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In Brief

Cross-talk between neurons and ILC2s
regulates tissue inflammation. Here,
Wallrapp et al. show that the
neuropeptide CGRP negatively regulates
ILC2 responses to alarmins and inhibits
airway inflammation in vivo. Mice lacking
the CGRP receptor have exacerbated
responses to alarmins, indicating this is
an important pathway that controls type 2
inflammation.
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SUMMARY

Neuroimmune interactions have emerged as critical
modulators of allergic inflammation, and type 2
innate lymphoid cells (ILC2s) are an important cell
type for mediating these interactions. Here, we
show that ILC2s expressed both the neuropeptide
calcitonin gene-related peptide (CGRP) and its re-
ceptor. CGRP potently inhibited alarmin-driven type
2 cytokine production and proliferation by lung
ILC2s both in vitro and in vivo. CGRP induced
marked changes in ILC2 expression programs in vivo
and in vitro, attenuating alarmin-driven proliferative
and effector responses. A distinct subset of ILCs
scored highly for a CGRP-specific gene signature af-
ter in vivo alarmin stimulation, suggesting CGRP
regulated this response. Finally, we observed in-
creased ILC2 proliferation and type 2 cytokine pro-
duction as well as exaggerated responses to alar-
mins in mice lacking the CGRP receptor. Together,
these data indicate that endogenous CGRP is a crit-
ical negative regulator of ILC2 responses in vivo.

INTRODUCTION

Allergic asthma is characterized by chronic inflammation leading
to airway hyperreactivity and remodeling after repeated allergen
exposure (Lambrecht and Hammad, 2015). Type 2 T helper cells
(Th2 cells) drive allergic inflammation by producing large
amounts of interleukin-4 (IL-4), IL-5, and IL-13, which are impor-
tant for class switching to immunoglobulin E (IgE), recruitment of
eosinophils, and goblet cell hyperplasia, respectively (Lam-
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brecht and Hammad, 2015; Yu et al., 2014). However, recent
studies have highlighted the role of type 2 innate lymphoid cells
(ILC2s) in the development of allergic diseases. Similar to Th2
cells, ILC2s express the transcription factor Gata3 and the
type 2 cytokines IL-5 and IL-13. In contrast to Th2 cells, ILC2s
are primarily found at mucosal surfaces and do not express an-
tigen-specific receptors, and thus they cannot respond directly
to pathogens or allergens. Instead, they respond to signals
from the tissue microenvironment (i.e., alarmins IL-25, IL-33, or
TSLP), which are released by epithelial cells upon stress or dam-
age (Liew et al., 2016; Wallrapp et al., 2018).

The role of ILC2s in initiating and amplifying type 2 inflamma-
tion is tightly regulated to prevent exaggerated mucosal im-
mune responses. Besides alarmins, an increasing array of
factors have been shown to either positively or negatively
regulate ILC2 function, including cytokines (Duerr et al., 2016;
Molofsky et al., 2015; Moro et al.,, 2016; Motomura et al.,
2014; Roediger et al., 2015), cell surface receptors (Oliphant
et al., 2014; Taylor et al., 2017), and lipid mediators (Barnig
et al., 2013; Krishnamoorthy et al., 2015; von Moltke et al.,
2017). In particular, neuroimmune interactions are critical for
regulating ILC2 function in mucosal tissues. Neurons recognize
and respond to immunologically relevant molecules, including
bacterial- and helminth-derived products and cytokines (Car-
doso et al., 2017; Chiu et al., 2013; Talbot et al., 2015). Both
peptidergic and non-peptidergic neurotransmitters regulate
the function of adaptive and innate immune cells, including
ILCs. The neuropeptides neuromedin U (NMU) and vasoactive
intestinal peptide (VIP) both promote ILC2 effector function,
whereas B,-adrenergic receptor ligands (e.g., epinephrine)
inhibit ILC2 proliferation and cytokine production, indicating
that neurotransmitters can both stimulate and inhibit ILC2-
driven responses (Cardoso et al., 2017; Klose et al., 2017; Mor-
iyama et al., 2018; Nussbaum et al., 2013; Talbot et al., 2015;
Wallrapp et al., 2017).

Immunity 57, 709-723, October 15, 2019 © 2019 Elsevier Inc. 709

CellPress



mailto:aregev@broadinstitute.org
mailto:vkuchroo@evergrande.hms.harvard.edu
https://doi.org/10.1016/j.immuni.2019.09.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.immuni.2019.09.005&domain=pdf

Cell’ress

Here, we identified an additional neuroimmune pathway that
modulates ILC2 responses by analyzing expression of both
neuropeptides and their receptors. ILC2s expressed both the
neuropeptide calcitonin gene-related peptide (CGRP) and the
genes encoding its receptor chains, Ramp1 and Calcrl. We
demonstrate that CGRP limited type 2 cytokine production and
ILC2 proliferation and induced a regulatory gene expression
profile in ILCs. In an in vivo model, treatment with CGRP
restrained ILC2-dependent airway inflammation, while deletion
of Ramp1 promoted type 2 immune responses, indicating that
CGRP is a central negative regulator of ILC2-mediated allergic
inflammation.

RESULTS

ILC2s Express the CGRP Receptor Subunits Ramp1 and
Calcrl

To identify putative neuroimmune interactions that may modify
ILC2-mediated responses, we analyzed the expression of a set
of neuropeptide and neurotrophic factor receptors (Hoyer and
Bartfai, 2012) (Table S1) in our previously reported single-cell
RNA-sequencing (scRNA-seq) atlas of lung ILCs (Wallrapp
et al., 2017). As previously shown (Cardoso et al., 2017; Klose
et al., 2017; Nussbaum et al., 2013; Wallrapp et al., 2017),
ILC2s expressed Vipr2 and Nmur1 (the receptors for VIP and
NMU, respectively; Figure S1A). While most other neuropeptide
and neurotrophic factor receptors were either undetectable or
minimally expressed (e.g., Ntrk1, Ntrk3, and Mc1r; Figure S1A),
Ramp1, Ramp3, and Calcrl were expressed in a substantial pro-
portion of cells (Figure S1A). Calcrl and Ramp1 form the receptor
for CGRP, while Ramp3 and Calcrl form the receptor for adreno-
medullin (ADM) (Figure S1B) and can act as a low affinity recep-
tor for CGRP (Russell et al., 2014).

We examined which subsets of ILCs expressed Rampl,
Ramp3, and Calcrl at either steady state or following treatment
with IL-33 or IL-25 (Figures S1C and S1D; Wallrapp et al.,
2017). All three genes were expressed by lung-resident ILCs
from all conditions with broad expression of Ramp1 (Figure S1E).
In addition, Ramp3 was highly expressed in a subset (cluster 9) of
alarmin-induced ILC2s as well as in a minor subset of ILC3s
(Figure S1E).

We validated these results with quantitative real-time PCR
(real-time gPCR) of Ramp1, Ramp3, and Calcrl on lung-resident
cell types. All three genes were highly expressed in naive ILC2s,
consistent with our scRNA-seq data (Figure S1F). Though other
immune cell populations and CD45 stromal cells also ex-
pressed Ramp1, Ramp3, and Calcrl, expression of Ramp1 and
Calcrl was highest in ILC2s compared with the other immune
cell types (Figure S1F).

Lung ILC2s Express the Neuropeptide CGRP

We next investigated whether there are other cellular sources of
CGRP in the lung besides neurons and neuroendocrine cells
(Branchfield et al., 2016; Chiu et al., 2013; Sui et al., 2018). To
test if CGRP is expressed in lung-resident immune cell popula-
tions, we used mice that express GFP under the control of the
promoter of the gene encoding CGRP (Calca) (McCoy et al.,
2012). Rare GFP™ cells (<1%) were seen from most lung-resident
immune cell types, while ~17% of ST2* ILC2s were GFP* at
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steady state (Figure S1G). IL-33 challenge did not increase the
frequency of GFP* ILC2s, but their frequency increased in
response to the combination of IL-33 and CGRP (Figure S1G).
Calca was largely co-expressed in one (cluster 9) of the two sub-
sets (clusters 2 and 9) of lung ILCs that also highly expressed
Ramp3 in scRNA-seq data (Figures S1E and S1H). ILCs also
expressed several other genes encoding neurotransmitters,
including Ubl5 and neuromedin B (Nmb), both of which have
been implicated in regulating organismal metabolism (Figure S1;
Table S1; Collier et al., 2000; Majumdar and Weber, 2011). How-
ever, Calca was the only one where ILCs also expressed the re-
ceptor (Figure S1A). Taken together, our data show that ILCs
uniquely express both chains of the CGRP receptor and CGRP
itself, indicating that this pathway may play a key role in regu-
lating ILC responses, potentially in an autocrine or paracrine
manner.

CGRP Negatively Regulates ILC2 Responses Driven by
IL-33 and IL-25+NMU In Vitro

To investigate how CGRP affects ILC2 function, we examined its
effects on ILC2s in vitro, either alone or with IL-33 (Figure 1A). A
recent report demonstrates that CGRP enhances IL-5 produc-
tion by ILC2s (Sui et al., 2018), inferring that it promotes ILC2
activation. Indeed, after 6 h, ILC2s cultured with CGRP had up-
regulated expression of //5 compared with ILC2s cultured with
IL-7 alone (Figure 1B, bottom) and showed a trend toward
increased expression of amphiregulin (Areg) (Figure S2A). In
contrast, CGRP downregulated expression of //13, indicating
that CGRP may have a more nuanced role in regulating ILC2
responses (Figure 1B, top). Together with IL-33, CGRP led
to significantly decreased //13 expression and significantly
increased /I5 and Areg expression when compared with IL-33
alone (Figures 1C and 1D). Similarly, short-term treatment with
CGRP+IL-33 increased the frequency of IL-5* ILCs compared
with IL-33 alone (Figure S2B), whereas the frequency of IL-13*
ILC2s was significantly reduced (Figure S2C). Thus, CGRP treat-
ment rapidly alters expression of three key effector cytokines
produced by ILC2s, inducing both IL-5 and Areg and inhibiting
IL-13.

The impact of CGRP on IL-33-induced changes in cytokine
expression varied over time. After 3 days, CGRP treatment
continued to promote Areg (Figure 1E) and repress IL-13
mRNA and protein expression (Figures 1F and 1G, top),
decreasing both the frequency of IL-13" ILCs and intensity of
IL-13 expression (Figure 1H, left). However, in contrast to
short-term CGRP treatment, IL-5 mRNA and protein were both
reduced after 3 days (Figures 1F and 1G, bottom) with significant
decreases in both the frequency of IL-5-producing ILCs and the
intensity of IL-5 expression (Figure 1H, right). CGRP similarly in-
hibited ILC2 responses to IL-25 and NMU (Figures 1l and 1J),
which synergize to promote type 2 cytokine production in lung
ILC2s (Wallrapp et al., 2017). Thus, over time CGRP inhibits IL-
33-induced production of both IL-5 and IL-13 in vitro and can
inhibit ILC responses to two distinct stimuli.

CGRP Inhibits IL-33-Induced ILC2 Proliferation In Vitro

CGRP also suppressed ILC2 proliferation. We cultured lung ILCs
labeled with CellTrace Violet for 3 days with IL-7, IL-33, or IL-
33+CGRP. ILC2s proliferated in response to IL-33 (Figure 1K),
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while addition of CGRP strongly inhibited IL-33-induced ILC2
proliferation in a dose-dependent manner (Figure 1K). Though
~55% of IL-33-activated ILCs divided at least once, less than
10% of ILCs proliferated in the presence of 100nM CGRP.
Thus, CGRP negatively regulates IL-33-driven ILC2 proliferation
and type 2 cytokine production, while promoting expression
of Areg.

Upon binding to its receptor, CGRP induces generation of cy-
clic AMP (cAMP; a key second messenger) (Russell et al., 2014).
To investigate whether CGRP regulates ILC2 proliferation and
type 2 cytokine expression via cAMP, we cultured lung ILCs
with IL-33 and cell-permeable dibutyryl-cAMP (dbcAMP). Similar
to CGRP, dbcAMP increased Areg expression and reduced //13
expression, while /5 expression was induced at 6 h and inhibited
at 3 days (Figures 1L,1M, S2D, and S2E). IL-33-induced ILC2
proliferation was also inhibited by dbcAMP (Figure 1N), indi-
cating CGRP activation of cAMP-signaling pathways can modu-
late ILC2 responses.

CGRP Does Not Inhibit Inflammatory ILC2s In Vitro

Recent work has highlighted a distinct population of IL-25-
induced inflammatory ILC2s (iILC2s) in both the lung and intes-
tine that play an important role in host defense (Huang et al.,
2018). We previously identified a distinct population (Figure S1D,
cluster 8) with an ilLC2-like gene expression profile—i.e., rela-
tively high Kirg1, 1I6, and ll17a expression and relatively low
expression of //1rl1, which encodes the IL-33 receptor ST2 (Fig-
ure 2A) (Huang et al., 2015; Huang et al., 2018; Wallrapp et al.,
2017). Cluster 8 cells also had significantly lower Ramp1 expres-
sion than other ILC2s (p < 4.3x10~*®, logistic regression, Wald
test) and minimal Ramp3 expression (Figure 2B). We confirmed
reduced Ramp1 expression in ilLC2s by isolating lung-resident
natural ST2* nILG2s and KLRG1"™ ST2 ilLC2s from IL-25-
treated mice (Figures 2C and S3). Ramp1 and Calcrl expression
were extremely low in ilLC2s compared with nILC2s by gPCR

(Figure 2D), suggesting that iILC2s may not be inhibited by
CGRP as they lack receptor expression.

We confirmed that ilLC2s are less CGRP-responsive by
culturing ilLC2s with either IL-33 or IL-25 with or without CGRP
(Figure 2E). CGRP did not inhibit IL-25- or IL-33-induced /I5 or
1113 expression in ilLC2s (Figures 2F and 2G). Thus, while
CGRP inhibits type 2 cytokine production by ST2* nILC2s,
iILC2s do not express the CGRP receptor and are not inhibited
by CGRP in vitro.

CGRP Induces Transcriptional Changes and a Revised
Chromatin Landscape
We profiled how CGRP altered expression and chromatin acces-
sibility in IL-33-activated ILC2s. By 6 h, CGRP markedly altered
the chromatin landscape of ILC2s. Of the 92,814 accessible re-
gions detected in ILC2s activated with or without CGRP, 9,760
were significantly modified by CGRP (p < 0.05, Wald test)
(Figure 3A; Table S3). CGRP also altered the transcriptional
response of ILC2s to IL-33 (Figure 3B; Table S2A) (>2,691 differ-
entially expressed genes; FDR-adjusted p < 0.05, Wald test; fold
change >1.5; STAR Methods), actively inducing a distinct tran-
scriptional state: half of the differentially expressed genes were
upregulated by IL-33+CGRP when compared with IL-33 alone.
Many of the transcriptionally regulated genes (e.g., Ramp3,
Calca, II5, and 1/113) also had significant, consistent changes in
chromatin accessibility (596 of 1,911 genes with increased
expression were near regions of increased chromatin accessi-
bility; 894 of 1,685 genes with decreased expression were near
regions of decreased chromatin accessibility; p < 1.96x107 194,
hypergeometric test) (Figures 3B, 3C, and S4A). Genes with
increased expression and accessibility included Crem (which is
downstream of cAMP signaling [Foulkes et al., 1996]), I1ri1,
and genes associated with metabolism (e.g., Odc17) or hypoxia
(e.g., Hif1a) (Figure 3B). CGRP also enhanced chromatin acces-
sibility and transcription of Ramp3 and Calca, indicating that
CGRP regulates its own expression in ILC2s (Figures 3B and

Figure 1. CGRP Inhibits Type 2 Cytokine Expression and Proliferation of ILC2s In Vitro

(A) Lungs ILCs were isolated from C57BL/6J mice by fluorescence activated cell sorting (FACS) and cultured with IL-7 or IL-7+IL-33 with medium or CGRP.
(B and C) //13 and II5 expression in ILC2s cultured with IL-7 (B) or IL-7+IL-33 (C) with medium or CGRP for 6 h, determined by gPCR. Data points are technical
replicates (n = 2). Data are representative of two independent experiments.

(D and E) Areg expression in ILC2s cultured for either 6 h (D) or 3 days (E), determined by gPCR. Data points are technical replicates (n = 2). Data are representative
of two (D) or three (E) independent experiments.

(F) 1113 and 115 expression in ILCs cultured for 3 days, determined by qPCR. Data points are averages of technical replicates from four independent experiments.
(G) IL-13 and IL-5 concentration in 3-day ILC culture supernatants, determined by LegendPlex. Data points are averages of technical replicates from four in-
dependent experiments.

(H) Expression of IL-13 and IL-5 in ILCs cultured for 3 days, analyzed by flow cytometry. Representative flow cytometry plots, frequency, and geometric mean
fluorescence intensity (MFI) of IL-5 and IL-13 are shown. Data points are technical replicates (n = 2). Data are representative of two independent experiments.
(I) /113 and II5 expression in ILCs cultured with IL-25+NMU or IL-25+NMU+CGRP for 3 days, determined by gPCR. Data points are technical replicates from one
experiment. Data are representative of three independent experiments.

(J) IL-13 and IL-5 concentration in 3-day ILC culture supernatants, determined by LegendPlex. Data points are technical replicates from one experiment. Data are
representative of three independent experiments.

(K) CellTrace Violet-labeled ILCs cultured for 3 days, analyzed by flow cytometry. Histograms (left) show CellTrace Violet dye dilution. Graph (right) shows the
frequency of proliferating ILCs from 2-3 independent experiments.

(L) /113 and II5 expression in ILC2s cultured for 6 h, determined by gPCR. Data are pooled from three independent experiments with two technical replicates each.
(M) 1113 and /5 expression in ILCs cultured for 3 days, determined by qPCR. Data are pooled from three independent experiments with two technical repli-
cates each.

(N) Cell Trace Violet-labeled ILCs were cultured for 3 days, and proliferation was analyzed by flow cytometry. Data are representative of two independent
experiments.

Data shown as the mean + SEM *p < 0.05; **p < 0.01; **p < 0.001; ns, not significant; by either unpaired t test (B-J, L, M) or unpaired ANOVA (K). See also
Figure S2.
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Figure 2. Inflammatory ILC2s Express Less Ramp1 and Do Not Respond to CGRP

(A and B) Expression of the indicated genes in ILCs by cluster (shown in Figure S1D) as determined by scRNA-seq. Violin plots show expression (y axis, white
diamond indicates mean) of Kirg1, II6, 1111, and //17a (A), or Ramp1 and Ramp3 (B) by cluster (x axis). *p < 4.3x10~*°, logistic regression, Wald test.

(C) IL-25 was given intraperitoneally for 3 consecutive days. Natural ILC2s (ST2+ KLRG1- ILCs; nILC2s) and inflammatory ILC2s (ST2- KLRG1+ ILCs; ilLC2s) were

then isolated.

(D) Ramp1, Ramp3, and Calcrl expression in different ILC subsets, determined by gPCR. Data points are technical replicates from one experiment. Data are

CellPress

representative of two independent experiments.

(E) iILC2s were cultured in vitro with IL-33, IL-33+CGRP, IL-25, or IL-25+CGRP for 6 h.

(Fand G) /15 and /113 expression in ilLC2s cultured with IL-33 (F) or IL-25 (G), determined by gPCR. Data points are technical replicates from one experiment. Data
are representative of two independent experiments.

For (D), (F), and (G), data are shown as the mean + SEM *p < 0.05; **p < 0.01; ns, not significant; by either unpaired ANOVA (D) or unpaired t test (F, G). See also
Figure S8.
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3C). Notably, CGRP enhanced chromatin accessibility of //5
while reducing accessibility of //73 (Figures 3B and 3C), mirroring
the increased /I5 expression and reduced //73 expression at 6 h
(Figure 3B). Ramp3, Calca, Crem, and /I5 were among the top 15
differentially expressed genes in ILCs treated with only CGRP for
6 h (Table S2B). Overall, the coherent CGRP-induced changes in
chromatin accessibility suggest that CGRP reprograms ILC2s
and leads to sustained changes in long-term gene expression.

We assessed the long-term effects of CGRP on ILC2s by
analyzing gene expression profiles after 3 days of culture with
CGRP and IL-33 or IL-33 alone (Figures 3D and S4B; Table
S2C). A significant number of the CGRP-induced changes in
expression seen at 6 h were still present with the same direction-
ality after 3 days (p < 2.89x10~ %%, hypergeometric test) (Table
S2D). CGRP continued to promote a distinct transcriptional
state, as 635 of 946 differentially expressed genes were upregu-
lated by IL-33 and CGRP compared with IL-33 alone. Differen-
tially expressed genes were enriched in gene ontology (GO)
terms such as leukocyte chemotaxis (e.g., Sell, S1pr1, Ccr7),
lipid storage (e.g., Dgat1, Dgat2, Hilpda), and regulation of cell
activation (e.g., Icos, Tnfaip3, Ikzf3) (Figure S4C; Table S4;
STAR Methods). However, there were exceptions where expres-
sion was induced after 6 h and reduced after 3 days (e.g., /5,
Serpinbia, or Tgfa) (Figure 3D). Genes such as Ccl1, Nr4al, or
Tnfsf4 exhibited the inverse pattern—i.e., were initially downre-
gulated but induced later.

CGRP Induces a Regulatory Expression Program in
ILC2s In Vitro

At both time points, CGRP-induced genes were significantly en-
riched in genes associated with regulatory CD4 T cells or with
negative regulation of effector T cell responses, such as the
cell surface molecules Pdcd1 (PD-1), Havcr2 (Tim-3), Lilrb4,
Entpd1 (CD39), and Tnfrsf18 (GITR) (p < 1.1x10~°, hypergeomet-
ric test) Figures 3B,3D, and 3E; Table S2; STAR Methods) (Chi-
hara et al., 2018). Similarly, the transcription factors Foxp3,
Nfil3, and Nr3c1 and the soluble mediator Fgl2 were upregulated
(Figures 3B, 3D, and 3E). Chromatin accessibility was also
increased at the loci of most of these genes (Pdcd1, Tnfrsf18,
Lilrb4, Entpd1, Nfil3, Nr3c1, and Fgl2) (Figures 3B and S4A;
Table S3). To verify that IL-33+CGRP induced Foxp3 expression

at the protein level, we cultured lung ILCs from FoxP3-GFP re-
porter mice with IL-33+CGRP. After 3 days, a small but consis-
tent percentage (~4%) of ILCs expressed FoxP3 versus only
~1% of ILCs cultured with IL-33 alone (Figures S5A and S5B).
We also detected Foxp3 expression in ILCs from Rag2~'~ mice
after culture with IL-33+CGRP (Figure S5C). Thus, CGRP may
inhibit ILC2 function by inducing cell surface molecules and tran-
scription factors associated with T cell regulation or dysfunction.

CGRP induced the regulatory program even in the absence of
IL-33 (Figure S5D). Fewer differentially expressed genes were
seen with CGRP alone (331 versus 946 genes), but one third of
them overlapped with the CGRP+IL-33 condition (112 genes;
p < 2.0x107%, hypergeometric test) (Table S2E), including
most negatively regulatory genes (e.g., Pdcd1, Lilrb4, Fgl2,
Nr3c1, and Tnfrsf18) (Figure S5D). GO terms associated with
cell cycle progression were also enriched for downregulated,
differentially expressed genes (e.g., Mki67, Birc5, Kdm8) (Fig-
ures S5D and S5E; Table S4), consistent with CGRP inhibiting
alarmin-driven proliferation (Figure 1K). Thus, CGRP impacts
ILC2 gene transcription and chromatin organization, inducing
genes known to negatively regulate T cells and inhibiting genes
that promote proliferation and effector function.

In Vivo Administration of CGRP Limits Alarmin-Induced
Airway Inflammation

To assess whether ILC2s respond to endogenous CGRP in vivo,
we generated a gene signature based on the transcriptional
response of ILCs cultured with IL-33+CGRP in vitro (Table S5;
STAR Methods) and used it to score cells from the previously pub-
lished scRNA-seq dataset (Wallrapp et al., 2017). Cells of cluster
9, which is primarily composed of ILCs from IL-33-treated mice
(1,214/1,467 cells), scored significantly higher for this signature
when compared with those of the other clusters (FDR-adjusted
p < 2.2x1073%8 Jinear regression, Wald test) (Figures 3F and
S5F,; STAR Methods) and expressed more Calca and Ramp3
(Figures S1E and S1H). Thus, we hypothesize that these ILCs
represent a population exposed to endogenous CGRP.

To test the in vivo role of CGRP in ILC-driven inflammation, we
treated mice with PBS, CGRP, IL-33, or IL-33+CGRP for 3 days
and assessed airway inflammation (Figure 4A). While the fre-
quency or total number of lung-resident ILCs was not altered

Figure 3. CGRP Modulates ILC Activation and Induces a Regulatory Gene Module

(A) ILC2s cultured for 6 h with IL-33 or IL-33+CGRP were profiled by assay for transposase-accessible chromatin using sequencing (ATAC-seq). Accessible
regions are mapped as Z scores of normalized peak counts taken across columns (n = 3).

(B) ILC2s cultured for 6 h with IL-33 or IL-33+CGRP were analyzed by ATAC-seq and bulk RNA-sequencing (RNA-seq). Heatmap of significant fold changes (>1.5,
color) in expression (left) of genes (rows) in ILC2s cultured with IL-33+CGRP versus IL-33 (FDR-adjusted p < 0.05, generalized linear regression, Wald test). Fold
changes in chromatin accessibility (right) are shown for the ATAC-seq peak corresponding to the respective gene by Genomic Regions Enrichment of Anno-
tations Tool (GREAT). When multiple peaks were assigned to a gene, the peak with the most significant change between ILC2s cultured with IL-33+CGRP versus
IL-33 was shown (FDR-adjusted p < 0.05, Wald test).

(C) Chromatin accessibility in ILC2s treated with IL-33 (upper track of each set) or IL-33+CGRP (lower track of each set) is shown for the Calca, /I5, and //13 loci.
(D) ILCs cultured for 3 days with IL-33 or IL-33+CGRP were analyzed by bulk RNA-seq. Heatmap of significant fold changes (>1.5, color) in expression of genes
(columns) in ILC2s cultured with IL-33+CGRP versus IL-33 for 6 h (upper row, cultured as described in B) or 3 days (lower row) (FDR-adjusted p < 0.05, generalized
linear regression, Wald test).

(E) Heatmap of expression (color), Z scored by row, of selected pro-inflammatory and regulatory genes (rows) that exhibit a significant fold change (>1.5) in
expression of ILCs cultured with IL-33 (left) versus IL-33+CGRP (right) for 3 days. Each column represents one replicate (FDR-adjusted p < 0.05, generalized linear
regression, Wald test).

(F) t-distributed stochastic neighbor embedding (tSNE) plot of published single-cell RNA-seq data, as in Figures S1C and S1D, shows ILCs (dots) isolated from
PBS-, IL-25-, or IL-33-treated mice, colored by score of CGRP signature.

See also Figure S4 and S5.

Immunity 57, 709-723, October 15, 2019 715

CellPress




Cell’ress

w15 ** 200 __ 80
PBS 3 ns = . a
CGRP . “ = ns —_— S
& A v X 150 —_— N = 60
IL-33 g 'I‘ > s}
- € \o
IL-33 + CGRP 8 R - v (%] 100 aat < 40
. 4 N
Nasal S s !F.! et 8 i_ )
3 days B o xl o % - Loy = 20
~ L] - Ad
s N Ak 0 A
S0 T T T T 0 T T T T 0
—@ - =] R ) R =] R » R
&L £ 5 L &F L L
WT < 00 VA XOO < 00 W XOO
& o»
v v
D E F . -« G
101 ox 250 - 3007 ———y 100 .
) s 8 ns P B = ns —
8 8 at @ 2004 T . = - N
@ i} = ) 4
(SN A 5 £ 2004 = . _gf_
= s 6 % 150 2 . S o 607 v
o o s by 28 L
v i . L] v 0 £ i v
a0 4 = 100 7 @ O 40
B h% o+ E S L
o 21 o 4 S 50 uir 8 27
< © + A ha < vy
0 . . T . 0_#'_'7 0Lt Mg o0
dedkk *kk
10 ns L o 400 ns — 150 Hkk 200 *hx
— —_— S —_— ns — ns —_—
) a, ® . — = —
© 8- 4 7] N = . S N
n O O 300 4 =S % 150 .
S g 5 100 N z 4
= S 6 Iy 3 Q N K] 4
b @ 200 - = 100
2a 4 2 o =3
40 . Ff% T ® 504 2
= © £ R
5 ] 7'_5.- ] ‘4 © 100 = @ 50+
X . ) w N v
S = N
. ' ' i = Ll gfﬁ
R & o Q&
< 00 ¥ xOC':
o
v

Severity Score

| 2000 J K L
- |L-33 ok . 60 w3
_ Papain b 0©0
M -= |L-33 + CGRP @ o, 8
% 1500 Nasal 9 oo, %n o *° %o
g 3 days 5 7S : o8o = .
% 1000 2 ° % °
S _ON K 20 * X1 '::‘ 000
i < e
n&: so0 Calca = oo 8
)
_ O R R
o+—T—"TTr7T———— T Calca™ P &
10 100 o e o e
MeCh (mg/ml)

Figure 4. CGRP Dampens IL-33-Induced Airway Inflammation

(A) PBS, CGRP, IL-33, or IL-33+CGRP were administered nasally daily for 3 days.

(B) Frequency (left) and number (right) of lung ILCs, determined by flow cytometry.

(C) Frequency of Ki67* lung ILCs, determined by flow cytometry.

(D) Frequency of IL-5" and IL-13" lung ILCs, determined by flow cytometry.

(E) 115 and 113 expression in lung tissue, determined by qPCR.

(F) IL-5 and IL-13 concentration in BALF, determined by LegendPlex.

(G) Eosinophil frequency and number in BALF, determined by flow cytometry.

(H) Representative H&E stained lung sections from mice treated with PBS, CGRP, IL-33, or IL-33+CGRP (left). Graph (right) shows severity score for individual
mice (n = 9) from three independent experiments. Scale bars represent 100 um.

(l) Airway resistance was assessed in IL-33- or IL-33+CGRP-treated mice in response to methacholine challenge. Data points represent the mean of individual
mice from two independent experiments (IL-33, n = 9; IL-33+CGRP, n = 9).

(J) Calca** and Calca™'~ mice were treated nasally with papain for 3 days.

(K) Frequency of Ki67* lung ILCs, determined by flow cytometry.

(legend continued on next page)
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by CGRP alone, compared with PBS, ILC frequencies and
numbers were significantly reduced by IL-33+CGRP when
compared with IL-33 alone, indicating that CGRP inhibits IL-
33-induced ILC expansion in vivo (Figure 4B). The frequency of
Ki67* ILCs was also decreased by IL-33+CGRP compared
with IL-33 alone (Figure 4C).

CGRP also inhibited production of type 2 cytokines by ILCs af-
ter IL-38 stimulation in vivo. Compared to IL-33 alone, CGRP and
IL-33 significantly reduced the frequency of IL-5" and IL-13*
ILCs (Figure 4D) and lung /II5 and /I13 transcripts (Figure 4E),
while additionally IL-5 and IL-13 proteins were greatly diminished
in lung homogenate and bronchoalveolar lavage fluid (BALF)
(Figures 4F and S6A). The frequency and number of eosinophils
in both lung tissue and BALF were also significantly decreased
by CGRP (Figures 4G and S6B). Moreover, IL-33-induced peri-
vascular and peribronchial-lymphocytic infiltrates in lung sec-
tions were reduced by CGRP (Figure 4H), and IL-33+CGRP-
treated mice developed less airway hyperreactivity than mice
treated only with IL-33 (Figure 4l). Thus, CGRP is a potent inhib-
itor of IL-33-driven inflammation in vivo. We also examined
papain-induced ILC2 responses in Calca*’* and Calca™~ mice
(Halim et al., 2012; Halim et al., 2014). Consistent with the effect
of exogenous CGRP administration, there was significantly
increased ILC2 proliferation and a trend toward increased ILC2
frequency in papain-treated Calca™'~ mice (Figures 4J-4L).

CGRP also inhibited ILC responses induced in vivo by IL-
25+NMU, albeit more mildly. We treated mice with IL-25, IL-
25+CGRP, IL-25+NMU, or IL-25+NMU+CGRP (Figure S6C).
IL-25+CGRP had no effect on ILC frequencies and numbers,
but co-administration of CGRP with IL-25+NMU strongly
reduced ILC frequency and number (Figure S6D). CGRP also
significantly decreased IL-25+NMU-induced ILC proliferation,
as assessed by Ki67 staining (Figure S6E). Compared to
IL25+NMU, co-treatment with CGRP also diminished expression
of type 2 cytokines at the mRNA level in the lung (Figure S6F),
reduced IL-13 protein in both lung tissue and BALF, and showed
trends toward reduced IL-5 protein expression (Figures S6G and
S6H) and decreased BALF eosinophil frequency and number
(Figure S6l). Thus, while CGRP more potently inhibits IL-33-
driven ILC2 responses, it also inhibits IL-25+NMU-induced ILC
activation in vivo.

CGRP Inhibition of ILC2s Is Independent of T Cells

To test if CGRP inhibits ILC2 activation independently of adap-
tive immune cells, we analyzed the effect of CGRP on IL-33-
induced airway inflammation in Rag2 '~ mice (Figure 5A). Total
numbers of lung ILCs were significantly reduced in IL-
33+CGRP-treated mice compared to IL-33 alone, and there
were trends toward lower frequencies of both ILCs and Ki67*
ILCs (Figures 5B and 5C). Although the frequency of IL-5* ILCs
was not different, the frequency of IL-13* ILCs was significantly
lower in IL-33+CGRP-treated mice (Figure 5D). Compared with
IL-33 alone, treatment with IL-33+CGRP also significantly
reduced //5 and //13 transcripts in the lung (Figure 5E), IL-5 and

IL-13 protein concentration in lung homogenates and BALF (Fig-
ures 5F and 5G), and eosinophil numbers in the lung and BALF
(Figures 5H and 5I). Histopathological analysis also showed
that IL-33+CGRP reduced lymphocytic infiltrates in lung sec-
tions of Rag2~/~ mice compared with IL-33 alone (Figure 5J).
Thus, CGRP negatively regulates alarmin-driven ILC2 responses
independently of adaptive immunity.

CGRP Largely Reverts the IL-33-Induced Program

In Vivo

To characterize the transcriptional response of ILC2s to CGRP at
the single-cell level, we analyzed 31,053 lung ILCs from mice
treated with PBS, CGRP, IL-33, or IL-33+CGRP by scRNA-seq
(Figures 6A and S7A-S7D). CGRP alone had little impact on
the distribution of ILCs overall (Figure 6A) and across 16 clusters
(Figures 6B and 6C), while IL-33 caused a dramatic shift
(p < 5.38x107 32, Dirichlet multinomial regression, Wald test).
Cells from IL-33+CGRP treated mice were largely—albeit not
completely (p < 6.38x10~%", Dirichlet multinomial regression,
Wald test)—shifted back to their control distribution, including
in non-ILC2 clusters (Figures 6A-6C and S7E). ILC2s from
CGRP-treated mice mostly co-localized with control ILC2s, sug-
gesting that CGRP alone minimally affected ILC2 transcriptional
profiles (Figures 6A, 6C, and 6D). Three clusters (3, 4, and 9) were
predominantly comprised of IL-33-treated ILC2s (84%-89%),
whereas IL-33+CGRP ILC2s mostly clustered with PBS- or
CGRP-treated ILC2s, indicating the extent to which CGRP in-
hibited ILC2 activation in vivo (Figures 6D and S7F).

Consistent with known effects of IL-33 relative to the PBS-
dominated cluster (cluster 2), clusters 4 and 9 scored highly for
a proliferative gene signature and, along with cluster 3, were
more likely to express /113 (p < 7.9x1072%) and /I5 (clusters 3
and 4 only, p < 2.1x10~ "%, logistic regression, Wald test) (Figures
6E, 6F, and S7G). Each of these clusters had a distinct expres-
sion profile (Figure 6G; Table S6): cluster 4 strongly upregulated
genes associated with cell cycle (e.g., Mki67, Cdk1, Birc5), clus-
ter 9 expressed genes associated with antigen presentation
(e.g., H2-Ab1, Cd74), and cluster 3 expressed genes associated
with effector ILC2s (e.g., Arg1, Ly6a, 115, and 1/13). Conversely,
ILC2s from the IL-33+CGRP condition had dramatically different
expression profiles from those of ILC2s from the IL-33 condition,
with significantly reduced proliferative signature scores and less
frequent /113 expression (p < 2.2x107%%, linear and logistic
regression, Wald test) (Figures 6E and 6F, Figure S7G). While
IL-33+CGRP ILC2s comprised only 7%-14% of IL-33-domi-
nated clusters, they contributed 41%-49% of cells in clusters
5, 6, and 12, which also contained PBS or CGRP ILCs (Fig-
ure S7F). Clusters 5, 6, and 12 express genes associated with tis-
sue repair (e.g., Areg), cAMP signaling (e.g., Atf3), and several
chemokines (e.g., Cxcl1, Cxcl2, Ccl1) (Figure 6G; Table S6).

Of note, cluster 11 highly expressed Calca and Ramp3 as
well as genes associated with regulatory phenotypes, consis-
tent with our in vitro findings with IL-33+CGRP. These also
included immune checkpoint genes (e.g., Pdcd1, Tnfrsf18,

(L) Lung ILC frequency, determined by flow cytometry.

Data points are individual mice pooled from three independent experiments (n = 9) in (B) and (E)-(G) and from two independent experiments (n = 6) in (C) and (D).
Data points are individual mice pooled from three independent experiments (n = 11) in (K) and from four independent experiments (n = 15) in (L). Data are shown as
the mean + SEM *p < 0.05; **p < 0.01; **p < 0.001; ns, not significant; by either unpaired ANOVA (B-H) or unpaired t test (I, K, L). See also Figure S6.
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Figure 5. CGRP Negatively Regulates ILC2 Responses In Vivo Independent of Adaptive Immunity
(A) Nasal administration of IL-33 or IL-33+CGRP to Rag2~'~ mice for 3 consecutive days.
(B) Frequency (left) and number (right) of lung ILCs, determined by flow cytometry.

(C) Frequency of Ki67* ILCs, analyzed by flow cytometry.
(D) Frequency of IL-5* and IL-13* lung ILCs, determined by flow cytometry.
(E) 115 and 113 expression in lung tissue, determined by qPCR.

(F and G) IL-5 and IL-13 concentration in lung tissue (F) and BALF (G), determined by LegendPlex.

(H and ) Frequency and number of eosinophils in lung tissue (H) and BALF (), determined by flow cytometry.

(J) Lung sections were scored for disease severity in a blinded manner. Graph shows severity score for individual mice (n = 6) from two independent experiments.
Data points represent individual mice (n = 10) pooled from three independent experiments (B, D-I) or individual mice (n = 6) from two independent experiments
(C, J). Data are shown as the mean + SEM *p < 0.05; **p < 0.01; **p < 0.001; ns, not significant; by unpaired t test.

Tnfrsf9, Fgl2, Lilrb4a) (Figure 6H; Table S6; Chihara et al., 2018)
and cAMP signaling (Crem), suggesting that these ILC2s
encountered CGRP in vivo. While ILC2s from IL-33+CGRP-
treated mice are a plurality of cluster 11, ILC2s from the other
conditions are also present in this cluster, suggesting that
ILC2s actively respond to endogenous CGRP. We observed
Foxp3 expression in a tiny fraction of ILCs, which was signifi-
cantly increased in mice treated with IL-33+CGRP compared
with the other conditions (p < 0.005, logistic regression, LRT)
(Figure S7H).

Ramp1 Is Required for Regulation of ILC2 Responses

by CGRP

To investigate how endogenous CGRP regulates ILC2-mediated
airway inflammation, we analyzed wild-type (WT) and Ramp1~/~
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mice at steady state and after IL-33 treatment. Ki67* ILC fre-
quency was significantly increased at steady state in Ramp1~/~
mice compared with controls, as were the frequencies of IL-5*
and IL-13* ILCs (Figures 7A and 7B), indicating that CGRP is
an important basal regulator of ILC proliferation and cytokine
production in vivo. The frequency and number of eosinophils
were also significantly elevated in naive Ramp1~'~ mice (Fig-
ure 7C). Moreover, after IL-33 challenge, /5 and //13 expression
was increased in the lungs of Ramp7~/~ mice as was the fre-
quency of lung eosinophils, indicating exaggerated alarmin re-
sponses in Ramp1~/~ mice (Figures 7D-7F). Finally, exogenous
CGRP failed to inhibit IL-33-induced lung /5 and /|13 expression,
eosinophilia, and ILC2 expansion in Rampf/* mice, in contrast
to controls (Figures 7D-7G). Thus, Ramp1 is required for CGRP
to inhibit ILC2 responses in vivo.
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Figure 6. CGRP Inhibits Proliferative and Inflammatory Response of ILC2s to IL-33

(A-H) Uniform manifold approximation and projection (UMAP) embedding of 31,053 cells (dots) isolated from PBS-, CGRP-, IL-33-, or IL-33+CGRP-treated mice,

colored by treatment condition (A) or by cluster (B). (C) Bar plot of proportions (x axis) of cells from each cluster (color) per condition (y axis). (D) Bar plot of counts

(y axis) of cells from each treatment condition (color) per cluster (x axis). (E) ILC2s were scored for expression of proliferation signature genes. Violin plots show

distributions of proliferation signature scores (y axis, white diamond indicates mean) for each cluster (x axis). (F) Violin plots show distributions of //5 and /13
(legend continued on next page)
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Figure 7. Increased Type 2 Immunity in Ramp1~~ Mice

(A-G) WT mice were purchased from Jackson Laboratories and co-housed with Ramp1~/~ mice for at least one week. (A-C) Naive WT and Ramp1~/~ mice. (A)
Frequency of Ki67* lung ILCs, analyzed by flow cytometry. (B) Frequency of IL-5" and IL-13* lung ILCs, determined by flow cytometry. (C) Lung eosinophil
frequency and number, analyzed by flow cytometry. (D-G) IL-33 or IL-33+CGRP were administered nasally to WT mice or Ramp?~'~ mice for 3 days. (D)
Schematic illustrating experimental model. (E) //5 and /113 expression in lung tissue, determined by qPCR. (F) BALF eosinophil frequency, analyzed by flow
cytometry. (G) Frequency of Ki67* lung ILCs, determined by flow cytometry.

Data points are individual mice pooled from two independent experiments (n = 10, A-C or n = 6, E-G). Data are shown as the mean + SEM *p < 0.05; **p < 0.01;

***p < 0.001; ns, not significant; by unpaired t test.

DISCUSSION

We and others recently demonstrated that neurons regulate ILC2
responses to allergens and helminths via neurotransmitters such
as NMU, VIP, and epinephrine (Cardoso et al., 2017; Klose et al.,
2017; Moriyama et al., 2018; Nussbaum et al., 2013; Talbot et al.,
2015; Wallrapp et al., 2017). To elucidate additional neuroim-
mune pathways that regulate ILC2s, we analyzed neuropeptide
receptor expression on ILC2s. Lung-resident ILC2s expressed
both CGRP and its receptor. CGRP inhibited in vitro ILC2 prolif-
eration and effector function and induced genes associated
with T cell dysfunction. In vivo, CGRP treatment reduced acute
airway inflammation by inhibiting ILC2 responses even in the
absence of adaptive immune cells, indicating CGRP negatively
regulates ILC2s.

Previous studies investigated the role of CGRP in regulating
type 2 lung inflammation and, in contrast to our findings, re-
ported decreased airway hyperreactivity following OVA chal-
lenge in mice lacking Ramp1 or CGRP (Aoki-Nagase et al.,
2002; Li et al., 2014). Li et al. found that deleting Calcrl specif-

ically in smooth muscle cells decreases airway hyperreactivity
similar to observations in Ramp?1~/~ mice (Li et al., 2014),
consistent with  CGRP directly inducing human bronchial
smooth muscle contraction (Springer et al., 2004). The effects
of CGRP on smooth muscle therefore appear distinct from its
immunomodulatory role on ILC2s. Although ILC2s highly ex-
pressed Ramp1 at steady state and during lung inflammation,
significant expression of Ramp1 and Calcrl was seen in other
cell types, indicating that ILCs are not the only CGRP-respon-
sive cell type.

CGRP has pleiotropic effects on immune responses and af-
fects both immune and non-immune cells. For instance, CGRP
enhances IL-33-induced IL-5 production by ILCs in the short
term, thus promoting inflammation (Sui et al., 2018). In contrast,
it can also inhibit pro-inflammatory myeloid cells (Baliu-Piqué
et al., 2014; Chiu et al., 2013; Harzenetter et al., 2007; Jusek
et al., 2012). We have previously found that CGRP inhibits cyto-
kine production during lung S. aureus infection and opsophago-
cytic killing of bacterial pathogens by neutrophils (Baral et al.,
2018; Pinho-Ribeiro et al., 2018). While here CGRP acutely

expression (y axis, white diamond indicates mean) for each cluster (x axis). (G) Dot plot visualizes the mean expression (color), Z scored by column, in positively
expressing cells of selected significantly differentially expressed genes (x axis, STAR Methods), per cluster (y axis). Dot size represents the proportion of cells in a
cluster that express the gene. (H) Violin plots show distributions of expression (y axis, white diamond indicates mean) in each cluster (x axis, color) of selected
genes (rows) that are significantly differentially expressed in Cluster 11 (blue) compared with all other cells (STAR Methods).

See also Figure S7.
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enhanced ILC2 IL-5 production, it inhibited IL-13 at all time
points and ILC2-mediated inflammation in vitro and in vivo.

CGRP is expressed by sensory neurons and pulmonary neuro-
endocrine cells (PNECs), specialized epithelial cells that sense
hypoxia and produce neurotransmitters and soluble mediators
(Domnik and Cutz, 2011; Linnoila, 2006). A recent study found
that genetic ablation of PNECs decreases allergen-induced
lung inflammation and linked this to PNEC expression of CGRP
(Sui et al., 2018). However, decreased lung inflammation may
be due to loss of other factors produced by PNECs. This study
also reports that deletion of Calcrl in I/5-expressing cells does
not alter the ILC2 frequency but does reduce the frequency
of lung-infiltrating CD4+ T cells and eosinophils. Developing ge-
netic approaches to specifically target CGRP signaling in ILC2s
versus Th2 cells could provide insight into how CGRP affects
these cell types.

Our finding that ILC2s express CGRP in the lung suggests
that CGRP may potentially act as an autocrine or paracrine
regulator or as a mechanism by which ILC2s modulate other
CGRP-responsive cells. CGRP not only upregulated its own
expression in ILC2s but also upregulated genes associated
with inhibition of effector lymphocyte responses, including a
negative regulatory gene module (Pdcd1, Tnfrsf18, Entpd1,
Lilbr4, Tnfrsf9, and Icos) recently demonstrated to be induced
by IL-27 in T cells (Chihara et al., 2018). The same co-inhibitory
gene module, induced by different stimuli, may thus inhibit ILC2
function.

Binding of CGRP to its receptor generates cAMP (Russell
et al.,, 2014), and chronically elevated cAMP promotes T cell
anergy (Powell et al., 1999)—consistent with cell-soluble cAMP
recapitulating CGRP’s effects. In ILCs cultured with CGRP, we
observed increased expression of genes involved in negative
feedback of cAMP signaling including phosphodiesterase 4D
(Pde4d) (which breaks down cAMP) and the transcription factor
Crem (which can negatively regulate transcription) (Raker et al.,
2016). PDE4 inhibitors have been approved for treating chronic
inflammatory diseases, such as atopic dermatitis and chronic
obstructive pulmonary disease, providing additional evidence
that increases in intracellular cAMP inhibit inflammation (Li
et al., 2018). Additionally, B, adrenergic receptor agonists, which
also increase cAMP, have recently been shown to dampen ILC2
type 2 cytokine production and proliferation (Moriyama et al.,
2018). In contrast, NMU receptor 1 (Nmur1) signals via G,q pro-
teins that induce calcium influx and activate phospholipase C,
resulting in ILC2 stimulation (Cardoso et al., 2017; Klose et al.,
2017). These data suggest that the modulation of cCAMP is a crit-
ical pathway by which CGRP inhibits ILC2 activation.

Finally, our data show that by negatively regulating ILC2 re-
sponses, CGRP limits acute airway inflammation. Elucidating
the role of CGRP in chronic lung inflammation will be an impor-
tant area of future research, particularly in light of the recent
approval of humanized monoclonal antibodies that inhibit either
CGRP or the CGRP receptor (Goadsby et al., 2017; Silberstein
et al., 2017). Although no asthma-related adverse events were
reported in the phase 3 clinical trials of these antibodies
(Goadsby et al., 2017; Silberstein et al., 2017), the possibility
that these agents could enhance ILC2 responses and promote
type 2 inflammation clearly warrants close monitoring as they
enter widespread clinical use. Our study also highlights that acti-

vation of the CGRP receptor may represent a therapeutic strat-
egy in allergic diseases.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-mouse CD3e PE/Cy7 (clone 145-2C11) BioLegend Cat# 100320
Anti-mouse CD3e BV421 (clone 145-2C11) BioLegend Cat# 100341
Anti-mouse CD4 FITC (clone RM4-5) BioLegend Cat# 100510
Anti-mouse CD4 BV421 (clone RM4-5) BioLegend Cat# 100544
Anti-mouse CD8a BV421 (clone 53-6.7) BioLegend Cat# 100738
Anti-mouse CD11b APC (clone M1/70) BioLegend Cat# 101212
Anti-mouse/human CD11b BV421 (clone M1/70) BioLegend Cat# 101236
Anti-mouse CD11c PerCP (clone N418) BioLegend Cat# 117326
Anti-mouse Cd11c APC (clone N418) BioLegend Cat# 117310
Anti-mouse CD11c PE/Cy7 (clone N418) BioLegend Cat# 117318
Anti-mouse CD11c BV421 (clone N418) BioLegend Cat# 117330
Anti-mouse CD19 APC (clone 6D5) BioLegend Cat# 115512
Anti-mouse CD19 BV421 (clone 6D5) BioLegend Cat# 115538
Anti-mouse CD45 APC/Cy7 (clone 30-F11) BioLegend Cat# 103116
Anti-mouse CD90.2 FITC (clone 30-H12) BioLegend Cat# 105306
Anti-mouse CD127 PE (clone A7R34) BioLegend Cat# 135010
Anti-mouse CD127 PE/Cy7 (clone A7R34) BioLegend Cat# 135014
Anti-mouse/human IL-5 APC (clone TRFK5) BioLegend Cat# 504306
Anti-mouse IL-13 PE (clone eBio13A) Thermo Fisher Scientific Cat# 12-7133-82
Anti-mouse IL-33Ra PE (clone DIH9) BioLegend Cat# 145304
Anti-mouse/rat Ki-67 PE/Cy7 (SolA15) Thermo Fisher Scientific Cat# 25-5698-82
Anti-mouse/human KLRG1 APC/Cy7 (clone 2F1/KLRG1) BioLegend Cat# 138426
Anti-mouse NK-1.1 APC (clone PK136) BioLegend Cat# 108710
Anti-mouse NK-1.1 BV421 (clone PK136) BioLegend Cat# 108732

Anti-mouse Siglec-F PE (clone E50-2440)

BD Biosciences

Cat# 552126

Anti-mouse TCRB PE/Cy7 (clone H57-597) BioLegend Cat# 109222
Anti-mouse TCRB BV421 (clone H57-597) BioLegend Cat# 109230
Anti-mouse TCRy/3 PE/Cy7 (clone GL3) BioLegend Cat# 118124
Anti-mouse TCRy/3 BV421 (clone GL3) BioLegend Cat# 118120
Chemicals, Peptides, and Recombinant Proteins

Recombinant mouse IL-7 BioLegend Cat# 577802
Recombinant mouse IL-17E R&D Systems Cat# 1399-I1L-025
Recombinant mouse IL-33 BioLegend Cat# 580504
CGRP (rat, mouse) Phoenix Pharmaceuticals Cat# 015-09
Neuromedin U US Biological Life Sciences Cat# N2171-80E
Dibutyryl-cAMP Tocris Cat# 1141

7AAD BD Biosciences Cat# 559925

Fixable Viability Dye eFluor 506

Invitrogen

Cat# 65-0866-14

Critical Commercial Assays

Lung Dissociation Kit, mouse
gentleMACS C tubes

CD90.2 MicroBeads, mouse
LegendPlex (Mouse Th Cytokine Panel)
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Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
BioLegend

Cat# 130-095-927
Cat# 130-096-334
Cat# 130-049-101
Cat# 740005

(Continued on next page)



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
LegendPlex (Mouse Th2 Cytokine Panel) BioLegend Cat# 740027
CellTrace Violet Cell Proliferation Kit Invitrogen Cat# C34557

BD Cytofix/Cytoperm

BD Perm/Wash
Fixation/Permeabilization Concentrate
Fixation/Perm Diluent
Permeabilization Buffer

RNeasy Plus Mini Kit

PicoPure RNA Isolation Kit
RNase-Free DNase Set

iScript cDNA Synthesis Kit
SuperScript IV VILO Master Mix
TagMan Fast Advanced Master Mix
Nextera DNA Preparation Kit
Chromium Single Cell 3" GEM, Library & Gel Bead Kit v3

BD Biosciences

BD Biosciences
Invitrogen

Invitrogen

Invitrogen

QIAGEN

Thermo Fisher Scientific
QIAGEN

Bio-Rad

Thermo Fisher Scientific
Thermo Fisher Scientific
lllumina

10x Genomics

Cat# 51-2090KZ
Cat# 51-2091KZ
Cat# 00-5123-43
Cat# 00-5223-56
Cat# 00-8333-56
Cat# 74134

Cat# KIT0204
Cat# 79254

Cat# 1708891
Cat# 11756050
Cat# 4444557
Cat# FC-121-1031
Cat# 1000075

HiSeqg X Ten Reagent Kit v2.5 lllumina Cat# FC-501-2501
Deposited Data
Raw and analyzed data This paper GEO: GSE136154

ScRNA-seq samples (related to Figure S1 and Figure 2)

Wallrapp et al., 2017

GEO: GSE102299

Experimental Models: Organisms/Strains

Mouse: C57BL/6J
Mouse: Rag2—/— mice
Mouse: CGRP-GFP
Mouse: Foxp3-GFP
Mouse: CGRP—/—
Mouse: Ramp1—/—

The Jackson Laboratory
The Jackson Laboratory
McCoy et al., 2012
Bettelli et al., 2006
Oh-hashi et al., 2001
Tsujikawa et al., 2007

JAX: 000664
JAX: 008449
N/A
N/A
N/A
N/A

Software and Algorithms

FlowJo v10.5.0

Prism v7.0a and v8.1.2

R v3.4.1 and v3.5.3

RStudio v1.0.153 and v1.2.1335
DESeq?2 version 1.24.0

MACS2 version 2.1.1
Bedtools version 2.26.0

GREAT version 3.0.0
The Integrative Genomics Viewer (IGV)

FlowJo
GraphPad

R

RStudio

Love et al., 2014

Zhang et al., 2008
Quinlan and Hall, 2010

McLean et al., 2010
Robinson et al., 2017

www.flowjo.com
www.graphpad.com
WWWw.r-project.org
www.rstudio.com

https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html

https://pypi.org/project/ MACS2/

https://bedtools.readthedocs.io/en/
latest/content/history.html

http://great.stanford.edu/public/html/

http://software.broadinstitute.org/
software/igv/

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Vijay K.

Kuchroo (vkuchroo@evergrande.hms.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All experiments involving mice were approved by the Institutional Animal Care and Use Committee (IACUC) at Brigham and Women’s
Hospital. Mice were maintained in the animal facility at Brigham and Women'’s Hospital under specific pathogen-free conditions with
food and water ad libitum and a 12 h dark/light cycle. Mice were age- and sex-matched for experiments and were randomly assigned
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to experimental groups. C57BL/6J (WT) mice and Rag2~’~ mice were purchased from the Jackson Laboratory. CGRP-GFP mice
(McCoy et al., 2012) were provided by I. Chiu (Harvard Medical School, Boston). FoxP3-GFP mice (Bettelli et al., 2006) were gener-
ated in our laboratory. Calca™~ mice (Oh-hashi et al., 2001) were provided by Hiroki Kurihara (The University of Tokyo, Tokyo) and
distributed by RIKEN BioResource Research Center. Ramp1~'~ mice (Tsujikawa et al., 2007) were provided by Wade Kingery (Vet-
erans Affairs Palo Alto Health Care System) with permission by Kazutake Tsujikawa (Osaka University, Osaka).

Primary Cell Culture

Primary cells were cultured in a humidified incubator at 37°C and 10% CO2 in complete medium consisting of RPMI 1640 medium
(Cat# 11875-119; Thermo Fisher Scientific) supplemented with 10% fetal bovine serum, HEPES, L-Glutamine, Penicillin/Strepto-
mycin and B-Mercaptoethanol.

METHOD DETAILS

Isolation of lung cells for fluorescence-activated cell sorting

Mice were euthanized and perfused with 8ml cold DPBS via the right heart ventricle. Lung lobes were removed from the chest
cavity and transferred into gentleMACS C tubes containing Buffer S and enzymes A and D from the lung dissociation kit (Cat#
130-095-927; Miltenyi Biotec). After manual dissociation of the tissue by running program lung_01 of the automated tissue dissocia-
tor (gentleMACS; Miltenyi Biotec), and digestion at 37°C for 25min on a rotator, the tissue pieces were further dissociated by running
program lung_02 of the automated tissue dissociator. Subsequently, the single-cell suspension was passed through a 70um cell
strainer and washed with DPBS (Cat# 14190-144; Thermo Fisher Scientific) containing 0.5% bovine serum albumin (Cat#
BP1600-1; Fisher Scientific) and 2mM EDTA. After incubation of the cells with CD90.2 MicroBeads (Cat# 130-049-101; Miltenyi
Biotec) on ice for 17min, cells were washed and transferred onto LS columns (Cat# 130-042-401; Miltenyi Biotec) to enrich for
CD90.2-positive cells by positive selection. Then, positive and negative cell fractions were stained with surface antibodies for
20min on ice in the dark, washed and resuspended in 1-2ml DPBS containing 0.5% bovine serum albumin and 2mM EDTA. Cells
were purified by fluorescence-activated cell sorting using a BD FACS Aria lllu flow cytometer with 3 lasers (405nm, 488nm,
640nm) or 4 lasers (405nm, 488nm, 561nm and 640nm) (BD Biosciences). For subsequent cell culture, cells were sorted into com-
plete medium. For RNA isolation, cells were directly sorted into RLT Plus lysis buffer (RNeasy Plus Mini Kit; QIAGEN) or extraction
buffer (PicoPure RNA Isolation Kit; Thermo Fisher Scientific). Debris and doublets were excluded for cell types using forward and
sideward scatter. The CD90.2 positive cell fraction was used to sort innate lymphoid cells (ILCs) (7TAAD-, CD45+, CD90.2+, Lineage
(CD3, CD4, CD8, CD11b, CD11c, CD19, NK1.1, TCRp, TCRY?d)-, CD127+ cells), ILC2s (ST2+ ILCs), CD4 T cells (7AAD-, CD45+,
CD3+, CD4+, TCRp+ cells) and TCRy3 T cells (7AAD-, CD45+, CD3+, CD4-, TCRp-, TCRyd+). The CD90.2 negative fraction was
used to sort B cells (TAAD-, CD45+, CD19+), eosinophils (7AAD-, CD45+, CD11b+, CD11¢™°", Siglec-F+, SSC-A™), neutrophils
(7TAAD-, CD45+, CD11b+, CD11c’, Siglec-F-, Ly6G+), macrophages (7AAD-, CD45+, CD11b+, CD11c+, F4/80+, Siglec-F+,
MHC2+) and CD45- cells (7TAAD-, CD45-). For the isolation of inflammatory ILC2s, single-cell suspension was enriched for lympho-
cytes by 40/70% Percoll gradient centrifugation instead of enrichment with CD90.2 beads. Inflammatory ILC2s were defined as
7AAD-, CD45+, CD127+, Lineage-, CD90.2™, ST2-, KLRG1+ cells and gated as shown in Figure S3.

Culture of innate lymphoid cells

Sort-purified innate lymphoid cells (ILCs) were cultured under sterile conditions in complete medium in a humidified incubator at 37°C
and 10% CO2. ILCs were plated at a density of 3,000-5,000 ILCs per well in a 96 well round-bottom plate in complete medium with
20ng/mL IL-7. Depending on the experiment, different combinations of 200ng/mL IL-25, 200ng/mL IL-33, 1ug/mL NMU, 100nM
CGRP or 100uM dibutyryl-cAMP were added either at start or after overnight culture with 20ng/mL IL-7. After 6 h or 3 days, culture
supernatant was removed and frozen at —20°C and ILCs were lysed in Extraction Buffer (PicoPure RNA isolation Kit; Thermo Fisher
Scientific), incubated at 42°C for 30min and frozen at —80°C.

Proliferation assay

Lung cells were isolated and enriched for CD90.2 cells as described above, followed by labeling with CellTrace Violet (Cat# C34557;
Thermo Fisher Scientific) according to manufacturer’s instructions and subsequently stained with antibodies. After 3-day culture of
sort-purified ILCs with 20ng/mL IL-7 either alone or in combination with 200ng/mL IL-33, 100pM CGRP or 100nM CGRP followed by
staining, expression of CellTrace Violet in live (7AAD-) ILCs was analyzed on a BD LSRFortessa (BD Biosciences).

Airway inflammation

Mice received nasally 500ng IL-25, 500ng IL-33, 20png NMU, 6.65ug CGRP or 50ng papain diluted in DPBS for three consecutive
days. For nasal administration, mice were lightly anesthetized with Isoflurane (Cat# 07-893-1389; Patterson Veterinary). For induction
of inflammatory ILC2s, mice received intraperitoneally 500ng IL-25 for three consecutive days. One day after the last treatment, mice
were euthanized and perfused with 8ml cold DPBS via the right heart ventricle. After exposure of the trachea, a small incision was
made at the top of the trachea and a curved gavage needle was inserted. Lungs were washed with 1.5ml cold DPBS via the needle
and the retrieved bronchoalveolar lavage fluid was centrifuged at 1300rpm for 5 min at 4°C. After centrifugation, the supernatant was
frozen at —20°C and the cell pellet was resuspended in 250u1 complete medium and stored on ice until flow cytometric analysis. The
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post-caval lung lobe was transferred into 10% buffered formalin and stored at room temperature until paraffin embedding for histo-
logical analysis. The other lung lobes were dissociated using the lung dissociation kit (Cat# 130-095-927; Miltenyi Biotec) and auto-
mated tissue dissociator (gentleMACS; Miltenyi Biotec) as described above with the adjustment that after running program lung_02,
the single cell suspension was centrifuged at 1300rpm for 5 min at 4°C and 1ml of the supernatant was frozen at —20°C. Single-cell
suspension was resuspended in complete cell culture medium and stored on ice until further processing.

For RNA isolation, lung cells were centrifuged at 300 g for 6 min at 4°C, the supernatant was discarded and the cell pellet was re-
suspended in 600l RLT Buffer Plus (QIAGEN RNA isolation kit), vortexed and frozen at —80°C.

For cell counts, lung cells were stained with 7AAD and Precision Count Beads (Cat# 424902; BioLegend) were added according to
manufacturer’s instructions. Cells and beads were acquired on a BD LSRFortessa (BD Biosciences) and cell numbers were calcu-
lated based on number of acquired live (7AAD-) cells and number of acquired beads.

For flow cytometric analysis, lung cells were transferred into a 96 well V-bottom plate and stained with surface antibodies for 20min
at 4°C in the dark. Cells were washed twice with DPBS containing 2% fetal bovine serum and transferred into 1.2ml tubes for analysis
by flow cytometry. For intracellular cytokine staining, cells were incubated in complete cell culture medium with 50ng/mL phorbol 12-
myristate 13-acetate (Sigma-Aldrich), 1uM ionomycin (Sigma-Aldrich) and GolgiStop (Cat# 554724; BD Biosciences) for 5 h and fixed
and stained using the BD Fixation/Permeabilization Solution Kit (Cat# 554714; BD Biosciences) per manufacturer’s instructions. For
ki67 staining, cells were fixed with the Foxp3/Transcription Factor Staining Buffer Set (Cat# 00-5223-00; Invitrogen) per manufac-
turer’s instructions. Cells were analyzed on a BD LSRFortessa (BD Biosciences) flow cytometer with 5 lasers (355nm, 405nm,
488nm, 561nm and 640nm). Data was analyzed using FlowJo v10.5.0 software and cell populations were gated as described pre-
viously (Wallrapp et al., 2017).

RNA isolation and cDNA synthesis

RNA was isolated from lung cells and immune cell populations sorted from naive mice using the QIAGEN RNeasy Plus Mini Kit (Cat#
74134; QIAGEN) according to manufacturer’s instructions. RNA concentration and purity were determined with a NanoDrop spec-
trophotometer (Thermo Fisher Scientific) and equal amounts of RNA were reverse transcribed to cDNA using the iScript cDNA Syn-
thesis Kit (Cat# 1708891; Bio-Rad). RNA was isolated from cultured ILCs or ex vivo sort-purified ILCs with the PicoPure RNA isolation
kit (Cat# KIT0204; Thermo Fisher Scientific) according to manufacturer’s instructions and subsequently reverse transcribed to cDNA
with the SuperScript IV VILO Master Mix (Cat# 11756050; Thermo Fisher Scientific). To analyze gene expression TagMan Fast
Advanced Master Mix (Cat# 4444557; Thermo Fisher Scientific) was used per manufacturer’s directions and quantitative real-time
PCR was performed with a ViiA 7 system (Thermo Fisher Scientific). Gene expression was normalized to expression of the house-
keeping gene Actin-b. The following TagMan probes were used: /5 (Mm00439646_m1), /13 (Mm00434204_m1), Ramp1
(MmO00489796_m1), Ramp3 (Mm00840142_m1), Calcrl (Mm00516986_m1), Calca (Mm01274759_g1), Areg (Mm00437583_m1),
Foxp3 (Mm00475162_m1) and Actb (Cat#4352341E; Thermo Fisher Scientific).

Bead-based immunoassay

Cytokine concentrations in bronchoalveolar lavage fluid, lung tissue and ILC culture supernatant were determined using the
LEGENDplex mouse Th cytokine panel (Cat# 740005; BioLegend) or mouse Th2 cytokine panel (Cat# 740027; BioLegend) according
to manufacturer’s instructions. Samples were acquired using a BD LSRFortessa flow cytometer (BD Biosciences) and analyzed with
the LEGENDplex Software v7.1.

Methacholine assay

Mice were anesthetized and a 20G needle was inserted into the trachea and connected to a flexiVent FX1 instrument (SCIREQ). Mice
were exposed to increasing doses of aerosolized methacholine (0, 3, 10, 30, 100mg/mL diluted in DPBS) and airway resistance was
measured. For each dose the airway resistance was calculated as the mean of 8 measurements.

Histology

Lung tissue was fixed in 10% buffered formalin at room temperature and embedded in paraffin. After sectioning, lung slices were
stained with hematoxylin and eosin (H&E) and scored for severity of airway inflammation by a histopathologist in a blinded manner
according to the following scoring system: 0, normal; 1, very mild; 2, mild; 3, moderate; 4, severe.

ATAC-seq

ILC2s were cultured as described above for 6 h with IL-33 or IL-33+CGRP. Subsequently, 6,000 viable ILC2s were sorted into DPBS
supplemented with 2% FCS. Cells were pelleted by centrifugation and stored in Bambanker™ cell freezing media (LYMPHOTEC Inc.)
at —80°C. For ATAC-seq library preparation, cells were thawed at 37°C, washed once with PBS, and lysed and tagmented in 1X TD
Buffer, 0.2ul TDE1 (lllumina), 0.01% digitonin, and 0.3X PBS in 40ul reaction volume following the protocol described in Corces at al.
(Corcesetal., 2016). Transposition was performed at 37°C for 30 min at 300 rpm. The DNA was purified immediately with the MinElute
PCR purification kit (QIAGEN). The complete eluate was then amplified with PCR, as follows. First, 5 cycles of pre-amplification were
performed using indexed primers with NEBNext High-Fidelity 2X PCR Master Mix (NEB). The number of additional cycles was as-
sessed by SYBR Green quantitative PCR. After purifying the final library with the MinElute PCR purification kit (QIAGEN), the library
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was quantified with the Kapa Library Quantification Kit (Kapa Biosystems) and a Qubit dsDNA HS Assay kit (Invitrogen). Libraries
were sequenced on an lllumina NextSeq 550 system with paired-end reads of 37 base pairs in length.

ATAC-seq data processing

Read alignment, filtering, visualization of signal tracks, and measurement of quality control metrics was performed using a publicly
available ATAC-seq pipeline (Lee et al., 2016). Briefly, reads were aligned to the mm10 genome using Bowtie2 and filtered to remove
duplicates and mitochondrial reads. Alignment files were merged for biological replicates for peak-calling using MACS2 (Zhang et al.,
2008). Read counts per peak were compiled using the bedtools multicov tool. Counts were normalized and processed for differential
peak accessibility between conditions using DESeqg2 (Love et al., 2014). Gene annotation with putative regulatory elements was per-
formed using GREAT with default parameters (McLean et al., 2010). Briefly, genes were assigned a minimum basal regulatory domain
from —5 kb to +1 kb from the transcription start site and extending up to the nearest gene’s basal regulatory domain. ATAC-seq peaks
were assigned to any gene with an intersecting regulatory domain as a potential regulatory element of that gene (Table S3).

Previously published single-cell RNA-Seq data

Processed scRNA-Seq data was obtained from our earlier study (Wallrapp et al., 2017), without any change to processing, using the
same expression values and cluster assignments as previously reported. In particular, log-transformed normalized gene expression
levels, referred to as log TPX, were calculated by calling Seurat’s LogNormalize() function with the scale set to reflect the expected
number of UMlIs in each condition. That is, for cells in condition ¢ and batch i to, the “scale.factor” argument was set to 10, 000 x
(we /meani(wpgs /), Where w,; is the mean number of UMIs per cell in condition ¢ and batch i (Wallrapp et al., 2017).

Bulk RNA-seq

ILCs were plated in replicates and cultured as described above for 3 days and RNA was isolated using PicoPure RNA isolation kit
according to manufacturer’s instructions. Two replicates from each of two distinct experiments were subsequently sequenced.
RNA was quantified using a Qubit RNA HS Assay kit (Invitrogen) and quality accessed with a RNA 6000 Pico Kit (Agilent). 2ng of
RNA were used as input for a modified SMART-Seq2 protocol (Picelli et al., 2014) entailing RNA secondary structure denaturation
(72°C for three minutes), reverse transcription with Maxima Reverse Transcriptase (Life Technologies), and whole transcriptome
amplification (WTA) with KAPA HiFi HotStart ReadyMix 2X (Kapa Biosystems) for 12 cycles. WTA products were purified with Ampure
XP beads (Beckman Coulter), quantified with a Qubit dsDNA HS Assay Kit (Invitrogen), and quality assessed with a High Sensitivity
DNA Chip run on a Bioanalyzer 2100 system (Agilent). 0.2 ng of purified WTA product was used as input for Nextera XT DNA Library
Preparation Kit (lllumina). Uniquely barcoded libraries were pooled and sequenced with a NextSeq 500 sequencer using a high output
V2 75 cycle kit (lllumina) and 2x38 paired end reads.

Bulk RNA-seq data processing

Raw data was converted to fastq files using bcl2fastq 2.17.1.14 with options “—minimum-trimmed-read-length 10-mask-short-
adapter-reads 10.” Transcript quantification was done using Kallisto 0.42.3 (Bray et al., 2016) with the mm10 mouse genome anno-
tation, and transcript counts were then converted to gene counts and normalized TPM values using the R package tximport (Soneson
et al., 2015).

Bulk RNA-seq analysis

Differential expression was analyzed using the DESeqg2 R package (Love et al., 2014). At each time point, gene expression was
modeled as a sum of the effects of the condition and of the batch, i.e., date of the experiment. For the joint analysis of both time
points, gene expression was modeled as a sum of the effects of the condition, batch, and time point, with an interaction term for
condition and time point. For the IL-33+CGRP condition, the null condition was IL-33 treatment. For the IL-7+CGRP condition, which
was analyzed separately, the null condition was IL-7 treatment. Significance of the overall model fit was estimated by a likelihood ratio
test (LRT), where the reduced model consisted of only the batch variable. P values were automatically adjusted by DESeqg2 using
independent filtering for an FDR of 0.1. Genes that had an adjusted p value for the LRT of at most 0.05 (“LRT-filtered”) are included
on the sheets of Table S2. LRT-filtered genes were considered significantly differentially expressed if, in addition, they met the criteria
of having a Wald test adjusted p value for the condition variable of at most 0.05, and absolute value of the associated log fold change
of at least log2(1.5). Tests of enrichment in gene sets from GO (Table S4) and other sources were performed on these genes and
visualized using the R packages clusterProfiler (Yu et al., 2012) and DOSE (Yu et al., 2015). The negative regulatory gene set used
in comparisons consists of the cell surface transmembrane receptors Ctla4, Havcr2, Icos, Lag3, Lilrb4, Pdcd1, Tigit, Tnfrsf4, Tnfrsf9,
and Tnfrsf18 (Chihara et al., 2018).

CGRP response gene signature derivation

The CGRP signature was defined as the set of genes that satisfy all the following criteria: (1) LRT-filtered in the 3-day CGRP+IL-33
versus IL-33 model and CGRP+IL-7 versus IL-7 model; (2) significantly differentially expressed at least in one of those models; (3)
having model coefficients of the same sign in each comparison, i.e., corresponding to fold changes in the same direction in both
models. The sign of the gene in the CGRP signature corresponded to the sign of the coefficient in the models (Table S5).
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Gene signature scoring and analysis

A score for an individual cell in the single-cell RNA-seq dataset was calculated as the log of the geometric mean of the normalized
expression (TPX) values of the genes in the signature. Genes with a negative sign in the signature contributed negatively to the score,
and genes that did not appear in the single-cell dataset but appeared in the signature contributed as zero values. Using linear regres-
sion, the signature score was modeled as a sum of the effects of the cluster (or the condition) and the log of the number of UMIs.
Cluster 9 in the previously published scRNA-seq data had statistically significantly higher CGRP signature scores, regardless which
other cluster was used as the reference.

New single-cell RNA-seq

Library preparation

Lung ILCs were sorted from mice, which had received nasally PBS, CGRP, IL-33 or IL-33+CGRP for 3 consecutive days, into DPBS
with 0.4% BSA. Subsequently, cells were encapsulated into droplets and libraries were prepared using the Chromium Single Cell 3’
GEM, Library & Gel Bead Kit v3 (10x Genomics) per manufacturer’s instructions. Generated libraries were sequenced on a HiSeq X
(Ilumina).

Initial data processing and QC

Gene counts were obtained by aligning reads to the mm10 genome using CellRanger software (v1.3) (10x Genomics). To remove
doublets and poor-quality cells, cells were excluded from subsequent analysis if they were outliers in their sample or condition of
origin in terms of number of genes or number of unique molecular identifiers (UMIs), which left 83.1% and 84.2% of cells from
CGRP and PBS, respectively, and 90.3% and 93% of cells from IL-33 and IL-33+CGRP conditions, respectively (Figure S7A). Sam-
ple-specific cut-offs per cell were 900-5,000 genes for IL-33 and IL-33+CGRP conditions and 900-3,900 genes for CGRP and PBS.
Another 2.1% of the remaining cells were excluded for having greater than 10% of mitochondrial gene counts (Figures S7B and S7C).
Normalization and Dimensionality Reduction

To normalize gene counts, we used regularized negative binomial regression via the SCTransform() function from Seurat v3, with the
“batch_var” parameter set to the replicate indicator variable and the “vars_to_regress” parameter set to the variable capturing the
percentage of mitochondrial gene counts in each cell (Butler et al., 2018; Hafemeister and Satija, 2019). This step takes the place of
the typical steps of log-normalization, variable gene selection, and scaling. We used log1p of the corrected counts to compute
principle components analysis (PCA), and used the top 40 PCs as input to the visualization embedding by uniform manifold approx-
imation and projection (UMAP).

Clustering and Differential Expression

The processed data was imported into SCANPY (v1.4), where the neighborhood graph was computed using 15 neighbors and 20
PCs (Wolf et al., 2018). Clustering was done using the Leiden algorithm with a resolution of 0.6. Differentially expressed genes
were computed using the default settings of the sc.tl.rank_genes_groups() function, which uses ‘t test_overestim_var’ as the method
and uses for comparison all cells outside of the group (e.g., cluster or condition) of interest (Table S6). Logistic regression analyses
used generalized linear regression with batch and log of the number of UMIs as nuisance variables.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with GraphPad Prism software version 7.0a and 8.1.2 (GraphPad). Data are shown as mean +
SEM. Statistical significance was determined using unpaired two-tailed t test (when comparing two groups) or a one-way ANOVA
with Tukey’s multiple comparisons test (for the comparison of three or more groups) unless otherwise indicated.

DATA AND CODE AVAILABILITY

Code will be made available at https://github.com/sriesenfeld/CGRP_LunglLCs_Analyses. The accession number for the ATAC- and
RNA-seq data reported in this paper is NCBI Gene Expression Omnibus: GSE136154.
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