




















exposure causes aberrant increases in PNEC in-
nervation by deregulating the essential neurotrophic
factor NT4 during postnatal development.

Early life OVA exposure deregulated sensory
neuron activity by elevating NT4 levels

In response to injury, airway epithelium releases ATP that
activates purinergic receptors expressed by sensory nerves
(37). The nodose ganglion provides a major source of
sensory innervation for ASM and PNECs (23, 38, 39). A
large majority of nodose ganglion neurons express a
purinergic P2X3 receptor that is required for ATP-induced
activities (40). Because the development of nodose gan-
glion neurons during embryogenesis is dose-dependent
on brain-derived neurotrophic factor and NT4, both of
which signal through the TrkB receptor (41, 42), we spec-
ulated that elevated levels of NT4 after early life OVA
exposure might affect nodose sensory neuron activities. To
test this hypothesis, we examined the neuronal cell num-
ber and P2X3 expression in WT and NT4 /" mice at P21.
NT4 was required for the survival of ~50% of nodose
ganglion neurons (Fig. 4A, B) while having no effect on the
percentages of P2X3" neurons (Fig. 4C) (42). In addition,

Figure 4. NT4 was required for
elevated purinergic receptor
gene expression and increased
nodose ganglion neuronal ac-
tivities after early life OVA
exposure. A) Representative im-
ages of double staining of me-
dial nodose ganglions in WT
and NT4 /" mice at P21 for
pan neuronal marker Uchll
and P2X3 receptor. Nuclei were
labeled by DAPI. Scale bars,
250 pm. B) Quantification of
neuronal numbers in medial
sections of nodose ganglions
from WT and NT4 /" mice at
P21. Eighteen sections from 6
ganglions of 3 mice were quan-
tified. C) Quantification of per-
centages of P2X3" neurons in
nodose ganglions from WT and
NT4 /" mice at P21. D) P2X3
mRNA levels in nodose gangli-
ons from WT and NT4 /" mice
with and without OVA expo-
sure. Six ganglions from 3 mice
were pooled as 1 sample. Three
samples were analyzed for each
condition. £) Representative im-
ages of P2X3 staining of primary
nodose ganglion neurons after
72 h in culture treated with
control BSA or NT4. Arrow-
heads indicate P2X3" neurons.
F) Ca®" imaging of control BSA-

OVA exposure had no effect on thenumber of neurons and
the percentage of P2X3" neurons in the nodose ganglion
(Fig. 4B, C). However, OVA exposure increased the P2X3
mRNA levels by 3-fold in WT mice while having no effect
in NT4~/~ mice (Fig. 4D). These findings suggest that al-
lergen exposure may increase the level of P2X3 expression
per neuron and thus cause neural hyperactivities in re-
sponse to ATP stimulation.

To test whether NT4 may affect sensory neuron activity,
we isolated nodose ganglions from P18 mice and estab-
lished primary nodose sensory neuron cultures in defined
neurobasal media. Because dissection severed the axons,
neurons were allowed to regenerate neurites in culture for
3 d before Ca”* imaging using a fluorescent dye Fluo-3 AM
for the measurement of their activities in response to ATP.
We found postnatal nodose sensory neurons no longer
required NT4 for survival, as both BSA-treated controls
and NT4-treated cultures (100 ng/ml) exhibited little cell
death (Fig. 4E). In addition, a majority of nodose sensory
neurons were P2X3" (Fig. 4E). ATP stimulation (100 n.M)
triggered a spike of intracellular Ca** shown by a ~15%
increase above the baseline fluorescence that was reduced
by 40 to 50% after 15 s of stimulation (Fig. 4F). Compared
to control neurons, NT4-treated cultures exhibited a ~45%

and NT4-treated primary nodose ganglion neurons in response to ATP stimulation. Relative fluorescence (F,/Fy) of Fluo-3 AM
before and after ATP stimulation (arrow) was measured. To block P2X3 activities, NT4-treated cultures were pretreated with
A-317491 (1 pM) for 20 min before ATP stimulation and during entire course of Ca®" imaging. Results represent 2 independent
experiments. Data in B-D represent means * sEM of 3 independent experiments. **P < 0.01.
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increase in fluorescence above the baseline on ATP
stimulation and maintained a higher level of intracel-
lular Ca®* over time (Fig. 4F). Therefore, NT4 treatment
increases the activity of nodose sensory neurons to ATP.
However, neurons treated with NT4 in the presence of
A-317491, a specific P2X3 blocker, exhibited a faster
return to baseline fluorescence while maintaining the
initial Ca*" spike (Fig. 4F). These findings provide
evidence for functional involvement of P2X3 in NT4-
induced nodose sensory neurons hyperactivity. In ad-
dition, NT4 may affect other ATP receptor expression to
account for the elevated Ca®" spike immediately after
ATP stimulation.

NT4 was required for GABA hypersecretion to
induce mucus overproduction after early life
allergen exposure

To test whether aberrant increases in PNEC innervation
may deregulate GABA secretion from PNECs after
early life allergen exposure, we measured serum levels
of GABA in WT and NT4 ™/~ mice by ELISA, as neuro-
endocrine cells secrete laterally and basally into the
circulation (21). NT4 had no effect on baseline serum
levels of GABA (~200ng/ml) (Fig. 5A). However, OVA
exposure elevated serum levels of GABA by ~60% in
WT mice while having no effect on NT4™/ mice (Fig.
5A). We found no change in Gadl and GABA receptor
mRNA expression in purified airway epithelium cells at
P21 after early life allergen exposure (Fig. 5B and Sup-
plemental Fig. 4A). These findings provide evidence
that NT4-dependent PNEC hyperinnervation deregu-
lates PNEC secretion of GABA.

We tested whether GABA administration would
restore mucus overproduction in NT4™/~ mice. GABA
(10 ng/g body weight) was installed intratracheally be-
tween P14 and 20. Because of the relatively long half-life
of GABA in vivo (5 h) (43), GABA was provided once a
day. As a control neurotransmitter, Mch (30 mg/ml) was
nebulized daily. Mice were analyzed at P21. We found
that GABA alone had no effect on baseline mucus levels
(Fig. 5E). In addition, GABA administration in OVA-
exposed WT mice had no effect on already high levels of
mucin expression (Fig. 5E). In contrast, compared to sa-
line in NT4~/~ mice, GABA fully restored mucus over-
production in OV A-exposed NT4 '~ mice with no effect on
allergic inflammation assayed by serum levels of IgE
and IL-13 (Fig. 5C-F). In contrast, Mch had no such
rescuing activities (Fig. 5E). These findings indicate
that NT4 is specifically required for GABA signal-
ing during early life allergen-induced mucus over-
production. To provide further evidence, we evaluated
the epithelial expression of Foxa3, a transcriptional factor
associated with mucus overproduction in both animal
models and people with asthma (5, 6, 44). GABA partially
recovered Foxa3 expression in ~13% airway epithelial
cells in OVA-exposed NT4™/~ mice compared to WT
mice, which had ~34% Foxa3" cells in airway epithelium
after OVA exposure (Fig. 5G, H). Furthermore, GABA had
no rescue activities in PBS-exposed NT4 /" mice (Fig. 5F),
similar to the results in mouse lung slice cultures (Fig. 1G).
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DISCUSSION

Our study used a combination of lineage tracing and in
vivo and ex vivo models to investigate the development
and neural regulation of pulmonary neuroendocrine
system. Our results revealed an orchestrating role for
NT4 in PNEC innervation and neuroendocrine secre-
tion of GABA. Building on these findings, we propose a
model of NT4-dependent mucus overproduction after
early life allergen exposure (Fig. 6). In the model, NT4 is
expressed by PNECs and serves to attract the in-
nervating nerves during postnatal development. Al-
lergen exposure to developing lungs, which elevates
the levels of NT4 (17), causes aberrant increases in
PNEC innervation and sensory neuron activity that
feeds on efferent nerves to induce GABA hypersecre-
tion. Excessive GABA signaling and IL-13 in airway
epithelium ultimately induces mucus overproduction
(Fig. 6). Blockade of NT4 and TrkB receptor signaling
during allergen exposure prevents neural deregulation
GABA secretion from PNECs and therefore prevents
mucus overproduction (Fig. 6). Our findings, in com-
bination with our previous work concerning ASM in-
nervation and hyperreactivity, highlight the profound
impact of allergen exposure on the pattern and degree
of innervation of both ASM and PNECs in developing
postnatal lungs. Our previous study identified mast
cells as a de novo source of NT4 for allergen-induced
ASM hyperinnervation (18). Whether mast cells play a
similar role in aberrant PNEC innervation in the dis-
ease model warrants further investigation.

Our findings indicate that IL-13 provides a permis-
sive signal for the essential GABA function in mucus
overproduction after allergen exposure. This may be
mediated through the multifaceted role of IL-13 in gene
activation and in epithelial cell survival and differenti-
ation to enable GABA signaling (7). In addition, allergic
inflammation, which damages the barrier function of
airway epithelium (45, 46), may also provide a per-
missive barrier mechanism for paracrine GABA sig-
naling by facilitating the distribution of GABA after
PNEC secretion in vivo. The apical-lateral distribution
of a GABA receptor by club cells (Supplemental Fig. 4B)
supports the possibility that GABA may interact with
the receptors after basal-lateral secretion from PNECs.
Furthermore, GABA receptor antagonists had no
worsening effect on allergen-induced airway hyperre-
activity (Supplemental Fig. 5). Therefore, targeting NT4
along the nerve-PNEC axis to block GABA secretion
may be a valuable treatment strategy for mucus
overproduction in asthma.

Allergen exposure to developing postnatal lungs
elevates the neurogenic signal NT4 to disrupt the
neurocircuitry that innervates PNECs. In addition to
quantitative increases in PNEC innervation, we also
provide evidence for NT4-induced sensory neuron
hyperactivity in response to ATP. Whether PNEC-
innervating efferent nerves are altered by early life al-
lergen exposure warrants future work, as the efferent
signal that induces GABA secretion from PNECs
remains to be identified. However, independent of
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Figure 5. NT4 was required for GABA secretion and mucus overproduction after early life OVA exposure. A) Serum levels of
GABA in WT and NT4 /™ mice with and without OVA challenges measured by ELISA. Data represent means = sem from 10 to 16
mice of each group. B) Gadl mRNA expression in airway epithelium of WT and NT4 /" mice after PBS or OVA exposure at P21;
n=6. C, D) Serum levels of IgE and IL-13 levels in BAL of PBS-exposed NT4 /~ mice and OVA-exposed NT4 /~ mice with and
without intratracheal GABA treatment. Each mark indicates sample from 1 mouse. E) Representative images of PAS staining of
lungs sections of WT and NT4 /" mice with indicated treatment. Arrows indicate mucin® cells. Insets show enlarged images of
epithelium staining. F) Muc5ac gene expression in PBS- and OVA-exposed WT and NT4 /" mice with and without GABA
treatment. Each group had minimum of 7 mice. Data represent means * seM of at least 3 independent experiments. G) Foxa3
staining of lung sections of WT and NT4/~ mice with and without OVA exposure and GABA treatment. Arrows indicate Foxa3"
cells. H) Percentages of Foxa3" cells in airway epithelium of each experimental group. Data represent means * sem from 15
airways of 3 mice for each experimental condition. Scale bars, 100 pm. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6. Model of NT4-PNEC axis in GABA secretion and
mucus overproduction after early life allergen exposure.
PNECs are innervated by both sensory afferents and efferent
nerves. During development, NT4 expressed by PNECs serves
as target-derived trophic factor for innervating nerves to
establish innervation. Allergen exposure during postnatal
PNEC development elevates levels of NT4, which in turn
causes PNEC hyperinnervation and hyperactive nodose sen-
sory neurons that feed on efferent nerves. Hyperactive
neurocircuitry deregulates GABA secretion from PNECs.
Aberrant levels of GABA act together with IL-13 to induce
mucus overproduction. Loss of NT4 reduces PNEC innerva-
tion at baseline and prevents allergen-induced PNEC hyperin-
nervation. There is thus no induction of GABA secretion from
PNECs in allergen-exposed NT4 /™ mice. IL-13, in absence of
GABA secretion, fails to induce mucus overproduction.

changes in efferent nerves, hyperactive sensory afferents
are expected to feed on efferent nerves to deregulate the
activity of the neurocircuitry, which in turn induces
GABA hypersecretion. In contrast to neonatal mice, we
showed that adult mice had no change in airway in-
nervation after allergen exposure (17). Without the in-
crease in innervation, we speculate that GABA secretion
from PNECs may be triggered by the neurocircuitry ac-
tivated in response to the stimuli present in the in-
flammatory milieu, such as ATP. Identification of the
stimuli and investigation of their induction by injury,
such as allergen exposure, cigarette smoke, and viral
infection, may help explain why mucus overproduction
occurs in a variety of airway diseases.

In summary, our study provides evidence that the
nerve-PNEC axis may be involved in the pathogenesis of
asthma after early episodes of exposures. Targeting NT4-
dependent PNEC innervation may provide a novel strat-
egy for the treatment of mucus overproduction.
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Supplementary Materials and Methods

Mice: Gad1”™ mice were kindly provided by Dr. Jun Ding (Stanford University, Stanford, CA, USA).
TrkBFO1oAFE1A mice were kindly provided by Dr. David Ginty (Harvard Medical School, MA, USA).
Gad2C"ERT2* (stock number: 010702), and Rosa(lacZ) (stock number: 003309) were purchased from
The Jackson Laboratories (Bar Harbor, ME, USA).
Allergen exposure. For cockroach allergen exposure, mice were given intra-nasally cockroach antigen
(CRA) (10pl, 15ug/ml; Cat. #B26, Greer Labs) at P5, P10, and P15. For house dust mite allergen
(HDMA) exposure, mice were given intra-nasally HDMA (5ug; Cat. # XPB70D3A2.5, Greer Labs) at
P5, P10, and P15 followed by daily intranasal instillations (15ug) between P17-P20. Control pups
received PBS intra-nasally. At day 21, mice were sacrificed for blood and lung harvest.
Airway contraction assay using lung slices. Individual lung slices were placed in each well of 24-well
plates, secured with a ring of nylon mesh together with a metal washer. The plate was imaged with an
inverted microscope (DMIG000B; Leica Microsystems, Buffalo Grove, IL, USA). Mid-sized airways
with a baseline luminal area between 14,000um? and 20,000pm? were selected for imaging. Lung slices
were stimulated with increasing concentrations of Mch to induce contraction. Each airway was imaged
every minute for a total duration of 35 min. The airway luminal area was measured using NIH Image J
and normalized to the baseline value.
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Supplementary Figure 1. NT4 and TrkB signaling were required for early life allergen-induced mucus
overproduction in mice. (A) Scheme of cockroach allergen (CRA) exposure in early life. Controls
received saline. (B) Representative images of PAS staining of lung sections of wild type (WT) and NT4
" mice at P21 following CRA exposure. (C) Scheme of house dust mite allergen (HDMA) exposure in
early life. Controls received saline. (D) Representative images of PAS staining of lung sections of WT
and NT4" mice following HDMA exposure. (E) Muc5ac gene expression in WT and NT4” mice
following exposure to saline or HDMA were analyzed by gPCR. Data were normalized to 18S rRNA.
*P<0.05. (F) Scheme of INMPP1 treatment of TrkB™°AF81A mice between P10-P20 during OVA
exposure. Controls were injected with the solvent for INMPP1. (G) Representative images of PAS
staining of lung sections of TrkB™AF6%A mice with and without INMPP1 treatment. Arrows point to
mucus® cells in airways. Scale bars, 100um. N=5 for each group.



Supplementary Figure 2.
Lineage tracing of  TrkB-
expressing cellsin postnatal lungs
identifies selective TrkB
expresson by nerves in
no primary| N rabbit IgG conducting airways.
TrkB“"*=R"2*- Rosa(tmRed) mice
recelved 6 doses of tamoxifen
between P5-P7 and P15-P17
before lungs were harvested at
P21. Frozen lung sections of
tamoxifen-treated TrkB“"**"2*: Rosa(tmRed) mice were collected and stained for markers of airway
smooth muscle (a-SMA) (A-C), endothelial cells (CD31) (D-F), immune cells (CD45) (G-I), and type 11
alveolar cells (SPC) (J-L). Negative controls include no primary control for directly conjugated
antibodies (M) and rabbit 1gG isotype for the SPC antibody (N). Arrows mark tmRed" cells that also
expressed individual cell markers. TmRed was detected only in nerves in the conducting airway.
TmRed was also detected in ~5% cellsin alveoli. Approximately 87% of these lineage labeled cellsin
alveoli were SPC" type Il pneumocytes, 10% were CD31" endothelial cells, and 2% were CD45"
immune cells. Scale bars, 100um. N=2 mice per group. Primary antibodies included: FITC-conjugated
mouse anti-a-smooth muscle actin (SMA) (1:100; clone 1A4, Cat. #F3777, Sigma), FITC-conjugated rat
anti-mouse CD45 (1:100, Cat. #553079, BD Pharmingen), FITC-conjugated rat anti-mouse CD31
(1:100, Cat. #BD Pharmingen), rabbit anti-pro-SPC (1:200, Cat. #AB3786, Millipore).
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Supplementary Figure 3. Gad67 expression by PNECs s required for mucus overproduction following
early life OVA exposure. (A) Lineage tracing of Gad2-expressing lineages. Gad2"*R"?*: Rosa(lac?)
mice received tamoxifen injection at P10, P14, and P18. At P21, lungs and brain tissues were processed
for X-gal staining and histological assessment. N= 3. Arrows point to p-gal* cellsin mouse brains at
P21. No labeling was found in lungs. (B) CGRP staining of PNECsin Shh®"®;Gad1™ littermate controls
and Shh®®"; Gad1” mutant mice at P21. Loss of GAD1 in airway epithelium had no effect on PNEC
development. Arrowheads point to PNECs. (C) Representative images of PAS staining of lung sections
from Shh®®; Gad1™ littermate controls and Shh“"®"; Gad1" mutant mice with and without OVA
exposure. Arrows point to mucin® cells, N=2 for Shh®®";Gad1” mice. N=4 for Shh®®;Gad1" mice.
Scale bars, 100pum.
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Supplementary Figure 4. NT4 deficiency has no effect on GABA receptor expression in airway
epithelium. (A) The expression of major GABAA and GABAGg receptor genes in airway epithelium cells
isolated from PBS- and OV A-exposed, wild type and NT4” mice at P21. Each RNA sample for the
array study was pooled from 4-5 mice. There are a total of 21 GABA receptors. To gain a
comprehensive assessment of gene expression of all GABA receptors, we performed mRNA profiling
using AffymetrixR Mouse Gene 1.0 ST Whole Transcript platform. Relative expression levels of major
GABA receptor genes were shown. Data represent meantSEM from 3 independent samples. (B)
Characterization of GABAgR2 expression in mouse airway epithelial cells by double staining.
Antibodies used included mouse anti-Mucbac (1:50; Cat. #ab3649, Abcam) and rabbit anti-GABAgR2
(1:100; Cat. #AB2255, Millipore). GABAgR2 had apical-lateral distribution in a subset of CC10" club
cells. GABAgR2 was aso found in a majority of Muc5ac™ goblet cells following OVA exposure. No
GABAgR2 was detected in CGRP" PNECs. Arrows point to GABAgR2" cells. The arrowhead points to
CGRP' PNECs. Scale bars, 100um.
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Supplementary Figure 5. Blockade of GABA 4 receptor signaling prevented mucus overproduction. (A)
PAS staining of lung sections from OV A-exposed mice with and without picrotoxin treatment between
P14-P20 during OV A exposure. Picrotoxin was given intranasally once per day between P14-P20
(0.25ug/g body weight). Control mice received saline intra-nasally. Mice were analyzed at P21. Arrows
point to mucin® cells. Inserts show enlarged images of stained epithelium. Scale bar, 100um. (B) qPCR
assays for Mucbac gene expression in OV A-exposed mice with and without picrotoxin treatment. (C)
Picrotoxin had no worsening effect on airway reactivity. Lung slices were prepared from PBS- and

OV A-exposed mice at P21 with and without the treatment of picrotoxin. Airway reactivity was
measured by the percentage of reduction in the airway lumen size in response to increasing doses of
Mch. Mid-sized airways with a baseline luminal area between 14,000um? and 20,000pum? were sel ected
for imaging using an inverted microscope (DMI16000B; Leica Microsystems, Buffalo Grove, IL, USA).
From the acquired images, the airway luminal area was measured using NIH Image J and normalized to

the baseline value. For all experiments, N=5 mice for each condition from two independent experiments.
n.s., not significant. *P<0.05.




