptively transferred into NCG mice (Lei et al., 2018),
followed by i.n. challenge with Ang II (Fig. 3 F). Ang II induced a
substantial infiltration of eosinophils when compared with PBS
after ILC2 transfer (Fig. 3 G). The numbers of ILC2s were increased
approximately twofold by Ang II administration (Fig. 3 H). Ang
II-induced ILC2 activation was further evidenced by airway in-
flammation (Fig. 3 I). These results demonstrated that the effect of
Ang IT on ILC2 is in a cell-intrinsic manner.

Regulation of ILC2 function by Ang Il is dependent on IL-33

Upon allergen exposure, lung epithelial cells release alarmins
including IL-33, IL-25, and thymic stromal lymphopoietin, re-
sulting in the activation of tissue-resident ILC2s in the lung. IL-
33 is known to play a dominant role in this process (Dahlgren
et al., 2019; Hardman et al., 2013; Oboki et al., 2010). The po-
tential effect of IL-33 on ATla expression on ILC2s was inves-
tigated. Flow-cytometric analysis showed that the expression of
ATla on ILC2s, not DCs or T lymphocytes, was significantly
lower in IL-33-/~ mice as compared with IL-33*/* controls (Fig. S4
A). Consistently, IL-33 stimulation clearly up-regulated ATla
expression on ILC2s (Fig. S4, B and C). These data suggest that
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Figure 2. Administration of Ang Il systematically enhances ILC2 responses. (A) Images of lung tissue from IL-5-tdTomato (red) reporter mice stained for
AGT (green) and DAPI (blue). White arrows show IL-5* ILC2s, and red arrows show AGT* cells; scale bar, 20 um. Images are from three independent ex-
periments. n = 4/group. (B) Purified lung ILC2s from naive mice were stimulated with Ang Il or PBS for 6 h. mRNA expression of II5, 1113, and Mki67 was
determined by qRT-PCR. n = 3/group, and data are repeated from two independent experiments. (C) Lung ILC2s were cultured with Ang Il or PBS in the
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presence of IL-2, IL-7, and IL-33 cytokines for 3 d. The amounts of IL-5 and IL-13 in supernatants were measured by ELISA. N = 4/group, and data are from two
independent experiments. (D) mLN lymphocytes were cultured with the indicated treatments for 6 h, and the intracellular cytokines IL-5 and IL-13 from ILC2s
were determined by flow cytometry. IL-33: 100 ng/ml; Ang II: 0.5 uM; PMA: 50 ng/ml; ionomycin: 1 pg/ml. n = 3/group, and data are from two independent
experiments. (E) Lung ILC2s were stimulated with IL-33 alone or IL-33 plus Ang Il for 6 h, and the production of intracellular cytokines was evaluated by flow
cytometry. n = 4, and data are from two independent experiments. (F-K) Naive mice were injected i.p. with Ang 11 (30 pg/mouse, daily) or PBS and sacrificed on
day 6. (F-H) Flow-cytometric analysis of ILC2s (CD45*Lin"CD90*) (F), effector cytokines (G), and proliferation (H) from lungs. (1 and J) Absolute cell counts of
ILC2s (1) and effector cytokines and cell proliferation (J) in mLNs from naive mice treated with Ang Il or PBS. (K) Abundance of ILC2s in visceral adipose tissue
from naive mice treated with Ang Il or PBS. (F-K) Data are from three independent experiments; n = 3 or 4/group. In all graphs, mean + SEM is shown.

Unpaired t test was used. *, P < 0.05; **, P < 0.01. Lin, lineage.

IL-33 induced AT1a expression on ILC2s. We next asked whether
the effect of Ang II on ILC2s is dependent on IL-33. IL-33*/* and
IL-337/~ mice were i.n. administered Ang I or PBS for 5 d. Results
showed that Ang II induced a significant elevation of lung ILC2s
and enhanced their proliferation (Fig. 4, A and B). However,
intracellular cytokine production by lung ILC2s was signifi-
cantly enhanced by Ang II in IL-33*/* mice, but was unperturbed
in IL-337/~ mice (Fig. 4 C). Activation markers for ILC2s, in-
cluding KLRGI, ST2, and CD25, were induced by Ang II in
IL-33*/* mice, but not in IL-33~/~ mice (Fig. S4, D and E). This
abrogated ILC2 activation led to less infiltration by eosinophils
and macrophages (Fig. 4 D and Fig. S4 F), as well as decreased
type 2 cytokines (Fig. 4 E) in BALF from IL-33~/~ mice after Ang II
challenge. The airway inflammation was further confirmed by
H&E staining and histological scoring (Fig. 4 F). Importantly,
Ang II did not affect the expression II33 in lung epithelial cells
(Fig. 4 G). As expected, Ang II enhanced ILC2 responses in the
lung (Fig. 4 H), which resulted in aggravated inflammation after
papain challenge (Fig. 4, I and J). However, combination of Ang
IT and IL-25 did not further induce the cytokine production by
ILC2s in vitro (Fig. S4 G). These results indicate that the en-
hanced ILC2 function by Ang II is dependent on IL-33.

Distinct types of immune cells contribute to type 2 airway
inflammation, and Ang II displayed broad immunoregulatory
effects on immune cells (Benigni et al., 2010). In addition to the
enhanced ILC2 responses, it was found that i.n. administration
of Ang II also caused the elevation of DCs and macrophages in
lung compartments (Fig. S4, H and I). The complicated role of
Ang II in airway inflammation remains to be fully understood.

ATla deficiency attenuates ILC2-induced airway inflammation

We next investigated whether Ang II-AT1la signaling affects the
severity of ILC2-induced allergic airway inflammation. ATla*/*
and ATla™/~ mice were challenged with papain to induce allergic
airway inflammation (Fig. 5 A). Papain induced a potent acti-
vation of lung ILC2s in ATla*/* mice, including a higher abun-
dance of ILC2s in the lung (Fig. 5 B and Fig. S4 J), as well as
enhanced production of type 2 effector cytokines (Fig. 5 C) and
increased ILC2 proliferation (Fig. 5 D and Fig. S4 K). However,
these changes were almost completely abrogated in ATIa~/~ mice
(Fig. 5, B-D; and Fig. S4, ] and K). In addition, the surface
markers ST2 and KLRGI in lung ILC2s were moderately down-
regulated in ATla~/~ mice compared with ATla*/* mice after
papain exposure (Fig. S4 L). In contrast with the changes in ILC2
responses, CD4-derived cytokines displayed no noticeable dif-
ferences (Fig. S4 M). As consequences of the diminished ILC2
responses, the amounts of IL-13 and IL-5 proteins in BALF (Fig. 5
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E), and the infiltration by eosinophils in BALF (Fig. 5 F), were
dramatically reduced in papain-challenged ATla~/~ mice relative
to ATla*/* controls. Notably, the proportion of inflammatory
ILC2s was comparable between ATla*/* and ATla~/~ mice (Fig.
S4 N). H&E staining confirmed the alleviation of lung inflam-
mation in ATla™/~ mice, as indicated by the lower infiltration of
immune cells into the perivascular and peribronchial spaces
(Fig. 5 G).

Additionally, i.n. administration of a fungal allergen extract
of Alternaria alternata was used to induce airway inflammation
(Fig. 5 H). In agreement with the papain model, ATla™/~ mice
displayed significantly impaired ILC2 responses (Fig. 5 I-K) and
a resultant remission of airway inflammation (Fig. 5, L-N) when
compared with ATla*/* littermate controls. Taken together,
these results suggest that AT1a mediates the effects of Ang II on
ILC2-induced allergic airway inflammation.

Furthermore, we performed papain challenge after mixed
bone marrow chimeras. Similar results were observed under
inflammatory conditions (Fig. 5 O). Next, adoptive transfer of
ILC2s from ATla™/~ mice (CD45.2) and ATIa*/* mice (CD45.1) into
NCG mice was performed, followed by papain administration.
Results showed that ILC2s from ATla~/~ donor mice displayed
impaired capability to induce airway inflammation as compared
with ATla*/* littermate controls (Fig. 5, P-R). These data further
indicated that the effect of Ang II-ATI signaling on ILC2s is cell
intrinsic under inflammatory conditions.

Inhibition of Ang Il alleviates allergic lung inflammation
Considering the broad application of RAS targeting therapy in
clinical situations such as hypertension and other cardiovascular
disorders, we next sought to investigate whether inhibiting
Ang II-AT1la signaling affects ILC2-driven airway inflammation.
Captopril, an inhibitor of ACE, was used to block the synthesis of
Ang II in the papain model (Benigni et al., 2010; Fig. 6 A). Cap-
topril significantly impaired ILC2 responses in lung ILC2s after
papain administration (Fig. 6, B-D). The impaired ILC2 re-
sponses in the presence of captopril led to a remission of airway
inflammation, as represented by the reduced levels of type
2 cytokines in BALF (Fig. 6 E), and lower infiltration of eosino-
phils in BALF (Fig. 6 F). The alleviation of airway inflammation
by captopril was further evidenced by histological staining
(Fig. 6 H). Moreover, the papain-induced elevation of Ang II in
the lung was decreased after coadministration of captopril
(Fig. 6 G).

Next, naive mice were treated i.p. with the ATla inhibitor
telmisartan to block the biological function of Ang II (Abdel-
Fattah et al., 2015; Benigni et al., 2010). PD123319, a specific
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Figure 3. Regulation of ILC2 by Ang Il is cell intrinsic. (A-E) Mixed bone marrow (BM) chimeras were established by transplantation of BM cells from
ATla*/*(CD45.1) and ATla™/~(CD45.2) mice at 1:1 into irradiated recipient mice (CD45.1/45.2); the recipients were i.p. injected with Ang Il or PBS after 6 wk
reconstitution. (A) The experimental strategy of mixed BM chimeras. (B and C) The ratio of ILC2s derived from ATla™~ and ATla*/* donor mice (CD45.2:
CD45.1) in the lung or mLN. (D) Effector cytokine production of ILC2s derived from donor mice (pregated on CD45.1* or CD45.2* cells). ILC2s from lung or mLN
were analyzed by flow cytometry after stimulation with PMA, BFA, and ionomycin for 4 h. (E) Proliferation of ILC2s derived from donor mice (pregated on
CD45.1* or CD45.2* cells). (F-1) Adoptive transfer of ILC2s into NCG mice. Lung ILC2s (2 x 10%) from naive mice were injected intravenously into NCG recipients,
followed by i.n. administrated with Ang Il or PBS for 5 d. NCG mice without ILC2s transfer were used as controls. (F) The experimental strategy of ILC2 transfer.
(G) Abundance of eosinophils in BALF of recipients. (H) Absolute counts of lung ILC2s from recipients upon ILC2 transfer and Ang Il injection. (I) H&E staining of
lung tissues of recipients (scale bar, 100 um). In all graphs, mean = SEM is shown. Data are from two independent experiments; n = 4 or 5/group. Two-way
ANOVA (C-E, G, and ) or unpaired t test (H) was used. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Eos, eosinophil.
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Figure 4. The effect of Ang Il on ILC2s is dependent on IL-33. (A-F) IL-33*/* and IL-33~/~ mice were i.n. administered Ang I or PBS daily for 5 d. Proportions
of lung ILC2s in CD45* cells (A), ILC2 proliferation (B), and cytokine production of lung ILC2s (C) were determined by flow cytometry. (D) Percentages of
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eosinophils in BALF. (E) Concentration of type 2 cytokines in BALF. (F) H&E staining of lung tissues and quantitated histological scoring. (G) Expression of (33
in lung epithelial cells after Ang Il or papain challenge. (H-J) Naive mice were i.p. injected with PBS or Ang Il (40 pg/d/mouse) after papain (10 ug/d/mouse)
challenge. (H) Intracellular cytokine production by lung ILC2s. (I) Percentages of eosinophils. (J) H&E staining of lung sections and quantitated histological
scoring (scale bar, 100 pm). All data are from two or three independent experiments. n = 4 or 5/group. Graphical data show mean + SE, by two-way ANOVA

(B-F) and unpaired t test (I-K). *, P < 0.05; **, P < 0.01. Eos, eosinophil.

inhibitor of the AT2 receptor (Izu et al., 2009), was used in
parallel (Fig. 6 I). We found that ILC2 responses in the lung were
dramatically diminished by administration of telmisartan, but
not PD123319 (Fig. S5, A-C). The decreased infiltration of eosi-
nophils (Fig. S5 D), and macrophages and myeloid cells (Fig. S5
E) in BALF, as well as the results of histological scoring (Fig. 6 J),
further indicated the alleviation of lung inflammation by tel-
misartan. However, PD123319 had no noticeable effects on air-
way inflammation (Fig. S5, A-E), which was consistent with a
previous report (Abdel-Fattah et al., 2015). These results indicate
that pharmaceutical inhibition of Ang II-ATI signaling shows
therapeutic value in treating airway inflammation.

To further confirm whether blocking lung local RAS activa-
tion inhibits papain-induced allergic inflammation, naive mice i.n.
administrated with telmisartan and captopril could during papain
challenge. Telmisartan and captopril both inhibit papain-induced
ILC2 responses (Fig. 6, K-M). No effects were observed in the
function of CD4* T cells (Fig. S5 F). To exclude the potential off-
target effects of telmisartan and captopril on prostaglandin pro-
duction, known modulators of ILC2 function (Konya and Mjosberg,
2016), no differences of PGE2 were observed among different
groups (Fig. S5 G). These data suggest that pharmaceutical blocking
local RAS causes the alleviation of airway inflammation.

Mechanism underlying the effect of Ang Il on ILC2s
To explore the mechanism underlying the regulation of ILC2s by
Ang 11, lung ILC2s were sorted and cultured in medium con-
taining IL-33 in the presence or absence of Ang II for 6 h, and
then transcriptional profiling was evaluated by SMART-seq2
(Picelli et al., 2013). This showed that the transcripts of ILC2s
treated with IL-33 alone and IL-33 plus Ang II clustered sepa-
rately (Fig. 7 A). Gene ontology and Kyoto Encyclopedia of Genes
and Genomes enrichment analysis indicated that Ang II up-
regulated cellular processes related to cell cycle (Fig. 7 B). The
expression of cell cycle-positive regulators, including Cdk4,
Cdk8, Cdc51, Cdcle, Orc6, and Myc, was remarkably up-regulated
by Ang II, whereas Cdkn3, a negative cell cycle regulator, was
down-regulated (Fig. 7 C). This concurs with the higher pro-
liferation of ILC2s in response to Ang II (Fig. 2 and Fig. 3).
Notably, some known ILC2-positive regulators, such as Areg,
119, Icaml, Pparg, Irf7, Gfil, Ccl9, and Il2ra, were up-regulated by
Ang 11, whereas several negative regulators of ILC2, including
Pdcdl, Tnfrsf4, Tnfrsf18, and Tqfbl, were down-regulated by Ang
II (Fig. 7 D; He et al., 2019; Lei et al., 2018; Wallrapp et al., 2019;
Xiao et al., 2021). Interestingly, genes enriched in Ras-ERK
signaling (e.g., Araf, Rel, Prkacb, and Shcl) and MAPK signaling
(Jun, Nr4al, Araf, Myc, Ppp3cb, and Duspl0) also displayed clear
changes in response to Ang Il administration (Fig. 7 E).

The binding of Ang II with ATla induces a variety of intra-
cellular signaling events, including phosphorylation of ERK1/
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2 (p-ERK1/2; Liao et al., 1997; Shenoy and Lefkowitz, 2005).
Flow-cytometric analysis showed that p-ERK1/2 in ILC2s was
clearly induced by Ang II in ATla*/* mice, which was completely
abrogated in ATla~/~ mice (Fig. 7 F). Furthermore, the induced
p-ERK1/2 elevation by PMA was clearly diminished in ILC2s
from ATla/~ mice as compared with ATla*/* mice (Fig. 7 G).
Pretreatment with U0126, a specific p-ERK1/2 inhibitor, abol-
ished PMA-induced ILC2 activation, as indicated by the pro-
duction of effector cytokines IL-5 and IL-13 (Fig. 7 H). In contrast
with the changes of p-ERK1/2, the phosphorylation of STATS, an
alternative signaling molecule downstream of the Ang II-AT1
axis, failed to induce any changes in response to Ang II (Fig. 71I).
Collectively, these results suggested that p-ERK1/2 signaling
mediates the effect of Ang II on ILC2s.

Clinical relevance of Ang ll-induced ILC2 responses

Based on the effects of the Ang II-ATla axis on ILC2 responses
and airway inflammation, we next evaluated its human rele-
vance in asthmatic patients. As expected, asthmatic patients
displayed higher levels of circulating ILC2s than healthy controls
(Fig. S5 H). A similar change was observed for plasma Ang II
(Fig. 8 A), which was consistent with a previous report (Ayada
et al., 2015). Importantly, there was a significant positive cor-
relation between plasma Ang II and ILC2 proportion in asth-
matic patients (Fig. 8 B). The levels of plasma Ang II were
associated with disease index FEV1% (forced expiratory volume
in one second), as well as plasma IgE concentration, in asthmatic
patients (Fig. 8, C and D). ILC2 abundance also correlated with
FEV1% and IgE levels in asthmatic patients, as expected (Fig. S5
I). In agreement with the observations from mice, human ILC2s
expressed a higher level of ATla when compared with other
types of immune cells. Human smooth muscle cells were used as
positive control (Fig. 8 E); Ang II increased the proliferation of
human ILC2s and enhanced their production of effector cyto-
kines, whereas coadministration of telmisartan completely ab-
rogated these effects (Fig. 8, F and G).

To further investigate the effect of Ang II-ATI signaling on
human ILC2s in vivo, humanized mice were used (Fig. 8 H).
Purified human ILC2s (Fig. S5 J) were adoptively transferred
into immunodeficient NCG mice, followed by treatment with
recombinant human IL-33 to induce airway inflammation in the
presence or absence of telmisartan (Helou et al., 2020; Maazi
etal., 2015). The purity of human ILC2s before and after transfer
is indicated in Fig. S5, ] and K. As expected, IL-33 significantly
increased ILC2 levels in the lung (Fig. 8 I). The infiltration of
eosinophils in BALF, and the inflammation index of the lung,
were aggravated by IL-33 administration (Fig. 8, ] and K; and Fig.
S5 L), while these effects were almost completely abrogated by
coadministration with telmisartan (Fig. 8, J and K; and Fig. S5L).
Taken together, these observations indicate that targeting ATla
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Figure 5. ATla deficiency attenuates ILC2-induced lung inflammation. (A-G) AT1a*/* and AT1la~/~ mice were i.n. administered papain or PBS daily for 5 d.
(A) Experimental procedure. (B-D) Proportions (B), cytokine production (C), and proliferation (D) of ILC2s in lungs were determined by flow cytometry.
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(E) Concentrations of IL-5 and IL-13 in BALF. (F) Abundance and absolute numbers of eosinophils (Eos) in BALF. (G) H&E staining of lung sections (scale bar,
100 um). Inflammation was quantitated from all mice analyzed. (H-N) A. alternata was i.n. administered to AT1a*/* and ATla™~ mice daily for 4 d. Experimental
procedure (H). Percentages of lung ILC2s (1), proliferation of lung ILC2s (J), and abundance of IL-5*IL-13* ILC2s in lung (K) and of eosinophils in BALF (L) were
determined by flow cytometry. (M) Amounts of type 2 cytokines in BALF. (N) H&E staining of lung sections (scale bar, 100 um). (0) Bone marrow cells from
ATla~/~mice (CD45.2) and ATla*/* mice (CD45.1) were mixed at a 1:1 ratio and then transferred into recipient mice. After 4-5 wk reconstitution, the recipients
were i.n. challenged with papain for 5 consecutive days. The absolute cell counts, cell proliferation, and effector cytokine production of lung ILC2s from AT1la™/~
donors and ATla*/* donors are shown. (P-R) Equal number of lung ILC2s (2 x 10%) from ATla™/~ and ATla*/* littermates were adoptively transferred into
immunodeficient NCG mice, followed by i.n. challenge of papain for 5 d. (P) Absolute number of donor-derived ILC2s. (Q) Flow cytometry plots and counts of
eosinophils. (R) Concentration of IL-5 and IL-13 in NCG BALF (n = 5). Data are representative of two experiments with similar results (A-G) or from one
experiment; n = 4 or 5/group (H-R). Graphical data show mean + SEM by two-way ANOVA (B-G and M) and unpaired t test (I-R). *, P < 0.05; **, P < 0.01; ***,

P < 0.001.

signaling should have therapeutic value in allergic inflammatory
disease.

Discussion

In this study, we identified an important role for the RAS in the
context of ILC2-mediated allergic inflammation. Allergen ex-
posure induced the activation of RAS and Ang II production in
lung epithelial cells, which enhanced the responses of tissue-
resident ILC2s via ATla receptor. Inhibition of the Ang II-ATla
axis clearly alleviated allergic airway inflammation. Changes in
transcriptional profiling and up-regulation of ERK1/2 phospho-
rylation were associated with these observations. Clinically, the
elevation of plasma Ang II in asthmatic patients is positively
correlated with the severity of asthma. These observations re-
veal Ang II as a novel regulator of lung ILC2s.

Circulating RAS is critically important in the maintenance of
blood pressure and of sodium and water balance. The existence
of local RAS has been demonstrated in a variety of organs, such
as heart, brain, kidney, pancreas, and reproductive and adipose
tissues. The local RASs function independently and play an
important role in tissue homeostasis and inflammation (Nataraj
etal., 1999; Shepherd et al., 2018). Recent results from single-cell
RNA sequencing have shown that pulmonary neuroendocrine
cells and basal cells in lungs express AGT, indicating the possi-
bility of Ang II production in lungs (Plasschaert et al., 2018). In
the present study, IF staining supported the production of AGT
in lung epithelial cells and pulmonary neuroendocrine cells,
which is consistent with previous studies (Campbell and
Habener, 1986; Li et al., 2007). Furthermore, the expression
of AGT, renin, and ACE in lung epithelium clearly increased under
papain-induced allergic inflammation relative to the steady-
state, indicating that RAS components are enhanced during
type 2 immunity. No induction of AGT in kidney and liver was
observed under papain-induced airway inflammation, further
supporting the existence of local RAS in lungs. These ob-
servations would benefit the therapy of allergic inflammation
by targeting local RAS components.

In addition to its importance in the cardiovascular system,
Ang II has been demonstrated to promote inflammation. Ang II
could increase vascular permeability and endothelial dysfunc-
tion (Pupilli et al., 1999), and enhance the production of proin-
flammatory cytokines and the infiltration of distinct immune
cells into tissues (Ruiz-Ortega et al., 2002). These broad im-
munoregulatory effects render Ang II and RAS candidate

Liuetal.
Regulation of ILC2s responses via Ang [I-AT1a axis

therapeutic targets in inflammatory disorders (Stegbauer et al.,
2009). The potential role of RAS and Ang II in lung diseases has
been proposed by different groups (Abdel-Fattah et al., 2015;
Imai et al., 2005; Tan et al., 2018). In the current study, we
demonstrated that Ang II is an endogenous regulator of ILC2 in
lungs. Mixed bone marrow chimeras using ATla*/* and ATla~/~
bone marrow indicated that ATla deficiency did not influence
the homeostasis of distinct immune cells, including ILC subsets.
However, the responses of lung ILC2s were clearly diminished
in the absence of ATla after Ang II challenge or papain admin-
istration. Adoptive transfer of ILC2s into NCG mice further
supported the notion that the regulation of ILC2s by Ang II was
cell intrinsic. Because of the impaired ILC2 responses, inhibition
of the Ang II-ATla axis through either genetic or pharmaco-
logical models remarkably relieved the severity of allergic air-
way inflammation, which is inconsistent with a previous study
using the OVA model in ATla/~ mice (Ohwada et al., 2007). The
therapeutic effect of an AT1 blocker in airway inflammation was
further evidenced using humanized mice. These results collec-
tively demonstrated that targeting Ang II-ATla displays thera-
peutic potential in asthma. Considering that distinct cell types in
lungs also express Ang II receptors, such as macrophages,
dendritic cells, vascular smooth muscle cells, endothelial cells,
and so on, the complicated role of the Ang II-ATla axis in airway
inflammation remains to be fully understood.

IL-33 is secreted from lung epithelial cells upon allergen
exposure and represents one of the major drivers of ILC2 acti-
vation in lungs (Hardman et al., 2013). It was found that there is
synergy between Ang II and IL-33 in the regulation of ILC2 re-
sponses. Combination of IL-33 and Ang II enhanced the pro-
duction of type 2 cytokines of ILC2s in vitro. Mice with IL-33
deficiency displayed impaired responsiveness of lung ILC2s to
Ang II, which may be due to the down-regulation of ATla on
ILC2. Consistently, IL-33 challenge induced the expression of
ATla on ILC2s. On the other hand, mice with ATla deficiency
showed a lower level of ST2 on lung ILC2s. These observations
indicate that a potential feedback axis may exist between Ang II/
AT1la and IL-33/ST2 signaling in ILC2s, the detailed mechanism
of which deserves to be explored.

Clinical observations have supported the existence of a bi-
directional relationship between hypertension and asthma. Pa-
tients who suffer from asthma display a higher incidence of
hypertension than those who do not. Meanwhile, patients with
hypertension also experience an aggravated severity of asthma
(Christiansen et al, 2016; Christiansen and Zuraw, 2019;
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Figure 6. Inhibition of Ang Il synthesis ameliorates allergic inflammation. (A-H) Naive mice were i.n. challenged with papain (Pap, 20 ug/d), followed by
daily i.p. injection with captopril (Cap, 10 mg/kg) or vehicle solution for 5 d; PBS was used as control. (A) Experimental strategy. (B-D) Abundance and absolute
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numbers (B), cytokine production (C), and proliferation (D) of ILC2s in lung were determined by flow cytometry. (E) Concentration of IL-5 and IL-13 in BALF.
(F) Abundance and counts of eosinophils (Eos). (G) Concentration of Ang Il in BALF. (H) H&E staining and quantitated histological scoring (scale bar, 100 pm).
(1and J) Naive mice were i.p. injected with telmisartan (Tel; 10 mg/kg), PD123319 (PD; 10 mg/kg), or PBS after papain administration. (I) Experimental strategy.
()) Representative H&E staining of lung sections (scale bar, 100 pm). (K-M) Naive mice i.n. administered telmisartan and captopril after papain challenge 1 h.
(K) Flow plots and abundances of eosinophils. (L) IL-5 and IL-13 concentration in BALF. (M) Proliferation and cytokine production of ILC2s. All data are
representative of two independent experiments; n = 4 or 5/group. Graphical data show mean + SEM; unpaired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001;

*¥XX P < 0.0001. Vel, vehicle.

Ferguson et al., 2014). While the detailed mechanism of this link
between asthma and hypertension remains to be understood,
our study offers an explanation for the bidirectional relationship
between them.

Materials and methods

Mice

Agtrla~/~(B6.129P2-Agtrla®™VU¢/]) (ATla~/~) mice were provided
by Dr. Wei Kong from Peking University (Beijing, China). IL-
337/~ mice were provided by Dr. Fang Zheng from Hua Zhong
University of Science and Technology (Wuhan, China). C57B/L6-
Ly5.1 (CD45.1) mice were provided by Dr. Haikun Wang from
Institut Pasteur of Shanghai, Chinese Academy of Sciences
(Shanghai, China). Rag-17/~ (B6.129S7-Raglt™'M°m/|Nju) and
NCG (NOD-Prkdcem26Cds2[]ppgem26Cd22/Nju) mice were pur-
chased from the Nanjing Biomedical Research Institute of
Nanjing University. Red5 (II5-tdtomato-cre) cytokine reporter
mice were provided by Dr. Yong Yu from Tongji University
(Shanghai). Mice were crossed on the C57BL/6] background
and maintained in specific pathogen-free conditions. Gender-
matched littermates aged 6-10 wk were used. Mouse experi-
mental procedures were approved by the Institutional Animal
Care and Use Committee of Sun Yat-sen University and Tianjin
Medical University.

Mouse model of lung inflammation

To induce lung inflammation, mice were anesthetized by inha-
lation of 3% isoflurane, and then treated with 20 ug of papain
(Sigma-Aldrich) or 100 g of HDM daily for 5 d or A. alternata for
4 d. Mice were sacrificed after the last treatment for analysis.
For IL-33-induced airway inflammation, recombinant mouse IL-
33 (400 ng/mouse; BioLegend) or PBS was i.n. administered
daily for 3 d. Mice were sacrificed on day 4 for analysis. Ang II
(30 pg) or sterile PBS was i.n. or i.p. administered daily for 5 d.
WT and ATla™/~ mice were sacrificed on day 6 for analysis.

Bone marrow transplantation

Recipient CD45.1/2 mice were cross-bred with CD45.1 and
CD45.2 mice. CD45.1/2 mice were irradiated with 11 Gy from an
x-ray irradiator in two doses of 5.5 Gy over 220 s and, after a 4-h
break, 5.5 Gy over 180 s. For mixed bone marrow chimeras,
CD45.1/2 mice were reconstructed with a 1:1 mixture (total 107
cells) of CD45.1:ATla*/* and CD45.2:ATla~/~ mice by tail vein
transfer. Antibiotic (neomycin, 1 mg/ml) was delivered in
drinking water for 2 wk after bone marrow transplantation. At
4-5 wk after the reconstitution of the ATla*/* and ATla™/~ bone
marrow, the chimeric mice were i.p. administered Ang II (30 pg/
mouse) or PBS daily and sacrificed on day 6 for analysis. For
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papain administration, the reconstructed chimeric mice were
in. administered papain (20 ug/mouse) daily and sacrificed on
day 6 for analysis.

Cell isolation

Lymphocytes from BALF were collected by flushing fluid from
the lung twice with 1 ml PBS through the trachea. The fluid was
centrifuged at 700 g for 5 min, the sedimented cells were ana-
lyzed by flow cytometry, and the supernatant was stored at
-80°C for determination of the cytokine concentration.

To isolate lung lymphocytes, the lung was cut in pieces and
digested for 1 h with 3 ml of 0.5 mg/ml collagenase type I in
RPMI-1640 medium with 10% FBS (Biological Industries) and 1%
penicillin-streptomycin (Gibco) at 37°C at 220 rpm on a rotator.
The digested cells were filtered through a 70-pum strainer, and
then leukocytes were enriched by 40%/80% Percoll (GE
Healthcare) gradient centrifugation. Spleen and mLN single-
cell suspension was directly obtained by mechanical grinding
disruption on a 70-pm cell strainer.

ELISA

Concentrations of the cytokines IL-5 and IL-13 were measured
using mouse ELISA kits (eBioscience) according to the manu-
facturer’s instructions. The concentration of Ang II in BALF and
asthmatic patients’ plasma was quantified using an Angiotensin
II EIA Kit (Sigma-Aldrich) according to the manufacturer’s in-
structions. Concentrations of PGE2 in mouse BALF and serum
were measured by the Mouse PGE2 ELISA kit (JYM0603 Mo).

Flow-cytometric analysis and sorting

After saturating Fc receptors with CD16/32-blocking antibody
(BioLegend), single-cell suspensions were incubated at 4°C with
conjugated antibodies in PBS containing 1% BSA. Dead cells were
excluded using the LIVE/DEAD Fixable Far-Red Dead Cell
Stain Kit (Thermo Fisher Scientific). For ILC subset staining,
lineage was defined as CD3, CD4, CD5, CD8a, Grl, B220, NK1.1,
CDl11b, CD1lc, Terll9, and TCR-ap. For cell surface staining,
CD45, CD3, CD4, CD8, B220, CD11c, CD11b, MHC II, Siglec F,
F4/80, CD19, CD45.1, CD45.2, CD127, CD90, CD25, KLRG1, ST2,
NK1.1, NKp46, CCRé6, C-Kit, 047, and FIt3 were used. For
cytokine protein analysis ex vivo, single-cell suspensions
were stimulated with PMA (50 ng/ml), ionomycin (1 pg/ml),
and 1x brefeldin A (BFA) before intracellular staining. After
surface antigen staining, cells were fixed using an intracel-
lular fixation/permeabilization kit (eBioscience). For tran-
scription factor and Ki-67 staining, single-cell suspensions
were stained with antibodies to surface antigens, fixed,
and permeabilized according to the manufacturer’s in-
structions (Foxp3/Transcription Factor Staining Buffer Set;
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Figure 7. Changes in transcriptional profiling and up-regulation of ERK1/2 signaling are associated with the effect of Ang Il on ILC2s. (A-E) Lung ILC2s
were cultured with IL-33 or IL-33 plus Ang Il for 6 h, and transcriptional profiling was evaluated by SMART-seq2. (A) Principal components analysis (PCA).
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(B) Kyoto Encyclopedia of Genes and Genomes analysis. (C) Heatmap of expression of selected genes related to the cell cycle. (D) Heatmap of known ILC2
regulators. (E) Heatmap of selected genes of Ras and MAPK signaling pathways. (F and G) Levels of Erk1/2 phosphorylation (p-ERK1/2) in lung ILC2s from
ATla*/* and ATla™/~ mice were determined by flow cytometry after stimulation with Ang Il or PBS (F), or PMA or DMSO (G), for 15 min. (H) Amounts of IL-5 and
IL-13 in culture supernatants of ILC2s from ATIa*/* and AT1la™/~ mice were determined by ELISA, after treatment with PMA and/or U0126 for 72 h. (I) Mean
fluorescence intensity (MFI) of p-STATS5 in lung ILC2s from ATIa*/* and AT1la~/~ mice after stimulation with PBS or Ang Il for 15 min. Data are representative of
two independent experiments. Graphical data show mean + SEM; unpaired t test. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001.

eBioscience). Cell populations were defined as follows:
CLPs: CD45*1in"CD127*F1t3*a4B7-; common helper innate
lymphoid progenitor: CD45*1in"CD127*F1t3-a4B7*CD257;
ILC2 precursor: CD45*1in"CD127*FIt3-a4B7*CD25*; mLN
ILCls: CD45°1lin"CD127*NKI1.1*"NKp46*; mLN ILC3s: CD45*
lin"CD127*RORYt* (orCCR6*)KLRG1"; mLN and colon ILC2s:
CD45*1in"CD127*CD90*KLRG1*; lung ILC2s: CD45*lin-CD90*
CD25*ST2*, unless stated otherwise; epithelial cells: CD45-CD326";
DCs, macrophages, and eosinophils: CD45*CD1lc SiglecF*, CD4,
CD8, CD19, and spleen NK (CD3-NKL1*). All flow cytometry ex-
periments were performed using the LSRFortessa flow cy-
tometer (BD Bioscience) and FACSAria III (BD Bioscience) cell
sorter. All flow data were analyzed with FlowJoVX (Flow]o).
Purity of sorted cells was 295%. The reagents used are listed in
Table S3.

Adoptive transfer of lung ILC2s into NCG mice

For adoptive transfer, lung ILC2s (CD45*lineage CD90*ST2*
population) were sorted from IL-33 challenge mice, and then 2 x
10* purified ILC2s were intravenously injected into NCG mice.
NCG mice were challenged daily with Ang II (i.n.) for 5 con-
secutive days to induce lung inflammation. Mice were sacrificed
and analyzed 24 h after the last challenge. For papain adminis-
tration, the NCG recipient mice after adoptive transferred ILC2s
were in. administered papain (20 pg/mouse) daily and sacri-
ficed on day 6 for analysis.

Human subjects and humanized mouse model

The asthmatic children and healthy control samples were col-
lected from the Guangzhou Women and Children’s Medical
Center, Guangzhou, China, and written informed consent was
provided by the participants. The clinical characteristics of
healthy and asthmatic patients are listed in Table S1. This study
was approved by the Guangzhou Women and Children’s Medical
Center, Guangzhou, China. Human peripheral blood ILC2s were
isolated from fresh peripheral blood as described previously.
Briefly, fresh blood was diluted 1:4 in PBS and gently transferred
to 50-ml tubes containing 15 ml Lymphoprep (STEMCELL
Technologies). The samples were then centrifuged at 350 x g for
25 min at 18°C to enrich the peripheral blood mononuclear cells
(PBMCs). For enrichment of lineage-negative cells, PBMCs
were first stained with biotin-conjugated anti-CD2, anti-
CD3, anti-CD10, anti-CDl11b, anti-CD14, anti-CD16, anti-CDI19,
anti-CD56, anti-CD123, and anti-CD235a from the MagniSort
Human Hematopoietic Lineage Depletion Kit (Thermo Fisher
Scientific) following the manufacturer’s instructions. Next, the
lineage-negative cells were stained with anti-human CD45,
anti-human CD127, anti-human CD161, anti-human CRTH2, and
Strep-APC at 4°C for 1 h. Human ILC2s were sorted with classical
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marker CD45*lin-CD127*CD161*CRTH2*, and the purity of sorted
human ILC2s was 295%. Purified ILC2s were stimulated with
20 ng/ml rh-11.-33, IL-7, and IL-2 (PeproTech) for 3 d and then
adoptively transferred into NCG mice by tail vein (5 x 10* cells
per mouse). The mice were then i.n. challenged with rH-IL-33 (1
pg/d) or PBS, and NCG mice were i.p. administered 10% DMSO
and 10 mg/kg telmisartan daily for 4 consecutive days. 24 h later,
the mice were sacrificed for analysis.

IF staining of lung

Briefly, mice were sacrificed and transcardially perfused with
40 ml of ice-cold PBS, and followed by 40 ml of 4% PFA in PBS.
Lung tissues were placed in a 50-ml conical tube including 20 ml
4% PFA in PBS and incubated for 2 d. Tissues were then dehy-
drated using 30% sucrose in phosphate buffer (PB) solution for
24 h. Lung sections of 50 um were sliced using a Leica CM1860.
Samples were fixed, blocked, and permeabilized with PBS con-
taining 0.25% Triton X-100 and 1% BSA at room temperature for
30 min, then stained. The following antibodies were used: rabbit
anti-AGT (Abcam; clone: EPR20599), rat anti-EpCAM (Abcam;
clone: G8.8), rabbit anti-Agtrl (Abcam; ab18801; and Thermo
Fisher Scientific; PA5-20812), rabbit anti-CGRP (produced by
ChinaPeptides); they were followed by donkey anti-rabbit Alexa
Fluor 647, donkey anti-rat Alexa Fluor 488, and DAPI. The pri-
mary antibody staining was at 37°C for 2 h followed by 4°C for
24 h. Secondary antibody staining was at room temperature for
1 h. Nuclei were stained with DAPI (Thermo Fisher Scientific).
For localization of lung ILC2s with AGT-positive cells, lung sec-
tions of IL-5 reporter mice were stained with anti-AGT and DAPI.
Images of representative tissue were captured by a LSM780 and
LSM900 confocal microscope and analyzed by Zen software.

In vitro culture of ILC2s

Purified ILC2s were cocultured with the indicated reagents (telmi-
sartan; Sigma-Aldrich; PD123319, MedChemExpress) in RPMI-1640
complete medium containing 10% FBS and 1% penicillin-streptomycin,
in the presence of 20 ng/ml IL-2, IL-7, and IL-33, for 3 d. Human ILC2s
were purified from fresh peripheral blood, and lung and mLN ILC2s
were purified from WT and ATla™/~ mice. ILC2 proliferation and cy-
tokine production were analyzed by FACS and ELISA.

For Ang II stimulation in vitro experiments, bulk mLN lym-
phocytes and purified mLN and lung ILC2s were incubated in
complete RPMI-1640 (supplemented with 10% MSC FBS, and 1%
streptomycin and penicillin) at 37°C and in 5% CO,. Lympho-
cytes or ILC2s were stimulated with human Ang I (1 uM unless
stated otherwise; Sigma-Aldrich) for 4 h. For cytokine protein
analysis in vitro (Fig. 2, B and C), ILC2s or lymphocytes were
stimulated with 1x BFA under the indicated conditions (100 ng/
mlIL-33, 1 uM Ang II, Ang II plus IL-33, or PMA plus ionomycin).
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Figure 8. Clinical relevance of Ang Il in patients with asthma. (A) Plasma Ang Il in healthy controls and asthmatic patients; control, n = 13; asthma, n = 14.
(B-D) Correlation between Ang Il concentration and the percentage of circulating ILC2s, n = 13 (B), FEV1%, n = 12 (C), and IgE, n = 8 (D), in asthmatic patients.
(E) mRNA expression of AT1a in the indicated immune cells from PBMCs of healthy volunteers. n = 3/group, and data are repeated two times. (F and G) Purified
human ILC2s were cultured in medium containing 20 ng/ml IL-2, IL-7, and IL-33 for 3 d, in the presence of the indicated treatments including Ang II, Ang Il plus
telmisartan, and Ang Il plus PD123319. Proliferation of ILC2s was determined by CFSE staining (F) and amount of IL-5 and IL-13 in culture supernatants (G). Data
are from two independent experiments; n = 4/group. (H-K) Human ILC2s (5 x 10%) were intravenously transferred into NCG mice, followed by i.n. challenge
with rh-IL-33 (1 ug/d) or PBS. Recipient mice were i.p. administered telmisartan or DMSO for 4 consecutive days. Mice were sacrificed 24 h after the last
challenge. (H) Experimental strategy. (1) Proportions and absolute numbers of human [LC2s in lung. (J) Absolute cell counts of eosinophils in lung and BALF of
recipients. (K) H&E staining of lung sections and quantitated histological scoring (scale bar, 100 pum). (H-K) Data are representative of two independent
experiments; n = 3 or 4/group. Graphical data show mean + SEM; unpaired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Eos, eosinophil; hu SMC, human
smooth muscle cell; SSC-A, side scatter area; Tel, telmisartan.
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SMART-seq2

500 ILC2s from each condition were lysed in 5 pl 10x lysis
buffer. Libraries were constructed by SMART-Seq2 with two
replicates of each condition (Picelli et al., 2013). Briefly, the lysed
RNA was denatured at 72°C for 3 min, and a PCR reaction was
then performed in a mixture of 5x first strand buffer V2,
Discover-sc template strand oligo V2, and Discover Reverse
transcription (42°C for 90 min, 70°C for 15 min, and 4°C for
hold). The former PCR products were mixed with Discover-sc
whole transcriptome amplification PCR primers. 2x Discover
PCR mix was proceeded with PCR a-20 cycles reaction for am-
plification cDNA. Purified and quantified PCR products were
used for DNA library preparation and sequencing. A cDNA
library constructed by technology from the pooled RNA was
sequenced run with the Illumina Novaseq 6000 sequence plat-
form. Sequenced reads were trimmed for adaptor sequence,
masked for low-complexity or low-quality sequence, then
mapped to Ensembl v101 Mus_musculus genome using HISAT
2.0 package with parameters -min_intron_length 20 -max_in-
tron_length 500000. The mapped reads of each sample were
assembled using StringTie. Then, all transcriptomes from sam-
ples were merged to reconstruct a comprehensive transcriptome
using perl scripts. After the final transcriptome was generated,
StringTie and edgeR were used to estimate the expression levels
of all transcripts. StringTie was used to measure expression
levels for mRNAs by calculating fragments per kilobase of exon
model per million mapped fragments. The Gene Expression
Omnibus accession no. for SMART-seq2 data is GSE190617.

RNA isolation and quantitative RT-PCR (qQRT-PCR)

Total RNA from purified ILC2s was extracted with TRIzol rea-
gent (Thermo Fisher Scientific), and cDNA was synthesized with
a cDNA Reverse Transcription Kit (Takara Bio). qPCR was per-
formed using the Power SYBR green PCR Mix (Takara Bio) on a
CFX96/384 system (Bio-Rad). The primers used in this study are
listed in Table S2. The genes’ relative expression was normalized
to the expression of the gene encoding B-actin. The mRNA rel-
ative expressions of mouse ATla and human AGTRI were mea-
sured using the 2(-2¢T) method. The mRNA relative expression of
other genes were measured using the standard 2(-22€T) method.

H&E staining

Lungs were removed, fixed in 4% PFA, and embedded in paraffin
for sectioning. H&E staining was performed for analysis of air-
way inflammation before microscopic analysis.

Statistical analysis

Correlation analysis was performed by the Spearman’s rank test.
Data were analyzed by an unpaired two-tailed Student’s t test
with GraphPad Prism 6.0. A P value of <0.05 was assessed as
statistically significant.

Online supplemental material

Fig. S1 depicts expression of Ang II receptors and gating strat-
egies of ILC2s. Fig. S2 shows the immune response of ATla™/~
mice and ATla*/* or Ang II treatment. Fig. S3 shows that regu-
lation of ILC2s by Ang 11 is T cell independent. Fig. S4 shows that
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the effect of Ang II on ILC2s is dependent on IL-33, and ATla
deficiency attenuates papain-induced inflammation. Fig. S5
shows that blocking RAS alleviates papain-induced lung in-
flammation and clinical relevance. Table S1 contains the clinical
characteristics of healthy and asthmatic children. Table S2 lists
primers used in this study. Table S3 lists mouse strains, anti-
bodies, software, and reagents used in this study.
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Figure S1. Expression of Ang Il receptors and gating strategies of distinct cells. (A) Gating strategies of lung EpCAM* cells and CD45* immune cells.
(B) AGT expression in the homeostasis and papain challenge representative images are from three independent experiments. Scale bars, 100 um; n = 3/group.
(C) Representative three-dimensional images of EpCAM and AGT captured by LSM780. (D) IF staining of AGT, CGRP, and DAP! in lung tissues from naive mice
after papain or PBS challenge. Representative images are shown: red, CGRP; green, AGT; blue, DAPI; scale bar, 20 um. Representative images are two repeated
independent experiments; n = 3/group. (E) The AGT mRNA expression in the tissue of liver and kidney tissues during the steady and papain challenge (n = 5).
(F) AT2a expression in different immune cells. (G) Representative images of ATla- and IL-5-positive cells; scale bars, 20 um. (H) The mean fluorescence
intensity (MFI) of ATla in the bone marrow (BM) precursors CLP, a-lymphoid progenitor (a-LP), common helper-like ILC progenitor (CHILP), and ILC2 pre-
cursor. (I-M) The gating strategies of flow cytometry are shown, including bone marrow ILC progenitors (1), lung ILC2s (J), purity test of lung ILC2 (K), mLN ILC
subsets (L), including ILC1s, ILC2s, ILC3s, and human peripheral blood ILC1s, ILC2s, and ILCp (M). FSC, forward scatter area; Neu, neutrophil; SSC, side scatter.
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Figure S2. Immune response of ATla-deficient mice or Ang Il treatment. Related to Fig. 2. (A) Bone marrow ILC progenitors in ATla~/~ and WT (AT1a*/*)
littermate controls under steady-state. (B) Representative flow plots of mLN ILCls, ILC2s, and ILC3s in ATla~/~ and ATla*/* controls. (C and D) Abundance of
mLN (C) and colon (D) ILC1s, ILC2s, and ILC3s in AT1a™/~ and AT1a*/* controls. Data are from two independent experiments; n = 3/group. (E-G) WT mice were
i.p. administered Ang Il or PBS daily for 5 d. 24 h later, flow cytometry was used to analyze bone marrow, lung, and mLN. (E) Abundance of ILC progenitors in
bone marrow was determined after Ang Il and PBS treatment. (F and G) Spleen NK cells and mLN ILC3s were measured by flow cytometry. (H) AT1a~/~ mice
were i.p. injected with Ang Il daily for 5 consecutive days. Lung ILC2s were analyzed by flow cytometry. (I) Intracellular cytokine production of IL-5 and IL-13 by
ILC2s and ILC2 proliferation were determined by flow cytometry in ATIa~/~ and AT1a*/* mice after treatment with Ang Il for 5 consecutive days. Representative
data are from two or three repeated independent experiments; n = 4 or 5/group. Graphical data show mean + SEM by two-way ANOVA (A and C-E) and
unpaired t test (F-1). *, P < 0.05. Lin, lineage; ROR, retinoic acid-related orphan receptor.
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Figure S3. Regulation of ILC2s by Ang Il is T cell independent. (A) Ratio of peripheral blood immune cells from CD45.1 (AT1a*/*) and CD45.2 (AT1a™/~) mice
was determined by flow cytometry after bone marrow reconstruction for 5 wk in recipient mice. (B) Percentages of donor lung CD4-derived type 2 cytokines in
recipient mice. (C and D) Abundance of spleen CD19* B, CD3* T (C), and Grl* cells (D) from CD45.1 (AT1a*/*) and CD45.2 (AT1a~/~) mice upon Ang Il or PBS
administration is shown. (E-J) PBS or Ang Il was i.n. administered daily for 5 consecutive days in Rag1~/~ mice. (E) Flow cytometry of CD45*SiglecF*CD11c"
eosinophils in BALF. (F) Concentration of IL-5 and IL-13 in BALF. (G) The absolute number of lung ILC2s, (H) the proliferation of lung ILC2s, and (I) cytokine
production of lung ILC2s upon Ang Il treatment. (J) Lung sections of control and Ang II-treated mice were stained with H&E. Data are two repeated inde-
pendent experiments. (A-D) n = 5/group. (E-J) n = 4 or 5 /group. Scale bar, 100 um. Graphical data show mean + SEM by two-way ANOVA (B-D and F) and
unpaired t test (E and G-I). *, P < 0.05; **, P < 0.01; ***, P < 0.001. Eos, eosinophil, Sp, spleen.
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Figure S4. The effect of Ang Il on ILC2 is dependent on IL-33, and AT1 deficiency attenuates papain-induced inflammation. (A) The mean fluorescence
intensities (MFls) of ATla were determined by flow cytometry in IL-337/~ and their littermate controls. Data are from two independent experiments; n = 4/
group. (B) AT1a mRNA relative expression was analyzed by qRT-PCR in indicated cells or kidney tissue (n = 4). (C) IF staining of AT1a, DAPI in lung tissues from
IL-5-tdTomato mice after PBS or IL-33 challenge. Representative images are shown from three independent experiments. Red, IL-5 tdTomato; green, ATla;
blue, DAPJ; scale bar, 20 um; n = 3/group. Lung tissue from AT1a~/~ mice was the negative control. (D-F) IL-33*/* and IL-33"/~ mice were i.n. administered Angll
or PBS daily for 5 d. (D) MFI of KLRG1, ST2, and CD25 was analyzed by flow cytometry in IL-33*/* mice. (E) MFI of CD25 and ST2 were analyzed by flow
cytometry in IL-33/~ mice. (F) Alveolar macrophages (AMs) were determined by flow cytometry. (G) IL-5 and IL-13 concentrations were determined by ELISA
after IL-25 and IL-25 plus Ang Il treatment in the presence of IL-2 and IL-7 for 3 d. (H and 1) Naive mice were i.n. challenged with Ang Il and PBS for 5
consecutive days. Flow-cytometric analysis of the proportions and absolute numbers of macrophages (H) and DCs (1) in lungs. (J-N) PBS and papain were i.n.
administered daily for 5 consecutive days in ATIa*/* and AT1a™/~ mice and data were analyzed 24 h after the last administration. (J) Flow cytometry plots of
ILC2s from lung tissue. (K) Flow plots of lung ILC2 proliferation. (L) MFI of ST2 and KLRG1 on ILC2s. (M) CD4-derived IL-5 and IL-13 were analyzed by flow
cytometry in AT1a*/* and ATla™/~ mice after papain challenge. (N) Ratio of natural and inflammatory ILC2s in AT1a*/* and AT1a*/* mice lung tissue after papain
challenge. (D-1) Two repeated independent experiments, and J-N are repeated three times. Numbers denote percentage of cells in each gate. Data show mean
+ SEM by unpaired t test. *, P < 0.05, **, P < 0.01. Lin, lineage.
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Figure S5.  Blocking RAS alleviates papain induced lung inflammation. (A-G) WT mice were i.p. injected with vehicle, telmisartan (Tel), or PD123319 (PD),
and then challenged i.n. with papain (Pap) daily for 5 d. 1d later, lung ILC2s and ILC2-derived IL-5 and IL-13 were analyzed by flow cytometry (A), and BALF IL-5
and IL-13 concentrations were measured by ELISA (B). (C) Ki67* ILC2s were determined by flow cytometry. (D) Absolute numbers of eosinophils in BALF were
analyzed by flow cytometry. (E) Percentage of alveolar macrophages (AMs) and neutrophils in BALF under the indicated conditions. (F) Proportions of CD4*
T cell-derived IL-5 and IL-13 are shown. (G) The PGE2 concentration in lung BALF and serum in indicated conditions. (H) Representative flow cytometry of
peripheral blood ILC2s in healthy control and asthmatic children. (1) Clinical association between ILC2s percentages and FEV1% (left) and IgE level (right) in
asthmatic children. (J) Sorting strategies and purity test of human ILC2s before adoptive transfer into NCG recipient mice. (K) Representative flow plots of anti-
Hu-CD45* cells and anti-Hu-CD45" cells in the recipient NCG mice. (L) Representative flow plots of eosinophils in BALF and lung tissues of humanized mice.
Data are repeated two or three independent times; n = 4/group. Data show mean + SEM by unpaired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Eos,
eosinophils; SSC-A, side scatter area.
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Table S1, Table S2, and Table S3 are provided as separate files online. Table S1 shows the clinical characteristics of healthy children
and asthmatic children. Table S2 shows PCR primers used in this study. Table S3 shows mouse strains, antibodies, reagents, and
software used in this study.
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