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In brief

Xu et al. show that increased pulmonary
neuroendocrine cells (PNECs), and
secreted neuropeptides can cause poor
gas exchange. In neuroendocrine
hyperplasia of infancy (NEHI) mice,
increased CGRP from PNECs causes
vessel leakage, excess fluid, and poor
oxygenation. These findings suggest
neuropeptides as therapeutic targets for
conditions with excess lung fluid.
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SUMMARY

Although increased neuropeptides are often detected in lungs that exhibit respiratory distress, whether they
contribute to the condition is unknown. Here, we show in a mouse model of neuroendocrine cell hyperplasia
of infancy, a pediatric disease with increased pulmonary neuroendocrine cells (PNECs), excess PNEC-
derived neuropeptides are responsible for pulmonary manifestations including hypoxemia. In mouse post-
natal lung, prolonged signaling from elevated neuropeptides such as calcitonin gene-related peptide
(CGRP) activate receptors enriched on endothelial cells, leading to reduced cellular junction gene expres-
sion, increased endothelium permeability, excess lung fluid, and hypoxemia. Excess fluid and hypoxemia
were effectively attenuated by either prevention of PNEC formation, inactivation of CGRP gene, endothe-
lium-specific inactivation of CGRP receptor gene, or treatment with CGRP receptor antagonist. Neuropep-
tides were increased in human lung diseases with excess fluid such as acute respiratory distress syndrome.
Our findings suggest that restricting neuropeptide function may limit fluid and improve gas exchange in these
conditions.

INTRODUCTION mented in the lungs of ARDS patients and in ARDS animal
models (Espiritu et al., 1992). However, whether excess neuro-
peptides contribute to respiratory distress has not been

addressed.

Efficient gas exchange requires matched conductance of air and
blood to the ~480 million alveoli in lung (Ochs et al., 2004), with

diffusion of oxygen and carbon dioxide across the alveolar
epithelial and endothelial barriers. Disruption of barriers, such
as in acute respiratory distress syndrome (ARDS) caused by
lung injury or infection, leads to excess fluid in the interstitial
and/or the alveolar space, impeding gas exchange and causing
respiratory distress. Although multiple mechanisms contribute to
ARDS, increases in select neuropeptides have been docu-

In the lung, a major cellular source of neuropeptides is pulmo-
nary neuroendocrine cells (PNECs). PNECs represent a rare and
evolutionarily conserved airway epithelial cell population (Xu
et al., 2020). In vitro, these specialized cells respond to stimuli
such as nicotine, hypoxia, and mechanical stretch by secreting
potent bioactive neuropeptides and neurotransmitters (Cutz
et al., 2007). In vivo, PNECs are activated following allergen

Developmental Cell 57, 1-15, April 11, 2022 © 2022 Elsevier Inc. 1


mailto:xinsun@health.ucsd.edu
https://doi.org/10.1016/j.devcel.2022.02.023

Please cite this article in press as: Xu et al., Excess neuropeptides in lung signal through endothelial cells to impair gas exchange, Developmental Cell
(2022), https://doi.org/10.1016/j.devcel.2022.02.023

¢ CellP’ress Developmental Cell

A F R K ¢,
ATG - Nkx2-1"* Nkx2-1"* Nkx2-1"* Marker = ‘ ‘ &
Bl ——E—EN  Nkxe-1gene <
+/+: 5-CCCAGTGCGCCCCGCCGGAAG--3’ b Fe g
UL: 5--CCCAGTGCGCCGCTCCGGAAG--3' ¥
Nszsed ke N
BspEl cut site I ‘:R'}‘ I
: ~ i e 9
- e : t
+/+: CCC AGT GCG CCC CGC CGG AAG N e 4 "GRP/Bt basi
- '{ ombesin
P& A P R R K NKX2-1 protein i o 4
L/L: CCC AGT GCG CCG CTC CGG AAG
P S A P L R K

; c
Kk Airwa -
300 —dkkk Alveoi{i e B Nkx2-1%*
o a . Nix2-1Y
3 820 L
o o Nkx2-1
+ 200 S1s
& NS. 8,
8 100 .g :
E 0.5
o 2oo
Nkx2-1"* Nkx2-1“* Nkx2-1* o

b

Nkx2-1++

Nkx2-1+ | Nkx2-1"*  Nkx2-12*  Nkx2-1-*

M 10.07
o Nkx2-1" sk KHK
= 804 ™ Nkx2-14*
2" Nkx2-14%
S 6.0 *%
g *
2. 4.01
T
@ 2.0
0.0 T T r
5 10 15 20
Stage (postnatal day)
N
110.01 .
N.S. £
«100.01 |
§00 e wgs
®
Q' 90.01
Q.
(7]
80.0

Nkx2-1"* Nkx2-1"*  Nkx2-1-*

Figure 1. Establishing the Nkx2-1 mutant model of NEHI using CRISPR-Cas9 genome editing

(A) Schematic of CRISPR-Cas9 strategy to generate Nkx2-1776"t (Nkx2-14) allele. Aside from engineered changes, a silent C — G change also arose in the
CRISPR-Cas9 repair process and is noted in green.

(B) RFLP-based genotyping. Introduction of BspEl site in the mutant allele led to digestion of 503 bp PCR product into 326 bp and 177-bp fragments.

(legend continued on next page)
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challenge and are essential for amplifying allergen-induced asth-
matic responses (Sui et al., 2018). Increased PNECs have been
recognized in a variety of lung diseases, including bronchopul-
monary dysplasia (BPD), asthma, pulmonary hypertension, sud-
den infant death syndrome, and bronchiolitis obliterans (Cutz
et al., 2007). However, it is debated whether the increase of
this rare airway cell type is the cause or the consequence of
poor gas exchange, and the repertoire and mechanisms govern-
ing PNEC function in vivo remains poorly understood.

Neuroendocrine cell hyperplasia of infancy (NEHI) is a rare
childhood interstitial lung disease with unexplained and persis-
tent respiratory symptoms (Deterding et al., 2005). Patients
with NEHI are typically asymptomatic at birth but present with
insidious onset of tachypnea, hypoxemia, crackles on chest
auscultation, and failure to thrive in the first few months to years
of age (Liptzin et al., 2020). A central puzzle with NEHI is the
absence of alveolar simplification, a pathological feature that ac-
companies other conditions with gas exchange deficiency such
as in chronic obstructive pulmonary disease (COPD) and BPD. In
contrast to the lack of structural defect in the alveoli, the defining
histological feature of NEHI is the characteristic PNEC hyperpla-
sia as aggregates termed neuroendocrine epithelial bodies in the
distal airways and alveolar ducts. However, it is debated whether
the increase of a rare airway cell type would explain hypoxemia
and respiratory symptoms. Most children with NEHI require sup-
plemental oxygen for many years, as no disease-specific treat-
ment for NEHI is currently available (Nevel et al., 2018).

In the present study, we established a mouse model of NEHI
by generating mice that carry the first identified NEHI patient ge-
netic variant, a point mutation in the transcription factor gene
NKX2-1 (Young et al., 2013). The mutant mice faithfully recapit-
ulated key aspects of the clinical and pathologic phenotypes
observed in children with NEHI. Through generation of multiple
compound mutant, we demonstrated that increased PNECs
and their associated neuropeptides are responsible for NEHI
physiological phenotypes including reduced oxygenation.
More importantly, mechanistic dissection revealed that excess
PNEC production of neuropeptides such as calcitonin gene-
related peptide (CGRP) signals through receptors on the endo-
thelial cells to disrupt endothelial barrier, leading to excess fluid
in lung. Treatment with a CGRP receptor antagonist reduced
lung fluid and improved gas exchange in the NEHI model, raising
the possibility that dampening excess neuropeptide signaling
may help improve respiratory function.

¢ CellP’ress

RESULTS

Nkx2-1R161L/R161L mutants recapitulate key features

of NEHI

To establish an animal model of NEHI, we used CRISPR-
Cas9 technology to generate mice that carry an allele termed
Nkx2-17"8"L corresponding to the first patient mutation found
in a family with NEHI (Figures 1A, 1B, and S1A) (Young et al.,
2013). One round of CRISPR injection yielded 19 pups, 5 of
which carried the intended change. To minimize effects of
possible off-target mutation in any given founder, F1 progeny
from different founders were bred to each other and phenotyping
was carried out in their progeny.

To address if mice carrying the Nkx2- allele recapitulated
NEHI phenotypes, we started with assessment of PNEC hyperpla-
sia, the namesake feature of NEHI. By counting CGRP+ cells in
whole lung lobes and assaying for transcript level of PNEC
markers Ascl1 and Calca (encoding CGRP), we found that
Nkx2-1R161LR161L mutants (hereafter referred to as Nkx2-71-*
mutants) exhibited increased numbers of PNECs compared with
heterozygous (Nkx2- 1-*) and wild-type (Nkx2-1+/*) littermate con-
trols (Figures 1C and 1D). A majority of the increased PNECs were
found along the airway where PNECs are normally positioned (Fig-
ures 1E-1G). There was also a minor contribution (~6% of the to-
tal) from ectopic CGRP+ cells scattered in the alveolar region (Fig-
ures 1C and 1H-1J). In reviewing lung biopsies from patients with
NEHI, we found evidence of a variable number of ectopic PNECs
in the alveolar region, in addition to the documented increases in
the airway (Figure 1K). The findings in NEHI mouse model were
supported by costaining of another PNEC marker synaptophysin
(SYP) together with CGRP (Figures S1B-S1B"). Quantification re-
vealed that the CGRP+ PNEC proportion remained unchanged in
Nkx2-1" mutants compared with other controls, further confirm-
ing PNEC number increase (Figure S1C).

In contrast to PNEC hyperplasia, the number and distribution of
ciliated cells and club cells appeared normal in Nkx2-1-- mutants
compared with controls (Figures S1D-S1F and S1D'-S1F').
There was no ectopic presence of basal cells in the intrapulmo-
nary airway of mouse mutants, similar to controls. Although
goblet cells are present at baseline in normal human airways, their
prominence has not been documented in NEHI. However, in
contrast to the complete absence of goblet cells in mouse airway,
in Nkx2- 1Mt mutants, some distal airway cells coexpressed both
the club cell marker SCGB1A1 and the goblet cell marker

1F1’761L

(C) PNEC quantification of whole left lobe at E18.5 (n = 3 for each group), statistical analysis was performed on the total PNEC number (airway and alveoli

combined).
(D) gPCR of PNEC markers Ascl1 and Calca at P22 (n = 3 for each group).

(E-G) Representative longitudinal section of the main airway in P22 lung for each group with anti-CGRP staining labeling PNECs (arrows). Scale bars, 100 um. (E'—

G') Magnified view of boxed areas in (E-G), respectively. Scale bars, 50 pm.

(H-J) CGRP+ cells (arrowheads) were ectopically detected in the alveolar region of Nkx2-7-- mutants. Scale bars, 50 um.
(K) NEHI patient biopsy with anti-GRP/Bombesin labeling of PNECs showing large neuroepithelial bodies (NEBs) at bronchiole (dashed box) and ectopic solitary

PNECs in alveolar region (arrowheads).
(L) Representative body size at P22.

(M) Growth curve from P5 to P22 of 12 pups nursed by the same outbred foster mother (n = 4 for each group). Statistical analysis was carried out separately at

each time point.
(N) Oxygen saturation at P22 (n > 6 for each group).

One-way ANOVA Tukey’s multiple comparisons test was used for (C, D, M, and N). N.S., not significant, p > 0.05. * for p < 0.05, ** for p < 0.01, *** for p < 0.001.

Error bars represent mean + SD.
See also Figure S1.
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Figure 2. PNEC hyperplasia in Nkx2- 1YL mutants is associated with increased Sox2, decreased Notch signaling, and increased specification

rather than proliferation

(A) gPCR showing increased PNEC marker Asc/1 at E13.5 when PNECs are first specified (n = 3 for each group).

(B) Rate of epithelial cell proliferation quantified by EdU staining at E13.5 (n = 3 for each group).

(C—F) Representative longitudinal section of the main airway of E18.5 lungs with anti-CGRP antibody staining labeling PNECs. Scale bars, 100 um. (C'-F')

Magnified view of boxed areas in (C-F), respectively. Scale bars, 50 um.

(G) gPCR of Sox2 and Notch pathway genes Notch1, Notch2, and Hes1 at E13.5 (n = 3 for each group).
(H-J) Representative anti-SOX2 antibody staining at P22. Scale bars, 100 pm.

(K) gPCR of Sox2 at P22 (n = 3 for each group).
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MUCS5AC (Figures S1G-S1K). Furthermore, in Nkx2-1- mu-
tants, the expression of key type 2 immunity cytokines such as
115 and /113 remained normal, suggesting that there is no height-
ened immune phenotype, consistent with the lack of inflamma-
tionin NEHI patient lungs (Figure S1L). Analogous to NEHI patient
lungs, Nkx2-1-" mouse mutant lungs exhibit normal lung size,
normal alveolar architecture as quantified by mean linear inter-
cept (MLI), and normal distribution of alveolar type 1 and type 2
(AT1 and AT2) cells by both immunostaining and gRT-PCR anal-
ysis (Figures STM-S1X).

Patients with NEHI have normal birth weight but frequently
exhibit failure to thrive by a few months of age, thought to be
attributed to their chronic respiratory disease including tachyp-
nea and hypoxemia. Similarly, Nkx2-1~t mutants had normal
birth weight but displayed increasing growth retardation
compared with littermate controls starting at P10 (Figures 1L
and 1M). Importantly, Nkx2- 1" mutants also exhibited low oxy-
gen saturations as measured by SpO, (Figure 1N). Taken
together, these observations indicate that the Nkx2- 71 mouse
mutants faithfully recapitulate key histological features and
physiological symptoms observed in patients with NEHI,
providing a mouse model of this disease.

PNEC hyperplasia was associated with increased cell
specification rather than proliferation
The mechanism underlying PNEC hyperplasia in NEHI has been
debated, with consideration of increased cell specification versus
increased proliferation of existing PNECs. To distinguish between
these possibilities using the mouse model, we first determined the
earliest time point when increased PNECs were detected by
tracing the expression of Ascl/1, a key PNEC cell fate marker. We
found that Ascl71 expression is already increased at embryonic
day (E) 13.5, the stage when PNEC fate is normally specified
(Figure 2A) (Kuo and Krasnow, 2015). However, by EdU labeling
at this time point, there was no change in epithelial proliferation
in Nkx2-1" lungs compared with control genotypes (Figure 2B).
As Ascl1 is also essential for PNEC specification (Ito et al., 2000)
to directly test the possibility that PNEC hyperplasia in this NEHI
model is due to increased specification, we generated Nkx2-1-%;
Ascl1~/~ double mutants. The double mutant mice died at birth,
likely due to known requirement for Asc/1 outside of the lung (Ito
et al., 2000). When analyzed just before birth at E18.5, the double
mutants showed a complete absence of PNECs, including those in
the airway and alveolar regions (Figures 2C-2F). Consistent with
the dependence of ectopic alveolar PNECs on Ascl1, lineage-
tracing using Ascl1®EF; RogRLSL-taTomato, ang Nkx2-1- mice
showed that the ectopic alveolar CGRP+ cells are derived from
the Ascl1 lineage (Figures S2A and S2B). Furthermore, these
CGRP+ cells do not express HOPX or pro-SPC, markers for AT1
and AT2 cells, respectively, despite their localization in the alveolar
region (Figures S2C and S2D). Collectively, these findings suggest
that PNEC hyperplasia is due to increased Ascl/7-dependent
specification.

¢ CellP’ress

Nkx2-1""" mice exhibited increased expression of Sox2
and decreased expression of Notch pathway genes,
behaving as partial loss-of-function mutants

After establishing that the increase of Ascl7 is responsible for
PNEC hyperplasia, we next dissected the molecular pathway
from Nkx2-1° mutation to Ascl? increase. Previous studies
show that NKX2-1 represses the expression of Sox2 (Domyan
et al.,, 2011; Que et al., 2007). In turn, SOX2 inhibits the expres-
sion of Notch, and NOTCH activation induces the expression
of Hes1, which inhibits the expression of Asc/1 (Li et al., 2013;
Xu et al., 2014). By gRT-PCR at E13.5, we observed an increase
in Sox2 and a decrease in Notch pathway genes including
Notch1, Notch2, and Hes1 in Nkx2-1-"- lungs (Figure 2G). This in-
crease in SOX2 persisted in postnatal stages as validated by
anti-SOX2 antibody staining and gRT-PCR (Figures 2H-2K).
Tracking back to normal embryonic lung, there is a clear correla-
tion between higher SOX2 expression and PNEC cell fate (Fig-
ure S2E). These results are consistent with a genetic pathway
from Nkx2-1 to Sox2 to Notch signaling, resulting in regulation
of Ascl1 expression and PNEC specification (Figure 2L).

The direction of gene expression changes downstream of
Nkx2-1 suggests that Nkx2-1- is a loss-of-function allele and
inactivation of Nkx2-1 would lead to increased PNECs. This
notion is counter to the report that PNECs were absent in the
Nkx2-1~"~ null mutant, which also exhibited an early halt in over-
all lung development (Li et al., 2013). To resolve this discrepancy,
we bypassed the early requirement for Nkx2-1 in lung specifica-
tion and inactivated the gene just prior to PNEC specification. In
Nkx2-1°"°EF/F conditional mutants, we observed a significant up-
regulation of PNEC markers by both immunostaining and qRT-
PCR analysis (Figures S2F-S2H).

To further confirm that Nkx2-1" is a loss-of-function allele, we
performed a classical genetic complementation test by mating
mice carrying the Nkx2-1* allele to mice carrying the Nkx2-1~
null allele. PNEC increase was detected in Nkx2-15~ mutants
compared with controls while the lung size remained largely
normal (Figures S2I-S2K). Unlike in Nkx2-1 null mutants where
trachea and esophagus failed to separate (Minoo et al., 1999),
they separated normally in Nkx2-1~ mutants. These results
together suggest that Nkx2-1- acts as a partial loss-of-function
allele.

Nkx2-1"" mutants developed excess fluid in lung

A key puzzle in NEHI is the cause of hypoxemia, given that lung
size and alveolar architecture appear normal. Establishment of
the animal model allowed us to investigate a range of parameters
using invasive approaches in mutants compared with littermate
controls. Since Nkx2-1"" mutants showed improved body
weight and oxygenation with age, similar as what has been re-
ported in patients with NEHI (Figures S3A-S3F) (Deterding
et al., 2005; Nevel et al., 2018). Therefore, we focused on early
time points to evaluate potential pathophysiologic mechanisms.
We found that the wet-to-dry (W/D) ratio of mutant lungs was

(L) Schematics of a molecular mechanism linking Nkx2-1- mutation to PNEC hyperplasia, as supported by data here and previous publications (Domyan et al.,

2011; Ito et al., 2000; Li et al., 2013; Que et al., 2007; Xu et al., 2014).

Student’s t test was used for (A and K). One-way ANOVA Tukey’s multiple comparisons test was used for (B and K). N.S., not significant, p > 0.05. * for p < 0.05,

**for p < 0.01, *** for p < 0.0001. Error bars represent mean + SD.
See also Figure S2.
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Figure 3. PNEC hyperplasia is responsible for
lung fluid increase and gas exchange defi-
ciency

(A and B) Lung W/D ratio at P22 (n > 8 for each
group) and at P39 (n > 5 for each group).

(C) Representative body size at P22.

(D) Growth curve from P5 to P22 of 12 pups nursed
by the same outbred foster mother (n = 3 for each
group). Statistical analysis was carried out sepa-
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(E) Lung W/D ratio at P22 (n > 8 for each group).
(F) Oxygen saturation as measured by SpO, at P22
(n > 7 for each group).

One-way ANOVA Tukey’s multiple comparisons test
was used for (A and B), and two-way ANOVA Tu-
key’s multiple comparisons test was used for (D-F).
N.S., not significant, * for p < 0.05, ** for p < 0.01,
*** for p < 0.001. Error bars represent mean + SD.
See also Figure S3.

Genetic inactivation of PNEC
products alleviated excess fluid,
reduced oxygenation, and growth
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statistically significantly increased at weaning (P22) and at the
end of alveologenesis (P39) (Figures 3A and 3B). These data indi-
cate that the overall excess fluid in lung is a quantifiable pheno-
type associated with the NEHI mouse model.

Preventing PNEC formation alleviated excess fluid,
reduced oxygenation, and growth defect in the NEHI
mouse model

It has been long debated whether PNEC hyperplasia are causal
for NEHI symptoms, are bystanders, or a consequence of the
disease. To test these possibilities using the NEHI model, we
genetically prevented the formation of PNECs in NEHI lung by
generating Nkx2-1-%; Shh°™®*; Ascl1™F (hereafter referred to
as Nkx2-1%; Ascl1°f© mutant). As in Nkx2-1Y%; Ascl1 =/~
mutant, inactivation of Asc/1 led to a complete absence of
PNECs in Nkx2-1-"; Ascl1°%C mutant (Figures S3G-S3I). How-
ever, unlike the Asc/7~/~ mutant that died at birth due to global
loss of Ascl1, the tissue-specific Shh°®*; Ascl1™F mutant and
thereby the Nkx2-1Y"; Ascl1°%C mutant survived (Sui et al.,
2018). We found that compound Nkx2-1-%; Ascl1°K© mutants
displayed improved body weight, normal lung W/D ratio, and ox-
ygen saturation level at P22 compared with either Nkx2-1- or
Ascl1°KP single mutants (Figures 3C-3F). These findings demon-
strate that rather than being the consequence of NEHI, PNECs
are key contributors to excess fluid, hypoxemia, and growth
retardation in the NEHI mouse model.
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when injected in the paw (Brain et al., 1985;
Newbold and Brain, 1993). To address if
CGRP plays a role in the Nkx2-1-"- physiological phenotypes,
we measured CGRP levels in bronchioalveolar lavage (BAL) fluid
and found significant increases in CGRP levels in in Nkx2- 12 mu-
tants compared with controls, suggesting that upregulated Calca
(encoding CGRP) gene expression resulted in elevated secreted
protein (Figure 4A). In addition, intranasal administration of
CGRP in early postnatal pups led to increased W/D ratio (Figures
4B and 4C), indicating that excess CGRP is sufficient to cause
excess fluid in lung.

To test if increased CGRP may contribute to NEHI pheno-
types, we inactivated CGRP gene in NEHI mutants by gener-
ating Nkx2-1"%; Calca™~ double mutants. As expected, in
these double mutants, PNEC hyperplasia was still observed,
whereas CGRP was at background level by staining and in
BAL fluid (Figures 4D and S4A-S4F). At P22, the Nkx2-1-;
Calca™’~ double mutants displayed normal body weight,
decreased lung W/D ratio, and normal oxygen saturation
compared with those of single mutants and Nkx2-1-* controls
(Figures 4E-4H). We note that the W/D ratio did not fully revert
back to control level, suggesting that other PNEC products
may contribute to the excess fluid phenotype. In support of
this, inactivation of Tac7—which encodes substance P, another
edema-inducing neuropeptide (Newbold and Brain, 1993)—
also led to partial reversal of the excess fluid phenotype in
the Nkx2- 1 mutant background (Figures S4G-S4l). These re-
sults indicate that PNEC products contribute significantly to
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Figure 4. PNEC product CGRP contributed to lung fluid increase and gas exchange deficiency
(A) CGRP concentration in BAL as measured by ELISA for each genotype (n = 8 for first three groups, n = 4 for Nkx2-1-'%; Ascl1°K© mutants).
(B) Wild-type mice were intranasally administrated with 10 uL 1 pg/uL CGRP or saline at P10, P12, P14, and P16. This concentration was selected based on

physiological range measured by BAL ELISA.

(C) Lung W/D ratio measured at P18 (n = 4 for saline-treated group, n = 3 for CGRP-treated group).
(D) CGRP concentration in BAL as measured by ELISA for each genotype (n = 4 for each group).

(E) Representative body size at P22.

(F) Growth curve from P5 to P22 of 12 pups nursed by the same outbred foster mother (n = 3 for each group). Statistical analysis was carried out separately at each

time point.
(G) Lung W/D ratio at P22 (n > 7 for each group).
(H) Oxygen saturation at P22 (n > 10 for each group).

One-way ANOVA Tukey’s multiple comparisons test was used for (A). Student’s t test was used for (C), and two-way ANOVA Tukey’s multiple comparisons test
was used for (F-H). N.S., not significant, p > 0.05. * for p < 0.05, ** for p < 0.01, *** for p < 0.001, **** for p < 0.0001. Error bars represent mean + SD.

See also Figure S4.

excess fluid, reduced oxygen saturation, and poor weight gain
in mice.

Our previous study showed that PNECs are important for
amplifying asthmatic response including goblet cell meta-
plasia following exposure to allergen (Sui et al., 2018). Thus,
we also addressed if PNECs are responsible for the goblet
cell metaplasia phenotype in Nkx2-1-C mutants. We
confirmed this possibility by the finding that few goblet cells
were detected in Nkx2-1t; Ascl1°%© mutants (Figures S4J-
S4M). We and others have shown that PNECs produce y-ami-
nobutyric acid (GABA), and GABA is required for allergen-
induced goblet cell metaplasia phenotype (Barrios et al.,

2017, 2019; Sui et al., 2018; Xiang et al., 2007). To address
if GABA is responsible for goblet cell metaplasia phenotype
in the Nkx2-1Y" mutants, we inactivated vesicular GABA
transporter gene Vgat that is required for GABA secretion
in the Nkx2-1"" mutant background (Nkx2-1-%; Shhoe'*;
Vgat™F, hereafter referred to as Nkx2-1%; Vgat®®© mutant).
Few goblet cells were detected in Nkx2-14L; Vgat®k© (Figures
S4N and S40). In contrast, goblet cell metaplasia persisted in
Nkx2-1-"t; Calca™~ mutants (Figures S4P and S4Q). Further-
more, pharmaceutical inhibition of GABAA receptor by antag-
onist bicuculline also alleviated the phenotype (Figures S4R-
S4W). Taken together, our data indicate that GABA produced
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in the NEHI mouse model

s to pulmonary endothelial cells and in turn leads to excess fluid and reduced oxygenation

(A) gPCR of CGRP downstream cAMP signaling genes Creb1, Atf2 (also termed Creb2), and Creb3 in P22 whole lungs (n = 3 for each group).
(B) Integrated uniform manifold approximation and projection (UMAP) plot of scRNA-seq data of CD31+ endothelial cells isolated from P22 Nkx2-1*/* and

Nkx2-1"* lungs.
(C) Dot plot showing marker genes for each population.
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by PNECs is a significant contributor to goblet cell metaplasia
in the Nkx2-14t mutant.

Increased CGRP acts through receptors on endothelial
cells to downregulate junction protein expression,
leading to disruption of barrier, excess fluid, and
reduced oxygenation

Next, we investigated how increased PNECs and their products
could contribute to excess fluid in lung. It is known that CGRP
binding to receptors functions through activating cAMP signaling
(Aiyar et al., 1996). Consistent with increased signaling in the
Nkx2-1"t mutant, whole lung gRT-PCR analysis showed upre-
gulation of cAMP response element-binding protein (Creb)
genes Atf2 (also called Creb2) and Creb3, two effectors of
cAMP signaling, whereas Creb1 level was not significantly
different from control (Figure 5A). To address how CGRP may
contribute to excess fluid, we focused on endothelial cells
because available single-cell RNA-seq (scRNA-seq) data indi-
cate that in both mouse and human lungs, the expression of
obligatory CGRP receptor gene calcitonin receptor-like (Calcrl,
or Crlr) is highly enriched in all subpopulations of endothelial cells
(Figures S5A-S5D) (Du et al., 2017; Travaglini et al., 2020; Wang
et al., 2020). We generated scRNA-seq data using both Mut
(Nkx2-1"1y and Ctrl (Nkx2-1*"*) lungs at P22, which captured
all major endothelial cell types (Figures 5B and 5C). Cell-cell
communication analysis revealed a clear PNEC-endothelial
signaling signature, highlighted by CGRP-CALCRL pairing (Fig-
ures S5E-S5G). Among the top differentially expressed genes
is Rras, a key cAMP-regulated downstream effector gene. In
the Nkx2-1C mutant lung, Rras is downregulated in multiple
endothelial cell populations, including vein and both capillary
populations (Figure 5D). This is consistent with data from endo-
thelium cell culture showing that prolonged activation of CREB
signaling reduces Rras level (Perrot et al., 2018).

¢? CellPress

Results from endothelium culture experiments also showed
that prolonged cAMP activation, functioning through repres-
sing Rras, disrupts adherence junction VE-cadherin (also
called CDH5) function, leading to increased endothelium
permeability (Perrot et al.,, 2018). Previous studies also
showed that CDH5 can regulate endothelium-specific tight
junction factors such as Cldn5 with a critical role in endothe-
lium barrier maintenance in lung (Jang et al., 2011; Taddei
et al., 2008). These findings led us to assess junctional pro-
teins and endothelium permeability in the Nkx2-1-t mutant
lung. We found that compared with control, the mutant lungs
showed quantitatively reduced CDH5 protein by western blot
analysis (Figures 5E and 5F), reduced Cldn5 gene expression
by qRT-PCR, and reduced CLDN5 protein by western blot
analysis as well as by immunostaining (Figures 5G-5K). Inter-
estingly, immunostaining also showed that such CLDN5
downregulation was no longer apparent in endothelial cells
of the Nkx2-1t; Ascl1°KC or Nkx2-1t; Calca™~ compound
mutants, where wet-dry ratio and other physiological abnor-
malities were attenuated (Figures 5L-5N). To assess barrier
integrity, we introduced Evans blue dye into the blood stream
and assayed for dye retention in lung following an established
barrier assay protocol (Smith et al., 2019). The mutant lungs
showed increased dye retention compared with control lungs,
indicative of disrupted barrier and increased leakage
(Figure 50).

CGRP is a known vessel dilator and may contribute to excess
fluid by allowing more fluid in vessels (Brain and Grant, 2004). To
address if vessel engorgement may be a reason for excess fluid
in the NEHI mutant lung, we performed angiogram assay by in-
jecting dye into the vessels. We found that vessel size and num-
ber remained largely normal in the mutant compared with control
(Figures S5H-S5J). Interestingly, in a subset of the lobes in the
mutants (n = 3/4 animals) but not in controls (n = 0/3 animals),
we also detected regional leakage in the distal vessels shortly

(D) Dot plot of Rras expression in individual endothelial population showing a decrease in vein, lymphatics, and both capillary populations in the Mut (ka2-1”L)
compared with Ctrl (Nkx2-7*"*) lungs. Numbers on the left denote expression levels, whereas numbers on the right denote percentages of cells within each

equivalent cell types expressing Cldn5.

E) CDH5 protein level as assayed by western blot of P22 lungs. Dashed line denotes a cut from the original blot.
F) Quantification of CDH5 protein level after normalization to internal control B-actin level (n = 3 for each group).

H) CLDNS5 protein level assayed by western blot of P22 lungs. Dashed line denotes a cut from the original blot.

(
(
(G) gRT-PCR confirming increased Calca and showing decreased Cldn5 in P22 mutant versus control lungs.
(
(

1) Quantification of CLDNS5 protein level in whole lungs after normalization to internal control B-actin level (n = 3 for each group).
(J-M) Anti-CLDNS5 antibody staining (magenta) and anti-Endomucin (EMCN) antibody staining for vein cells (green) showed reduced CLDNS5 expression in Nkx2-
1t mutants compared with Nkx2-1++ controls (J and K). Nkx2-7-%; Asci1°%© and Nkx2-1-t; Calca™~ compound mutants showed similar CLDN5 pattern as

Nkx2-1*"* controls (L and M). Scale bar: 50 um.

(N) Percentage of the vessel circumference outlined by EMCN staining that was also CLDN5+ (n = 3 for each group).

(O) Lung Evans blue level as a ratio of dye retained in lung versus level in serum (n > 6 for each group).

(P and Q) Representative whole mount angiogram images of right middle lobes of Nkx2-7+/* (P) and Nkx2- 14" (Q) mice at P22 where leakage was observed in the
mutant lung. Magnification: 15x. Leaking regions were marked by yellow arrowheads in (Q).

(R) Lung W/D ratio at P22 (n > 6 for each group).
(S) Oxygen saturation at P22 (n > 5 for each group).

(T and U) Representative anti-CD31 antibody (green) and anti-CLDN5 antibody double staining (red) showed a decrease of CLDN5 in human NEHI patient bi-

opsies (U) compared with normal lung biopsies (T). Scale bar: 100 um.

(V) CLDN5/CD31 intensity ratio showing a trending decrease of ratio in NEHI biopsies compared with control (n = 4 for each group).

(W) Schematics of a molecular mechanism linking increased CGRP and disrupted endothelial integrity in Nkx2-

74t mutants, as supported by data here and

previous publications (Aiyar et al., 1996; Jang et al., 2011; Perrot et al., 2018; Taddei et al., 2008; Travaglini et al., 2020; Wang et al., 2020).
Student’s t test was used for (A, F, G, |, and V). One-way ANOVA Tukey’s multiple comparisons test was used for (N and O). Two-way ANOVA Tukey’s multiple
comparisons test was used for (R and S). N.S., not significant, p > 0.05. ** for p < 0.05, ** for p < 0.01, *** for p < 0.001, **** for p < 0.0001. Error bars represent

mean + SD.
See also Figure S5 and Table S1.
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after dye injection, consistent with results from Evans blue assay
(Figures 5P and 5Q). These findings together raised the possibil-
ity that a breach of barrier may contribute to excess fluid in the
Nkx2-1-" mutant.

To test directly if excess CGRP signaling on endothelial cells
could contribute to NEHI phenotypes in vivo, we inactivated
Crir specifically in endothelial cells by generating Nkx2-1%;
Cdh5-cre; Crir’”F compound mutants (hereafter referred to as
Nkx2-1%; CrirK© mutant). Nkx2-11; Crire© mutants exhibited
normal lung W/D ratio and oxygen saturation, demonstrating that
signaling via CRLR receptor on endothelial cells contributed
significantly to NEHI physiological phenotypes in Nkx2-1-- mu-
tants (Figures 5R and 5S).

To test if similar barrier disruption occurs in patients with
NEHI, we performed immunofluorescence staining on normal
and NEHI lung biopsies. Expected increase of PNECs was
captured by staining for specification marker PROX1 in NEHI
biopsies compared with the control (Figures S5K and S5L).
Although not reaching statistical significance likely due to vari-
ability in human genetic background, age, fixation conditions
used at the time of procurement, and lengths of storage, there
was a trend toward decrease of CLDN5/CD31 intensity ratio in
NEHI biopsies compared with controls (Figures 5T-5V and
S5M-S5P), suggesting a potential downregulation of tight junc-
tion proteins in human NEHI lungs. Taken together with data
from our NEHI mouse model, our findings support a role of
excess CGRP in downregulating junctional proteins, compro-
mising pulmonary endothelial barrier, leading to reduced
oxygenation (Figure 5W).

Pharmacological inhibition of CGRP signaling alleviated
excess fluid, reduced oxygenation, and growth defect in
the NEHI mouse model

Findings from gene expression and genetic compound mutants
suggest that repressing CGRP may be effective at attenuating
abnormalities observed in the NEHI mouse model. To test this
concept directly, we inhibited CGRP function locally by intra-
nasal administration of BIBN-4096, a CGRP receptor antagonist
at the postnatal stage (Figure 6A). Compared with vehicle DMSO
treatment, BIBN-4096 treatment in the control genotype groups
did not lead to detectable effects. In comparison, in Nkx2-1-'
mutants, BIBN-4096 treatment led to a clear attenuation of all
key NEHI physiological phenotypes, including excess lung fluid,
reduced oxygen saturation, and poor weight gain (Figures 6B-
6D). By performing gPCR analyses, we found that the attenua-
tion of physiological phenotypes was linked to reversal of molec-
ular changes, including a downregulation of cAMP signaling as
marked by Atf2 expression level upon BIBN-4096 treatment (Fig-
ures S6A-S6D). Additionally, gqPCR, western blot, and immuno-
staining showed a reversal of CLDN5 RNA and protein levels and
a trending reversal of CDH5 protein level in BIBN-4096-treated
Nkx2-1~" mutants compared with the DMSO-treated vesicle
control group (Figures 6E-6J). These results demonstrate the ef-
ficacy of CGRP receptor antagonist in treating NEHI symptoms
in this animal model.

To address if increase of PNEC products such as CGRP may
be relevant in other disease conditions with excess lung fluid, we
investigated signaling changes in coronavirus disease 2019
(COVID-19) associated ARDS lungs, which feature excess fluid
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as the primary cause of death (Ackermann et al., 2020; Fox
et al., 2020). We found that in lungs from patients who have suc-
cumbed to COVID-19, a majority of PNECs, as identified by their
expression of GRP (also known as Bombesin), expressed CGRP
(81.35% + 4.686%, n =7 donors, Table S2 for donor metadata).
There is a statistically significant increase (p < 0.0001 and p =
0.0012, respectively) over the proportion of PNECs expressing
CGRP in non-ARDS controls from either surgical samples
(19.34% =+ 7.259%, n = 4 donors) or autopsy samples
(39.03% + 8.135%, n = 4 donors) (Figures 7A-7F). Furthermore,
we also detected high CGRP+ PNECs (74.93% + 1.668%,n=3
donors) in non-COVID ARDS samples (Figures 7G-71). Consis-
tent with the link between CGRP increase and CLDN5 downre-
gulation in both Nkx2- 12t mutants and NEHI biopsies (Figure 5),
a significant decrease of CLDN5+ endothelial cells were also de-
tected in ARDS samples (53.88% + 24.67%, n = 3 donors)
compared with surgical (91.30% + 5.908%, n = 3 donors) or au-
topsy 88.02% + 6.656%, n = 4 donors) samples (Figures 7J-7P).
A significant downregulation of CLDN5 was also reported in
COVID-19 lung samples (D’Agnillo et al., 2021). Although exces-
sive lung damage and inflammation are likely the primary cause
of profound damage in COVID and non-COVID ARDS, the stain-
ing data combined with our functional findings from the NEHI
mouse model raised the possibility that increased PNEC produc-
tion of neuropeptides may be an additional contributor to excess
lung fluid in these conditions.

DISCUSSION

In this study, we present evidence from in vivo experiments
demonstrating a fundamental mechanism of neuropeptidergic
control of pulmonary vascular integrity and, in turn, oxygena-
tion. Increased PNECs and their secreted neuropeptides are
necessary and sufficient to cause excess fluid in lung and
compromised oxygenation. Given the absence of alveolar
structural disruption and overt immune infiltration, the Nkx2-1
mutant NEHI mouse model provides a streamlined experi-
mental platform to evaluate the specific effects of PNEC-
derived neuropeptides on lung function. The discovered mech-
anism is supported by several modes of robust in vivo rescues
of NEHI phenotypes, including prevention of PNEC formation,
inactivation of CGRP, endothelium-specific inactivation of
CGRP receptor, and treatment with CGRP receptor antagonist.

Starting with a NKX2-1 variant reported in a multigeneration
familial cohort with NEHI, this mouse model of the disease has
revealed step-by-step links from the candidate NEHI gene to
cellular, molecular, and physiological phenotypes (Figures 2L,
5W, and 7Q). The finding that disrupting PNEC formation in the
Nkx2-1 mutant background reversed NEHI phenotypes ad-
dresses a long-standing debate and demonstrates that PNEC
hyperplasia is a driver of symptoms.

We demonstrated that this particular Nkx2-1 associated with
NEHI is a partial loss-of-function allele. Reduced Nkx2-1 function
led to increased Sox2 expression, decreased Notch signaling,
and increased Ascl1 expression (Figure 2L). Results from the
Nkx2-1"; Ascl~/~ double mutant show that increased Ascl7 is
responsible for increased PNECs. Data from scRNA-seq, qRT-
PCR, western blot analysis, and antibody staining demonstrate
that with increased PNECs, excess PNEC products such as
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Figure 6. Antagonizing CGRP signaling reversed molecular changes, alleviated excess fluid and reduced oxygenation in the NEHI

mouse model

A) Regime of intranasal BIBN-4096 administration. The dose was selected based on published literature (Aubdool et al., 2014).
B) Representative body size comparison at P22. All individuals were nursed by the same foster mother.

¢
(
(C) Lung W/D ratio at P22 (n > 3 for each group).
(D) Oxygen saturation at P22 (n > 3 for each group).
(E) gPCR of Cldn5 at P22, n = 3 for each group.

(

F-H) CDH5 and CLDNS protein levels in P22 lungs as assayed by western blot. Dashed line denotes a cut from the original blot. Quantifications were shown in (G

and H), respectively. n =3 for each group.

(I and J) Representative anti-CLDN5 antibody staining (magenta) and anti-EMCN antibody staining for vein cells (green) showed restored CLDN5 level in BIBN-

treated Nkx2-1* mutants compared with DMSO-treated Nkx2-1-- mutants.

Two-way ANOVA Tukey’s multiple comparisons test was used for (C and D). One-way ANOVA Tukey’s multiple comparisons test was used for (E). Student’s t test
was used for (G and H). N.S., not significant, p > 0.05. * for p < 0.05, *** for p < 0.001. Error bars represent mean + SD.

See also Figure S6.

CGRP signal to endothelial cells, resulting in prolonged activa-
tion of G protein coupled receptor (GPCR) and downstream
cAMP signaling, which lead to downregulation of Rras and junc-
tional proteins essential for barrier maintenance (Figure 5W). A
disruption of barrier is supported by increased Evans blue dye
retention and increased angiogram dye leakage. Across the
various compound mutants, the tight association of changes in
wet/dry ratio, reduced oxygen saturations, and growth retarda-
tion parameters suggest that these phenotypes are likely linked
(Figure 7Q). It remains possible that other mechanisms may
contribute to these NEHI phenotypes. Regardless of the relation-
ship among poor gas exchange, excess lung fluid, and
decreased growth rate, the findings that disruption of neuropep-

tide signaling can reverse these defects demonstrates a signifi-
cant role of neuropeptides in normal lung physiology.

Results in the present study uncovered a critical in vivo role of
PNECs in regulating lung fluid. We note that the wet/dry ratio in-
crease in the NEHI mouse model is mild in comparison with that
in animal models of ARDS (Gotts et al., 2019). We postulate that
in NEHI, it is possible that vessel leakage and fluid accumulation
is concentrated at small bronchiole/alveolar entrance areas near
common sites of PNEC hyperplasia. This could explain how a
limited increase in fluid volume could block gas exchange in a
relatively large alveolar areas distal to blockage points, effec-
tively reducing oxygenation. This possibility is consistent with
the dye leakage pattern near distal vessels in the angiograms
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Figure 7. Human ARDS lungs exhibit increased proportion of CGRP+ PNECs and reduced tight junction protein expression

(A-H) Examples of anti-GRP staining (green, pan-PNEC marker) and anti-CGRP staining (magenta) showed differential proportion of CGRP+ PNECs in different
groups of donor lungs. Ctrl 1: controls from lobectomy tissues without notable lung pathology (A and B), Ctrl 2: controls from autopsy tissues without notable lung
pathology (C and D), COVID-19 ARDS samples (E and F), and non-COVID-19 ARDS samples (G and H). Asterisks indicate CGRP-negative PNECs; arrows
indicate CGRP-positive PNECs.

() Percentages of CGRP+ PNECs in all GRP+ PNECs in noted sample groups. Each dot represents averaged data from one donor across multiple sections.
(J-O) Representative images of anti-ERG staining (magenta, endothelial marker) and anti-CLDNS5 staining (white) showed decrease of CLDNS5 level in non-COVID-
19 ARDS samples. Ctrl 1 (J and K), Ctrl 2 (L and M), and ARDS (N and O) groups are the same as described in (A-H).

(P) Percentages of CLDN5+ cells in ERG+ endothelial cells in noted sample groups. Each dot represents averaged data from one donor across multiple sections.
(Q) A model for PNEC function in the control of lung fluid balance. In NEHI, PNEC hyperplasia led to increased neuropeptides such as CGRP, which signal to
pulmonary endothelial cells to disrupt barrier integrity, leading to excess extravascular lung fluid as well as gas exchange deficiency.

One-way ANOVA Tukey’s multiple comparisons test was used for (P and I). N.S., not significant, p > 0.05. * for p < 0.05, ** for p < 0.01, *** for p < 0.001, **** for p <

0.0001. Error bars represent mean + SD.
See also Table S2.

of NEHI mouse model. Local airway obstruction by fluid could
also contribute to unexplained clinical findings in patients with
NEHI, including crackles on chest auscultation as well as chest
imaging that demonstrates hyperinflation and distinctive
ground-glass opacities without architectural distortion (Young
etal., 2011). Further studies are needed to understand how these
murine model alterations in barrier and vascular integrity relate to
findings in the human disease, although it is intriguing to consider
the possibility that fluid homeostasis could be relevant.

We found that in the lungs of patients who succumbed to
COVID-19 or non-COVID-19 ARDS, there was increased propor-

12 Developmental Cell 57, 1-15, April 11, 2022

tion of PNECs expressing CGRP. Increased substance P was
also found in the pulmonary edema fluids of ARDS patients as
well as a sheep model of ARDS (Espiritu et al., 1992). Our result
that substance P-encoding Tac7 null mutation can rescue NEHI
phenotypes suggest that substance P may also play a notable
role in inducing excess lung fluid. There are many known causes
of ARDS, including infection induced damage and inflammation
(Huppert et al., 2019; Matthay et al., 2019). Our findings here
raise the possibility that neuropeptide-induced barrier disruption
may serve as another molecular contributor. Forms of CGRP or
CGRP receptor antagonists have been approved by US Food
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and Drug Administration (FDA) for the treatment of migraine,
paving the way for considering them a candidate treatment for
conditions with excess fluid in lung (Olesen et al., 2004). In light
of the knowledge that CGRP has vessel dilator activity, the po-
tential effect of CGRP antagonism in exacerbating vessel
constriction was addressed in their safe use in the treatment
for migraine (Breen et al., 2021; MaassenVanDenBrink et al.,
2016) and should also be carefully considered in their potential
use for treating other diseases associated with excess
neuropeptides.

Our study reaffirms the notion that investigating rare diseases
can lead to discoveries of fundamental biological mechanisms.
From NEHI, we uncovered that neuropeptides regulate lung fluid
level and, in turn, gas exchange efficiency. Aside from PNECs,
neuropeptides such as CGRP and substance P can also be pro-
duced by nerves in the lung (Baral et al., 2018; Hennessy et al.,
2017; Su et al., 2022). Outside of the lung, neuroendocrine cells
and nerves are present in many peripheral tissues such as the in-
testine, stomach, prostate, etc. (Kaelberer et al., 2018; Xu et al.,
2020). Future studies are needed to address if excess neuropep-
tide signaling may be a recurrent contributor to disease condi-
tions with excess tissue fluid.

Limitations of the study

Although our NEHI mouse model captured key characteristics of
the disease, there are remaining human patient features (e.g.,
crackles on chest auscultation) that cannot be reliably detected
and rigorously investigated in mice. Overall, documented phys-
iological differences between human and mouse should be
taken into consideration when interpreting physiological data
from mice. Lastly, limited access to human samples (including
NEHI and ARDS lung biopsies) has restrained our ability to quan-
titatively determine the link between increased neuropeptides
and impaired endothelial barrier. This link could be further inter-
rogated by obtaining and assaying tissues from additional
donors.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-beta-actin Novus Cat# NB600-501; RRID: AB_10077656

Rat monoclonal anti-CDH5

Rabbit polyclonal anti-Calcitonin Gene
Related Peptide (CGRP)

Mouse monoclonal anti-CLDN5

Mouse monoclonal anti-FOXJ1

Mouse monoclonal anti-HOPX

Mouse monoclonal anti- MUC5AC

Rabbit polyclonal anti-NKX2-1 (TTF1)
Rabbit polyclonal anti-SCGB1A1

Rabbit polyclonal anti-pro-SPC

Mouse monoclonal anti-SOX2

Rabbit polyclonal anti-Synaptophysin (SYP)
Rabbit polyclonal anti-bombesin

Mouse monoclonal anti-human CD31
Mouse monoclonal anti-human CD31
Rabbit monoclonal anti-human CLDN-5
Rabbit monoclonal anti-ERG

Goat polyclonal anti-Human PROX1

PE anti-mouse CD31 (PECAM-1) antibody

Brilliant Violet 510 (TM) anti-mouse CD45
antibody

APC anti-mouse CD326 (Ep-CAM) antibody

Rat Anti-CD16 / CD32 Monoclonal
Antibody, Unconjugated

Goat anti-mouse FITC

Goat anti-rabbit FITC

Donkey anti-rat AF488

Goat anti-mouse Cy3

Goat anti-rabbit Cy3

Goat anti-mouse Cy5

Donkey anti-mouse IRDye 680RD
Goat anti-rat IRDye 680LT

BD Biosciences
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Santa Cruz
Sigma-Aldrich

Seven Hills Bioreagents
Seven Hills Bioreagents
Sigma-Aldrich

Santa Cruz

Fisher Scientific
ImmunoStar

Agilent

Agilent

Thermo Fisher Scientific
Abcam

R&D Systems
BioLegend

BioLegend

BioLegend
BD Biosciences

Jackson Immuno research Labs
Thermo Fisher Scientific
Jackson Immuno research Labs
Jackson Immuno research Labs
Jackson Immuno research Labs
Jackson Immuno research Labs
LI-COR

LI-COR

Cat# 562795; RRID: AB_2737800
Cat# C8198; RRID: AB_259091

Cat# 35-2500, RRID: AB_2533200
Cat# 14-9965-80; RRID: AB_1548836
Cat# sc-398703; RRID: AB_2687966
Cat# 929M-9

Cat# WRAB-1231; RRID: AB_2832953
Cat # WRAB-3950

Cat# AB3786

Cat# sc-365823; RRID: AB_10842165
Cat# RB-1461-P1; RRID: AB_60083
Cat# 20073; RRID: AB_572221

Cat# GA610; RRID: AB_2892053
Cat# GA610; RRID: AB_2892053
Cat# MA5-32614; RRID: AB_2809891
Cat# ab92513, RRID: AB_2630401
Cat# AF2727; RRID: AB_2170716
Cat# 160203; RRID: AB_2860750
Cat# 103137; RRID: AB_2561392

Cat# 118214; RRID: AB_1134102
Cat# 553141; RRID: AB_394656

Cat# 115-095-166, RRID: AB_2338601
Cat# A-11008; RRID: AB_143165

Cat# 712-545-150; RRID: AB_2340683
Cat# 115-165-003; RRID: AB_2338680
Cat# 111-165-003; RRID: AB_2338000
Cat# 115-175-166; RRID: AB_2338714
Cat# 925-69072

Cat# 925-68029

Critical commercial assays

Chromium single cell RNA sequencing
chemistry kit v3

10X Genomics

N/A

Chemicals, peptides, and recombinant proteins

Tamoxifen

Click-iT™ EdU Cell Proliferation Kit
CGRP (Rat) EIA Kit

DMSO

Synthesized CGRP

BIBN-4096

Bicuculline

Sigma-Aldrich

Thermo Fisher Scientific
Cayman Chemicals
Sigma-Aldrich
Sigma-Aldrich

Fisher Scientific

Fisher Scientific
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T5648, CAS 10540-29-1
Cat# C10337

Cat# 589001

Cat# D2650

Cat# C0292

Cat# 45-611-0

Cat# 01-305-0
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MICROFIL® Silicone Rubber Injection Flow-Tech Inc. Cat# MV122

Compounds

Methyl Salicylate Sigma-Aldrich Cat# M6752

DAPI Sigma-Aldrich Cat# D9542

Deposited data

P22 Ctrl mice and NEHI mutants endothelial This paper GEO: GSE171907

and epithelial cells single-cell RNA-seq data

P22 Ctrl mice, NEHI mutants and BIBN- This paper Mendeley Data: https://doi.org/10.17632/

treated NEHI mutants western blot raw data

yk3hztpt49.1

Experimental models: Organisms/strains

Mouse: Ai14, B6.Cg-Gt(ROSA)
2ssortm1 4(CAG—thomato)H29/J

Mouse: Ascli creER' Ascli tm1.1(Cre/ERT2)Jejo/J

Mouse: Ascl1™, Ascl1tm2Fou

Mouse: Calca’, B6.129P2(Cg)-

Calcat™!-1EGFP/HBEGAMIZ/\Mmnc

Mouse: Crir™!, Calcrltm1Kmea

The Jackson Laboratory

The Jackson Laboratory
Guoli Dai, Francois Guillemot
MMRRC

Kathleen Caron

JAX: 007914

JAX: 012882
(Pacary et al., 2011)
RRID: MMRRC_036773-UNC

(Fritz-Six et al., 2008)

Mouse: Cdh5-cre, B6;129-Tg(Cdh5-cre) The Jackson Laboratory JAX: 017968
1Spe/J

Mouse: Tac1", B6.Cg-Tac1'™'BPm/y The Jackson Laboratory JAX: 004103
Mouse: Nkx2-1°reER The Jackson Laboratory JAX: 014552
Nkx2-1 tm1.1(cre/ERT2)Zjh/J

Mouse: Nkx2-17161H This paper N/A

Mouse: Nkx2-17, Nkx2-1tm2shk Shioko Kimura (Kusakabe et al., 2006)
Mouse: Shh°'s, Cliff Tabin JAX: 005623
B6.129S6-Shh!m2(Cre/ERT2)Ct

Oligonucleotides

gPCR Primer: Actb Forward: This paper N/A
CGGCCAGGTCATCACTATTGGCAAC

qPCR Primer: Actb Reverse: This paper N/A
GCCACAGGATTCCATACCCAAGAAG

qPCR Primer: Ascl1 Forward: This paper N/A
TCTGGCAAGATGGAGAGTGGAGC

qPCR Primer: Ascl1 Reverse: This paper N/A
AAAGAAGCAGGCTGCGGGAG

qPCR Primer: Atf2 Forward: This paper N/A
GAGGAGCCTTCTGTTGTAGAAAC

qPCR Primer: Atf2 Reverse: This paper N/A
GACGAACGATAGCTGATGTGG

qPCR Primer: Calca Forward: This paper N/A
CCTTTCCTGGTTGTCAGCATCTTG

qPCR Primer: Calca Reverse: This paper N/A
CTGGGCTGCTTTCCAAGATTGAC

gPCR Primer: Cldn5 Forward: This paper N/A
ACGGGAGGAGCGCTTTAC

qPCR Primer: Cldn5 Reverse: This paper N/A
GTTGGCGAACCAGCAGAG

A complete list of gPCR
primers can be found in Table S3.

Software and algorithms

ImageJ
Prism 6

(Schneider et al., 2012)
Graph Pad Software

https://imagej.nih.gov/ij/
https://www.graphpad.com/scientific-
software/prism/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Seurat V3 Satija Lab https://satijalab.org/seurat/
CellChat (Jin et al., 2021) https://github.com/sqgjin/CellChat

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Xin Sun
(xinsun@health.ucsd.edu).

Materials availability
Mice carrying the Nkx2-1776"L allele will be made available upon request following standard signing of Materials Transfer Agreement
in accordance with NIH Principles and Guidelines.

Data and code availability

o Allraw sequencing data and processed files have been deposited in GEO under the series reference GEO: GSE171907 and are
publicly available upon publication. Accession numbers are listed in the key resources table. Original western blot images have
been deposited at Mendeley and are publicly available upon publication. The DOl is listed in the key resources table. Micro-
scopy data reported in this paper will be shared by the lead contact upon request.

® This study does not report original code. All codes and algorithms used for single-cell RNA-seq analyses are listed in the key
resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All mice were housed in American Association for Accreditation of Laboratory Animal Care (AAALAC) accredited facilities and labs at
University of California, San Diego. All animal husbandry and experiments were conducted under approved Institutional Animal Care
and Use Committee IACUC) guidelines. Nkx2-1776" mouse line was designed and generated in the Sun’s lab, with the service of the
University of Wisconsin-Madison Transgenic Core. Ascl1°°ER72 Cdh5-cre, Nkx2-1°EF"2 Tac1, Vgat”, and Ai14 (R26R-SL-1dTomato)
mice were purchased from JAX. Calca™ was obtained from MMRRC-UNC. Asc/1” was a kind gift from Dr. Guoli Dai with permission
from Dr. Francois Guillemot. Crir” was a kind gift from Dr. Kathleen Caron. Nkx2-1" was a kind gift from Dr. Shioko Kimura. Shh®"® was
a kind gift from Dr. Cliff Tabin. All mice were either bred in B6 background or have been back crossed to B6 background for at least 3
generations. Littermates were used as controls to minimize potential genetic background effects. Data from male and female mice
were pooled into one group for analysis unless otherwise noted.

Human donors and tissue collection

Biopsies from 4 patients with the clinical and pathologic diagnosis of neuroendocrine cell hyperplasia of infancy and 4 age-matched
control lungs (biopsied for other lung processes or from lobectomies with histologically normal lung adjacent to focal lesions; see
Table S1 for metadata) were identified from a pathology database under a protocol approved by Seattle Children’s Hospital Institu-
tional Review Board.

Adult donor lung samples were procured under institutional approved protocols from the federal United Network of Organ Sharing
via National Disease Research Interchange (NDRI) and International Institute for Advancement of Medicine (IIAM), at University of
Rochester, University of California San Diego, or University of Colorado. Lungs were obtained from deceased donors who were either
free of lung disease (n=4, non-ARDS autopsy controls), or succumbed to complications related to severe ARDS prior to COVID-19
pandemic (n=3, non-COVID-ARDS), or severe ARDS as a result of COVID-19 (n=7, COVID-ARDS). Lobectomy tissues without path-
ological lesion were collected as additional controls (n=4, non-ARDS lobectomy controls). Imnmunostaining was performed on fixed
paraffin embedded lung samples. All tissues were obtained following fulfilment of institutionally approved informed consent protocol
in each case.

METHOD DETAILS

Histology preparation, periodic acid-Schiff (PAS) staining, and mean linear intercept (MLI) quantification

Mice were euthanized under approved Institutional Animal Care and Use Committee (IACUC) guidelines. Lungs were inflated with 4%
PFA at 35cm H,O airway pressure, fixed overnight and then prepared for paraffin (6ium) or cryo (10~15 um) sections. Goblet cells
were stained using a periodic acid-Schiff (PAS) staining kit (Sigma). To quantify mean linear intercept (MLI), 10X H&E images
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were used. For each group, 3 mice per genotype, 3 sections per mouse and 3 independent fields per section were analyzed. Samples
were compared using Student’s t-test, by MLI + S.D. with statistical significance called at p<0.05.

Immunofluorescent staining

The following primary antibodies were used at the indicated final concentration for immunofluorescence staining: rabbit anti-Synap-
tophysin polyclonal antibody [5 mg/ml] (Fisher), rabbit anti-Calcitonin gene-related peptide (CGRP) polyclonal antibody [2 mg/ml]
(Sigma), rabbit anti-SCGB1A1 polyclonal antibody [5 mg/ml] (Seven Hills Bioreagents), rabbit anti-SPC polyclonal antibody [5 mg/
ml] (SevenHills Bioreagents), mouse anti-MUC5AC monoclonal antibody [5 mg/ml] (MRQ-19, Sigma), syrian hamster anti-T1alpha
(PDPN) polyclonal antibody [5 mg/ml] (Developmental Studies Hybridoma Bank), mouse anti-CLDN5 monoclonal antibody [5 mg/
ml] (4C3C2, Invitrogen), rat anti-EMCN monoclonal antibody [10 mg/ml] (V.5C7, Santa Cruz), mouse anti-CGRP (human) monoclonal
antibody [2 mg/ml] (Lifespan Biosciences) and rabbit anti-GRP polyclonal antibody [5 mg/ml] (Immunostar). The following secondary
antibodies were used with the indicated final concentration: Cy3-conjugated goat anti-mouse IgG [2 mg/ml], Cy3-conjugated goat
anti-rabbit IgG [2 mg/ml], FITC-conjugated goat anti-rabbit IgG [2 mg/ml], AF488-conjugated goat anti-rat IgG [2 mg/ml]. All images
were acquired on ZEISS Axiolmager 2. To quantify cells labeled by specific markers, 20X IF images were used. For each group, at
least 3 mice per genotype and at least 3 sections per mouse were analyzed. Sections were selected such that they were best match-
ing each other and covering a range of different depths.

Immunofluorescent staining and quantification on control and NEHI lung biopsies

Immunostaining was carried out on formalin-fixed, paraffin-embedded 5-um sections. The following antibodies were used: rabbit
anti-CLDN5 monoclonal antibody (1:400; JM11-22, Invitrogen), mouse anti-CD31 monoclonal antibody (1:200; M0823, clone
JC70A, Dako), rabbit anti-bombesin polyclonal antibody (1:500; ImmunoStar), and goat anti-PROX1 polyclonal antibody (1:200;
R&D Systems).

For immunofluorescence staining antibodies were incubated overnight at room temperature and pretreated with citrate pH 6.0 an-
tigen retrieval followed by endogenous biotin block. The following secondary antibodies were used: FITC and Cy3-conjugated
donkey anti-rabbit IgG, FITC and Cy3-conjugated donkey anti-mouse IgG and FITC (all 1:500 from Jackson Immunoresearch).
PROX1 was developed with biotinylated anti-goat antibody, streptavidin-biotin-peroxidase complex (both Vector Laboratories)
and visualized with FITC TSA signal amplification system (PerkinElmer). Coverslips were mounted using Vectashield fluorescent
mounting medium with DAPI (Vector Laboratories).

All slides were stained, imaged, and quantified together. For each subject, immunostaining for CLDN5 and CD31 was quantified in
up to 5 random sections using the same magnification (20x), exposure time, lamp intensity and camera gain. No image processing
was carried out prior to intensity analysis. CLDN5 immunostained area was expressed as a percentage of CD31 immunostained area.
Images were visualized and captured with a digital camera mounted on a Nikon Eclipse 80l microscope using NIS-Elements
Advanced Research Software v4.13 (Nikon Instruments Inc., Melville, NY).

EdU analysis for cell proliferation

For EdU analysis of cell proliferation, 1 ml of 400 mM EdU solution (Thermo Scientific) was intraperitoneally injected into pregnant
females. Mice were sacrificed 1 hour after EAU injection. Embryonic lungs were fixed in 4% PFA overnight and prepared for cryo-
sectioning (10 mm). EdU was detected using the Click-iT EdU Kit with Alexa Fluor 488 (Invitrogen).

Oxygen saturation (Sp0O,) measurement

Pups were shaved and anesthetized by isoflurane while measurements were conducted using pulse-ox (MouseOxPlus, Starr Life
Sciences). SpO, reads were recorded after 5 minutes of stable reading. Note that investigators were not, and cannot be, blinded
to experimental groups during this measurement as the growth retardation of some mutant individuals was evident at this stage.

Lung wet-to-dry ratio measurement

Individual lungs were harvested immediately after euthanasia. Excessive blood was wiped off by Kimwipe and wet weight m,, was
measured. Lungs were then placed on foil at 70°C for 24 hours. Dry weight mgq was measured. Wet-to-dry ratio was calculated as: W/
D ratio=m,,/mg.

Bronchoalveolar lavage (BAL)

After sacrifice, each mouse was intratracheally injected with 1 ml saline using 1ml insulin syringe (Medline Industries). Approximately
800ul BAL was then recovered. The BAL was analyzed for for protein concentration by Pierce™ BCA Protein Assay kit (Thermo Sci-
entific), cell counts by hemocytometer, or neuropeptide level using ELISA.

ELISA

BAL CGRP concentration was measured by CGRP (rat) EIA Kit (Cayman Chemicals). A volume of 100ul BAL was used in each well.
Final readout was performed by microplate reader (TECAN). The concentration presented is adjusted with the background detection
set as 0.
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Tissue dissociation and sorting of single cells

After euthanasia and before tissue harvest, mice were transcardially perfused with 12 ml of cold DPBS (Life Technology). Whole lungs
were mechanically dissociated in GentleMACS C tubes (Miltenyi Biotec) by running mouse lung 1-2 program on GentleMACS (Mil-
tenyi Biotec). Lung pieces were then digested by shaking (~150 rpm) in 5 ml of PRMI 1640 (Thermo Scientific) with 10% FBS, 1mM
HEPES (Life Technology), 1mM MgCl, (Life Technology), 1mM CaCl, (Sigma-Aldrich), 0.525mg/ml collagenase/dispase (Roche) and
0.25 mg DNase | (Roche) for 30 min at 37°C, followed by straining through a 70-mm filter. Red blood cells were removed by adding
1mL RBC lysis buffer (Biolegend) to each tube and incubate at room temperature for 1min.

The single-cell suspensions from above were then pelleted (1500 rpm, 4°C, 5 min), counted with hemocytometer and diluted to
~1 x 10° cells per ml. They were stained with Fc blocking antibody (5 mg/ml, BD) and live/dead dye (1:2000, Ghost Dye Red
780, TONBO biosciences) at 4°C for 30 min. The cells were washed with DPBS and then incubated with surface marker antibody
cocktail for 30 min at 4°C. For sorting endothelial and epithelial cells, the following antibodies were used (all antibodies were from
Biolegend): 1:500 APC-conjugated anti-CD326 (G8.8); 1:500 BV510-conjugated anti-CD45 (30-F11); 1:500 PE-conjugated anti-
CD31 (MEC13.3). Cell sorting was performed on a FACSAriall high speed sorter (BD Biosciences) with four lasers (405 nm,
488 nm, 561 nm, and 640 nm). All data were further analyzed and plotted with FlowJo software (Treestar).

Droplet-based high throughput single-cell RNA-seq and data analysis

After FACS, sorted cells were counted and processed using Chromium Single Cell 3’ v3 kit (10X Genomics). Sequencing was carried
out on NovaSeq (lllumina) platform at the Institute for Genomic Medicine, UCSD. Cell Ranger package (version 3.0.2) was used to
align the raw reads onto the mouse reference genome (GRCm38) and generate the feature-barcode matrix. Next, R package Seurat
(version 4.0) was used to perform data quality control, normalization, principal components analysis and uniform manifold approx-
imation and projection (UMAP method). Briefly, cells with fewer than 200 or more than 2,500 unique feature counts, or more than 7%
mitochondrial counts were considered low quality cells and removed from further analysis. Then global-scaling method "LogNorm-
alize" was used to normalize the feature expression. A total of 2,000 top variable features were identified by function FindVariable-
Features and selected for subsequent principal components analysis. Top 20 significant components were chosen to conduct cell
clustering by using the algorithm of uniform manifold approximation and projection (UMAP) with default settings. The expression level
and feature of selected genes were profiled and visualize by R package ggplot2 (version 3.3.2).

Western blot analysis

P22 lung tissues were collected in RIPA buffer supplemented with Complete Protease Inhibitor Cocktail tablets (Roche) and Phos-
STOP Phosphatase Inhibitor Cocktail tablets (Roche). Protein samples were then homogenized in a QIAGEN TissueLyser Il. Protein
concentrations were measured by Pierce™ BCA Protein Assay kit (Thermo Scientific).

An estimated ~10ug protein sample was loaded in each well and ran on a 4%-12% SDS-PAGE gel (Invitrogen), followed by trans-
fer to PVDF membranes. PVDF membranes were blocked in TBST (0.1% Tween-20) with 5% BSA for 1.5 hours, incubated in primary
antibodies overnight, and then incubated in the secondary antibody for 1 hour. All imaging and quantification were performed using
the Image Studio Lite software system (LI-COR Biosciences). The following primary antibodies were used: CLDN5 (Invitrogen,
4C3C2, 1:2000), CDH5 (BD, 11D4.1, 1:1500) and B-actin (Novus Biologicals, NB600501, 1:5000). The secondary antibody used
were: IRDye 680RD donkey anti-mouse IgG (LI-COR, 925-69072, 1:10,000) and IRDye 680LT goat anti-rat IgG (LI-COR, 925-
68029, 1:10,000). Three biological replicates were performed for each antibody.

Evans Blue dye assay
Mice were anesthetized via IP injection of xylazine (10 mg/kg) and ketamine (100 mg/kg). Using a syringe with a 30G needle, 100 pl of
0.5 % Evans Blue in PBS was injected into the tail vein. Mice were allowed to recover on a heating pad for 1h and then sacrificed while
still under anesthesia. Serum and BAL were collected as previously described (Smith et al., 2019). After BAL collection, lungs were
perfused through the right ventricle with 5 ml PBS, harvested, and processed for further analysis ex vivo. To extract Evans Blue from
lung tissue, tissues were weighed and then incubated in 250 pl formamide at 58°C for 48h.

Evans Blue in serum, lung tissue and BAL fluid was measured at 620nm by spectrophotometry. Evans Blue readings were
corrected for contaminating heme in BAL fluid and lung tissue by measuring samples at 740nm and using the correction factor
y = 1.193x +0.007 as previously described (Moitra et al., 2007). Lung Evans Blue level was normalized to serum Evans Blue level.

Mouse lung angiogram

P22 mice were anesthetized via IP injection of sodium pentobarbital (120 mg/kg). After opening the chest wall, 20 IU heparin was
immediately injected to the right ventricles to prevent blood coagulation. A PE-20 tube was then inserted into the main pulmonary
artery via the right ventricle. 3 min pulmonary vasculature flush was performed with 37°C PBS via a syringe pump (NE-300, “Just
Infusion”™) at 8.660 speed. 0.03~0.04 mL freshly prepared MicrofilVR polymer mixture (MV-122, Flow-Tech Inc.) was then gently
instilled at 4.699 speed into the pulmonary vasculature until the dye reached the peripheral brunches. Lungs and hearts were then
isolated and kept at 4°C overnight. Dehydration was carried out the next day after a 15 min DPBS wash with 1 hour wash in 50%,
70%, 80%, 95%, 100% and 100% ethanol solutions, respectively. To clear the lung, ethanol was replaced by 10mL/sample methyl
salicylate (Sigma-Aldrich). All samples were placed on a rotator at room temperature overnight before imaging.
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All lungs were imaged by a stereo microscope. To quantify pulmonary vasculature brunches, all brunches were outlined by Adobe
Photoshop and further analyzed with ImagedJ plug-in “Analyze Skeleton”. Unpaired student’s t test was performed for statistical anal-
ysis. More details for mouse lung angiogram analysis could be found in published literature (Xiong et al., 2021; Zhu et al., 2020).

CGRP, BIBN-4096, and Bicuculline intranasal administration

Synthesized CGRP (Sigma-Aldrich C0292) was dissolved and diluted with saline to working concentration. A volume of 10 ul 1pg/ul
CGRP was intranasally administrated to pups at P10, P12, P14 and P16. This concentration was calculated based on physiological
range measured by BAL ELISA. BIBN-4096 (Fisher Scientific #45-611-0) and Bicuculline (Fisher Scientific #01-305-0) were dissolved
in 100% DMSO (Sigma-Aldrich D2650) and further diluted to working solution with saline right before use. A volume of 10ul of either
0.3mg/ml BIBN-4096 or 50uM Bicuculline was intranasally administrated to pups at P10, P12, P14, P16 and P18. These concentra-
tions were selected as previously described (Aubdool et al., 2014; Chintagari and Liu, 2012).

QUANTIFICATION AND STATISTICAL ANALYSIS

Different quantification methods were used based on the nature of the data, as noted in individual method sections. In addition, as
noted in Figure Legends, either one-way or two-way ANOVA Tukey’s multiple comparisons test or Student’s t test was used depend-
ing on data type. All statistical analyses were performed using Prism 6 (GraphPad).

Quantitative PCR (qPCR)

Total RNA was extracted from lungs using Trizol (Invitrogen) and RNeasy Mini RNA extraction kit (Qiagen). RT-PCR was then per-
formed to obtain corresponding cDNA using iScript Select cDNA Synthesis Kit (Bio-Rad). gPCR was performed by CFX Connect™
system (Bio-Rad) using SYBR Green (Bio-Rad). At least three technical and three biological replicates were performed for each gene
if not otherwise notated. All primers used for gPCR analysis are listed in Table S3.
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Figure S1. Nkx2-1"L Displays Normal Lung Size, Alveolar Architecture, Club,
Ciliated, AT1, AT2 Cell Differentiation and Goblet Cell Metaplasia. Related to
Figure 1.

(A) Protein sequence alignment of mouse NKX2-1 (NP_ 033411.3), human NKX2-1
isoform 1 (NP_ 001073136.1) and human XKX2-1 isoform 2 (NP_ 003308.1).
Conserved amino acids were highlighted by red. Consensus sequence was shown on
the bottom. R->L point mutation position was denoted by red arrowhead. Homeobox
domain was underlined by dotted line.

(B, B’, B”) Representative co-staining image of SYP (magenta) and CGRP (white)
labeling PNECs in P22 lung for each denoted genotype. Scale bar: 50um.

(C) Proportion of CGRP+ PNECs as measured by the number of CGRP+ cells/ the
number of SYP+ cells, each dot represents the average of an individual mouse lung
across multiple sections.

(D-F) Anti-SCGB1A1 staining for club cells (green) and anti-FOXJ1 staining for ciliated
cells (magenta) showed normal composition at P22. Scale bar: 100um.

(D’-F’) Magnified view of airway epithelium in respective genotypes. Scale bar: 50um.
(G-1) PAS staining showed increased goblet cells (black arrowhead) in Nkx2-14*
mutants at P22. Scale bar: 100um.

(J) Anti-SCGB1A1 staining for club cells (green) and anti-MUCS5AC staining for goblet
cells (magenta) in Nkx2-1Y mutant at P22. White arrowheads mark
SCGB1A1+/MUC5AC+ double positive cells. Scale bar: 50um.

(K) gPCR of goblet cell markers Mucbac, Foxa3 and Spdef at P22, n=3 for each group.
(L) gPCR of 115 and 1113 expression at P22, n=3 for each group.

(M-O) Representative whole lung size at P22 for respective genotypes.

(P-S) H&E staining showed normal alveolar morphology at P39 in Nkx2-1Y mutants, as
quantified by mean linear intercept (MLI) analysis. Scale bar: 100um.

(T-V) Anti-pro-SPC staining for AT2 cells (green) and anti-HOPX staining for AT1 cells
(magenta) showed normal alveolar epithelial cell differentiation at P39. Scale bar: 50um.
(W, X) gPCR of AT1 marker Hopx and AT2 marker Sftpc expression at P39 (n=3 for

each group).



One-way Tukey’s ANOVA multiple comparisons test was used for C, K, L, S, W, X. N.S.
not significant, p>0.05, * for p<0.05, ** for p<0.01, *** for p<0.001. Error bars represent

means = SD.
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Figure S2. Nkx2-1- Behaves as a Loss-of-function Allele. Related to Figure 2.

(A, B) Colocalization of anti-CGRP antibody signal (green) and tdTomato signal
(magenta) in airway epithelium (epi) of P14 Nkx2-1~* control and alveolar region (alv) of
Nkx2-1t mutant with Ascl1-creER; Rosa-tdTomato lineage tracing, respectively. CRE
activation was triggered by tamoxifen injection to pregnant females at E13.5.

(C, D) Anti-CGRP staining of ectopic PNECs in the alveolar region (magenta,
arrowheads) showed no colocalization with AT1 marker anti-HOPX staining (C, green)
or AT2 marker anti-pro-SPC staining (D, green). Scale bar: 50um.

(E-E”) Anti-CGRP staining (green) and anti-SOX2 staining (magenta) showed
colocalization of PNECs and relatively higher SOX2 intensity. Scale bar: 50um

(F, G) Representative E17.5 main airway with anti-CGRP staining showing increased
PNECs in partial loss-of-function mutant Nkx2-1°°E~RF compared to control. Inactivation
was triggered by tamoxifen injection of pregnant females at E13.5. Scale bar: 100um.
(F’, G’) Magnified view of boxed areas in A and B, respectively. Scale bar: 50um.

(H) gPCR of Sox2, Ascl1 and Calca expression of E17.5 lung. Student’s t test was
used. * for p<0.05, ** for p<0.01, *** for p<0.001. Error bars represent means * SD.

(I, J) Representative E17.5 main airways with anti-CGRP staining marking PNECs.
Scale bar: 100pum.

(K) Representative lung size comparison between littermates at E17.5.
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Figure S3. NEHI-like Phenotypes Improve with Age in Nkx2-1-- Mutants. Related
to Figure 3.

(A, B) Growth curve (A) and oxygen saturation (B) as measured each week from Week
4 to Week 12 after birth of 9 individuals (n=3 for each group, all females). One-way
ANOVA Tukey’s multiple comparisons test was used at each time point. * for p<0.05, **
for p<0.01, *** for p<0.001. Error bars represent means + SEM.

(C) Body weight comparison at 20 weeks (n=3 for each group, all females). Student’s ¢
test was used. N.S. not significant, p>0.05. Error bars represent means + SEM.

(D-F) Oxygen saturation (D), respiratory rate (E) and heartbeat rate (F) was measured
in 3-min intervals under normoxia (21% Oz2, 0-20 min) or hypoxia (7% O2, 20-35min)
conditions on 20-week-old individuals (n=3 for each group, all females). One-way
ANOVA Tukey’s multiple comparisons test was used at each time point, no significant
difference was detected. Error bars represent means + SEM. Hx, hypoxia. BrPM,
breaths per minute. BPM, beats per minute.

(G-1) Representative longitudinal sections of the main airway in P22 lungs of Cirl (Nkx2-
1%, Shhere; Ascl1™*, G) Nkx2-1Yt (Nkx2-14; Shhere; Ascl1™*, H) and Nkx2-1Y%; Ascl1°K°
(Nkx2-1F: Shhere; Ascl1F, |) genotypes, respectively. Anti-CGRP staining marked
PNECs (arrows). Scale bar: 100um.

(G’-I') Magnified view of boxed areas in A-C, correspondingly. Scale bar: 50um.
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Figure S4. Genetic or Pharmacological Inhibition of PNEC Products Attenuated
Defects in Nkx2-1-- Mutants. Related to Figure 4.

(A-C) Representative longitudinal sections of the main airway in P22 lungs of Ctr/
(Nkx2-1Y*; Calca*"), Nkx2-1"t; Calca*~ and Nkx2-1“t; Calca”’ genotypes, respectively.
Arrows indicate anti-CGRP staining signal. Scale bar: 100pum.

(A’-C’) Magnified boxed areas in A-C, respectively. Scale bar: 50pm.

(D-F) Representative longitudinal sections of the main airway in P22 lungs of Ctrl (Nkx2-
1*; Calca*"), Nkx2-1“%; Calca*- and Nkx2-1Y%; Calca’ genotypes, respectively. Anti-
SYP staining marks PNECs (arrows) and nerve fibers. Scale bar: 100um.

(D’-F’) Magnified view of boxed areas in A-C, respectively. Scale bar: 50um.

(G) Representative body size at P22 for each group.

(H) Lung W/D ratio for each group (n>4 for each group) Student’s t test. N.S. not
significant, p>0.05. * for p<0.05. Error bars represent means + SD.

() Oxygen saturation at P22 (n=4 for each group). Note that while Nkx2-1t; Tac1”
mutants showed improved oxygen saturation back to baseline level, compared to Nkx2-
1YL Tac1*- mice, this change did not reach statistical significance partially due to a
large variation of measurements in the Nkx2-1t; Tac1*- mice. Two-way ANOVA
Tukey’s multiple comparisons test was used. N.S. not significant, p>0.05. * for p<0.05.
Error bars represent means + SD.

(J-Q) PAS staining and anti-MUCS5AC staining (magenta) labeled goblet cells in the
distal airway of indicated genotypes. Nkx2-1t; Ascl1°KC and Nkx2-1Y; Vgat®k© airways
exhibited no goblet cell metaplasia, similar to Ctrl (Nkx2-1~*). In contrast, Nkx2-1-*;
Calca” airway continued to exhibit increased goblet cells. Scale bar: 50um.

(R) Regimen of intranasal Bicuculline administration. Dose was selected based on
published literature (Chintagari and Liu, 2012).

(S) gPCR of PNEC marker Calca and goblet cell markers Mucb5ac and Spdef at P22,
n=3 for each group. Student’s t test was used. N.S. not significant, p>0.05. * for p<0.05,
** for p<0.01. Error bars represent means + SD.

(I-W) PAS staining, and anti-MUCS5AC staining (magenta) showed absence of goblet
cell signal in Bicuculline-treated Nkx2-1~- mutants compared to DMSO-treated vesicle

control group.
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Figure S5. Endothelial Cells are the Primary Target Cell Type of CGRP. Related to
Figure 5.

(A) LungMAP t-distributed stochastic neighbor embedding (t-SNE) plot of major cell
populations annotated in scRNA-seq data of P3 mouse lung (Du et al., 2017).

(B-D) LungMAP t-SNE patterns of Cdh5 (pan-endothelial marker); (B) Cldn5; (C) and
Calcrl (D) denoted by red dots. Panels were downloaded from LungGENS website.
(E-G) Cell-cell interaction analysis of our P3 mouse lung (both control and mutant lungs
integrated) single cell data using CellChat (Jin et al., 2021). Overall signaling (E),
detailed signaling pathways (F) and CALCRL-CGRP interaction (G) between PNECs
and endothelial cells are shown in circuit plots. The width of each line indicates
signaling strength while arrows point to receiver cells. In F, each secretory ligand and its
receptor were labeled.

(H, I) Representative angiogram of whole lung lobes from Nkx2-1** and Nkx2-1- mice
at P22 that did not shown leakage, magnification: 8X.

(H’, I') Magnified boxed areas in H and I, respectively. Magnification: 30X.

(J) Quantifications of endothelial branch numbers per area for left lobes from Nkx2-1**
and Nkx2-1“- mice at P22. N=3 for each group. Student’s t test was used. N.S. not
significant. Error bars represent means + SD.

(K, L) Representative anti-PROX1 antibody (green) and anti-GRP antibody double
staining (red) showed an increase of PNEC specification marker PROX1 in NEHI
biopsies (K) compared to normal lung biopsies (L). Scale bar: 50um.

(M-P) Anti-CD31 antibody (green) and anti-CLDNS antibody double staining (red)
showed a trending decrease of CLDNS in NEHI biopsies (O, P) compared to normal
lung biopsies (M, N), representative of multiple sections assayed from individual donors

in addition to those in Figure 5T and 5U. Scale bar: 100um.
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Figure S6. cAMP Signaling was Reversed upon BIBN Treatment in Nkx2-14*
Mutants. Related to Figure 6.

(A-D) gPCR of cAMP signaling gene Creb1, Atf2 (Creb2), Creb3, and Rras at P22, n=3
for each group. One-way ANOVA Tukey’s multiple comparisons test was used. N.S. not

significant. * for p< 0.05. Error bars represent means + SD.



Table S1. NEHI and control cohort metadata. Related to Figure 5.

Sample No. Diagnosis Age Sex
#1 NEHI 5 weeks Male
#2 Mild deficient alveolarization and PH 5 weeks Male
#3 NEHI 3 months | Female
#4 Normal lung (lobectomy for focal 5 months | Female
#5 NEHI 6 months | Female
#6 Chronic bronchiolitis (Aspiration) 7 months Male
#7 NEHI 20 months | Female
#8 Normal lung (lobectomy for focal 2 years Female




Table S2. Human adult lung tissue donor metadata. Related to Figure 7.

Sample No. Sample Type Donor ID Age Sex
#1 control-surgical HL2 58 Male
#2 control-surgical HL3 72 Male
#3 control-surgical HL4 76 Male
#4 control-surgical HLS 46 Female
#5 control-autopsy D231 33 Female
#6 control-autopsy D239 37 Male
#7 control-autopsy D271 53 Male
#8 control-autopsy C0488 25 Male
#9 COVID ARDS COVID 0501 88 Female

#10 COVID ARDS COVID 0601 57 Male
#11 COVID ARDS COVID 0611-2 65 Male
#12 COVID ARDS COVID 0522 65 Male
#13 COVID ARDS COVID 0722 67 Male
#14 COVID ARDS D269 85 Male
#15 COVID ARDS D274 70 Male
#16 non-COVID CO441 39 Female
#17 non-COVID CO446 23 Male
#18 non-COVID CO447 61 Female




Table S3. qPCR primer list. Related to STAR Methods.

Gene name

Sequence

Actb(B-actin)

5-CGGCCAGGTCATCACTATTGGCAAC-3'
5-GCCACAGGATTCCATACCCAAGAAG-3'

Ascl1

5-TCTGGCAAGATGGAGAGTGGAGC-3'
5-AAAGAAGCAGGCTGCGGGAG-3’

Atf2

5-GAGGAGCCTTCTGTTGTAGAAAC-3’
5-GACGAACGATAGCTGATGTGG-3'

Calca

5-CCTTTCCTGGTTGTCAGCATCTTG-3'
5-CTGGGCTGCTTTCCAAGATTGAC-3'

Cldnb

5-ACGGGAGGAGCGCTTTAC-3'
5-GTTGGCGAACCAGCAGAG-3'

Creb1

5-AGCAGCTCATGCAACATCATC-3'
5-AGTCCTTACAGGAAGACTGAACT-3'

Creb3

5-ACAGGAGCACGTCTCCATAGA-3’
5-CGGTCAGTATCAGCCTAGACAT-3'

Foxa3

5-CTTGGTGGAGGTTGGGTGAG-3'
5'-ACAGGCAGTATTCCCAAGCC-3'

Hes1

5-TGCCAGCTGATATAATGGAGAA-3
5-CCATGATAGGCTTTGATGACTTT-3'

Hopx

5-CCACGCTGTGCCTCATCGCA-3’
5-GGCCTGGCTCCCTAGTCCGT-3'

115

5-CCTCTTCGTTGCATCAGGGT-3'
5-GATCCTCCTGCGTCCATCTG-3'

113

5-AAAGCAACTGTTTCGCCACG-3'
5-CCTCTCCCCAGCAAAGTCTG-3

Mucbac

5-TGACTCAATCTGCGTGCCTT-3'
5-AGGCCTTCTTTTGGCAGGTT-3'

Notch1

5-CTCCGTTACATGCAGCAGTT-3’
5-CCAGGATCAGTGGAGTTGTG-3’




5-TGCCTGTTTGACAACTTTGAGT-3

Notch2
5-GTGGTCTGCACAGTATTTGTCAT-3
s 5-ATGGACATGAGTAGCAAAGAGGT-3’
c
P 5-CACGATGAGAAGGCGTTTGAG-3
Sox2 5-TAGAGCTAGACTCCGGGCGATGA-3’
ox
5-TTGCCTTAAACAAGACCACGAAA-3
5-GACTGTGGAATTCCTGGGGG-3'
Spdef

5-ATTGTGGCAGGAGCAGAGAC-3'




	ELS_DEVCEL5401_annotate.pdf
	Excess neuropeptides in lung signal through endothelial cells to impair gas exchange
	Introduction
	Results
	Nkx2-1R161L/R161L mutants recapitulate key features of NEHI
	PNEC hyperplasia was associated with increased cell specification rather than proliferation
	Nkx2-1L/L mice exhibited increased expression of Sox2 and decreased expression of Notch pathway genes, behaving as partial  ...
	Nkx2-1L/L mutants developed excess fluid in lung
	Preventing PNEC formation alleviated excess fluid, reduced oxygenation, and growth defect in the NEHI mouse model
	Genetic inactivation of PNEC products alleviated excess fluid, reduced oxygenation, and growth defect in the NEHI mouse model
	Increased CGRP acts through receptors on endothelial cells to downregulate junction protein expression, leading to disrupti ...
	Pharmacological inhibition of CGRP signaling alleviated excess fluid, reduced oxygenation, and growth defect in the NEHI mo ...

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Mice
	Human donors and tissue collection

	Method details
	Histology preparation, periodic acid–Schiff (PAS) staining, and mean linear intercept (MLI) quantification
	Immunofluorescent staining
	Immunofluorescent staining and quantification on control and NEHI lung biopsies
	EdU analysis for cell proliferation
	Oxygen saturation (SpO2) measurement
	Lung wet-to-dry ratio measurement
	Bronchoalveolar lavage (BAL)
	ELISA
	Tissue dissociation and sorting of single cells
	Droplet-based high throughput single-cell RNA-seq and data analysis
	Western blot analysis
	Evans Blue dye assay
	Mouse lung angiogram
	CGRP, BIBN-4096, and Bicuculline intranasal administration

	Quantification and statistical analysis
	Quantitative PCR (qPCR)





