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Materials and Methods 

Animals 

Mouse models Ascl1-CreER (36), p63-CreER (37), and Scgb1a1-CreER (38), and Cgrp-CreER 

(14) mice were previously described. Hif1afl/fl (stock number 007561), Hif2afl/fl (stock number 

008407), Phd1, Phd2, Phd3 triple floxed (stock number 028097), C57BL/6J (stock no. 000664), 

LSL-tdTomato (stock no. 007914), and ROSA-DTA (stock no. 009669), were purchased from The 

Jackson Laboratory (Bar Harbor, ME). Cgrp-CreER (a gift from Pao-Tien Chuang) females were 

crossed to LSL-tdTomato mice to obtain double transgenic mice. Cgrp-CreER and floxed DTA 

mice used were heterozygous. To label cells, we injected tamoxifen intraperitoneally (2mg/20gms 

body weight) for three consecutive days to induce the Cre-mediated excision of a stop codon and 

subsequent expression of tdTomato. Both male and female 8-12-week old mice were used for 

experiments. Control and treated animals were age matched. We analyzed at least 4-8 mice per 

condition in each experiment. The MGH Subcommittee on Research Animal Care approved 

animal protocols in accordance with NIH guidelines.  

 

Tissue harvest, sectioning, and staining 

Mice were euthanized with carbon dioxide gas. All the tissues were harvested and fixed at 4℃ for 

1 hour and 30 minutes or overnight with fresh 4% paraformaldehyde (PFA). The tissues were then 

rinsed with PBS 4 times (5 min each) and incubated in 30% sucrose in PBS at 4oC overnight. 

Afterwards, the tissues are soaked in Tissue-Tek® O.C.T. Compound for 1 hour and then frozen 

in O.C.T. for cryosectioning at 7 μm thickness. Cryosections (7 µm) were permeabilized with 0.1% 

Triton X-100 in PBS, blocked in 1% BSA for 10 minutes at room temperature, incubated with 

primary antibodies for 1 hour at room temperature or overnight at 4℃, washed, incubated with 
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appropriate secondary antibodies diluted in blocking buffer for 45 minutes at room temperature, 

washed, and counterstained with DAPI. 

The following primary antibodies were used: mouse anti- chromogranin A (1:200; SC-393941, 

Santacruz), rabbit anti - PGP9.5 (1:200, AS-53772, Anaspec), rabbit anti-Ki67 (1:200; ab15580, 

Abcam); rat anti-Ki67 (1:200; 14-5698-82, eBioscience); rabbit anti-cleaved caspase-3 (1:100; 

CST-9661S); goat anti-SCGB1A1 (1:500; kindly provided by Barry Stripp); rabbit anti-p63 

(1:200; GTX102425, GeneTex); mouse anti-tubulin, acetylated (1:100; T6793, Sigma); mouse 

anti-BrdU (1:200; Thermo Fisher (B35128); anti-HIF-1α (Novus Biologicals, NB100-134, 1: 

3000), anti-HIF-2α ( Novus Biologicals, NB100-122, 1:2000), anti-tubulin (Novus Biologicals, 

NB600-936, 1:5000), anti-RAMP1 (Abcam, ab203282, 1:100), anti-CRLR (Abcam, ab83697, 

1:100). Neuroendocrine master mix for the human samples (chromogranin A + Synaptophysin); 

mouse anti-Synaptophysin Bond RTU Primary (1:50; PA0299, Leica Biosystems), mouse 

chromogranin 5H7 Bond RTU (1:50; PA0515, Leica Biosystems). Promega DeadEndTM 

Fluorometric TUNEL System (G3250, Thermo Fisher Scientific) used to detect cell death. 

All secondary antibodies were Alexa Fluor conjugates (488, 594 and 647) and used at 1:400 

dilution (Life Technologies). Images were obtained using Olympus Fluoview FV10i Confocal 

Microscope (Olympus, Center Valley, PA). Cells were manually counted based on 

immunofluorescence staining of markers for each of the respective cell types. Cartilage 1 to 10 

was used as reference points in all the tracheal whole mount or cross section samples to count 

specific cell types based on immunostaining. Serial sections were stained for the antibodies tested 

and randomly selected slides were used for cell counting. For whole mount fluorescence of tissues, 

trachea was dissected in ice-cold PBS and washed 3 times in PBS then mounted on a slide. Images 
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were obtained using Olympus Fluoview FV10i Confocal Microscope (Olympus, Center Valley, 

PA). 

 

Administration of FG-4592, cobalt chloride, CGRP, BIBN-4096, 4- hydroxytamoxifen, and 

Bromodeoxyuridine / 5-bromo-2'-deoxyuridine (BrdU). 

FG-4592 was dissolved in 5% dextrose and administered as 10 doses (100mg/Kg) over 20 days 

(48hr intervals) intraperitoneally. For intranasal administration of small molecule or chemicals, 

mice were anesthetized with 4% isoflurane (sigma Aldrich) and 100% oxygen in an anesthetic 

chamber (with sliding cover, Evonik Plexiglas, 240 × 140 × 120 mm), which was not prefilled in 

order to prevent distress. Cobalt chloride was administered as 10 doses (70 µl of 20mM) over 20 

days (24hr interval) intranasally. 30 µl of αCGRP (0.1nM) and BIBN-4096 (10nM) were 

administered intranasally at the indicated concentrations and intervals. 4- hydroxytamoxifen 

(2µM) was administered as two drops, 30 µl each. Mice were monitored until they exhibited 

normal activity and were then returned to their respective cages. No lethality occurred during or 

after the administration procedure. BrdU (1mg/ml) was administered through drinking water for 

indicated period. 

 

Hypoxia chamber experiments 

Hypoxia exposures were done as described previously (39). Briefly, wildtype, Ascl1-CreER-

tdTomato, p63-CreER-tdtomato, or Scgb1a1-CreER-tdTomato mice were exposed to hypoxia (8% 

O2) or normoxia (21% O2). Mice were placed in 60-liter plexiglass chambers containing a gas 

mixture of compressed air and 100% N2 (Airgas Inc.). The gas flow rates were measured and 

controlled with rotameters and valves. Oxygen concentrations were measured several times each 



 

 

5 

 

day at the outlet of the chambers using an oxygen analyzer (MiniOx I Oxygen Analyzer, Ohio 

Medical Corporation) and the flow rates of air, nitrogen and oxygen were modified as necessary 

in order to obtain a stable oxygen concentration of 8% in the hypoxic chamber. Soda lime 

(Sodasorb, Smiths Medical) (approximately 250g), was placed on the floor of each chamber to 

scavenge carbon dioxide (CO2) produced by the animals and replaced every 3 days. The CO2 

concentration in each chamber as well as the temperature and the humidity were monitored 

continuously using a dedicated infrared CO2 analyzer, thermometer and humidity meter (Extech 

CO200 Monitor, Extech Instruments). The total flow of fresh gas flushing each chamber was 

adjusted between 5 and 10 L/min to maintain the chamber CO2 level below 0.4% and the relative 

humidity between 30% and 70%. Mice were exposed to gas treatment continuously for 24 hours 

per day, 7 days a week. The chambers were briefly opened three times a week to evaluate the 

health status of the mice, clean the cages and add water and food.  

For administration of 4-OH tamoxifen, CGRP, and/or BIBN4096, we removed the mice from the 

chambers, briefly anesthetized with 4% isoflurane (Sigma Aldrich) and 21% O2 in an anesthetic 

chamber (with sliding cover, Evonik Plexiglas, 240 × 140 × 120 mm), which was not prefilled in 

order to prevent distress. Once the mice were inactive, we intranasally administered the 4-

hydroxytamoxifen (total of 60 µl (2µM) in 2 drops) and/or CGRP (30 µl (0.1nM) and/or 

BIBN4096 (30 µl (10nM)). Once the mice were fully active, they were returned to their chambers. 

The entire administration procedure was completed in 30 min. No lethality occurred during or after 

the administration procedure. 
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Human airway stem cell isolation  

Fresh discarded human tissue was obtained from New England Organ Bank. Bronchus segments 

were then dissected and cleared of connective tissues and blood cells. To dissociate airway 

epithelial cells, the bronchi are cut in several pieces and incubated at 4oC without agitation for 1 

day in DMEM/F12 medium containing 1 mg/ml pronase, 0.5 mg/ml DNase, 5 μM ROCK inhibitor 

Y-27632 and 1x Penicillin- Streptomycin (Pen/Strep). After that, the epithelial layer is scraped off 

gently using a cell scraper. The cell suspensions are filtered through 100 μm strainers and spun 

down. The cell pellets are rinsed 3 times with DMEM + 10% FBS. Epithelial basal cells were 

sorted by FACS with antibodies against EpCAM-PECy7 (1:50; 25-5791-80, eBiosciences) and 

GSIβ4 (Griffonia Simplicifolia Isolectin beta4)-Biotin (L2120, Sigma). BD FACS Aria (BD, San 

Jose, CA) and analysis was performed using FlowJo (version 10) software. 

 

Mucociliary differentiation and NE differentiation on air-liquid interface  

Human airway stem cell cultures were seeded onto 0.4 μm transwell membranes pre-coated with 

804G-conditioned medium with a density of >6000 cells/mm2. After cell attachment for >12 

hours, excess cells are removed and the medium is replaced with complete Pneumacult-ALI 

medium (StemCell Technology, Cat. 05001). The next day, ALI medium is added only in the lower 

chamber to initiate airway-liquid interface (40). Then the medium is changed daily until 

differentiation is well established. After 20 days of differentiation the ALI cultures were treated 

with FG-4592 (10μM in 0.1% DMSO) for 10 days to induce NE differentiation. To stain for 

neuroendocrine markers, the membranes are fixed with 4% PFA at room temperature for 10 min, 

followed by washing and permeabilization with PBS + 0.2% Triton X-100.  
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Electron microscopy 

Intact tissue specimens were initially immersion-fixed in 2.5% glutaraldehyde in 0.1M sodium 

cacodylate buffer (pH 7.4, Electron Microscopy Sciences, Hatfield, PA) overnight at RT.  Target 

tissue was excised and trimmed as needed and smaller pieces further fixed 24-48hrs in 2.5% 

glutaraldehyde in 0.1M sodium cacodylate buffer at 4°C. Specimens were rinsed several times in 

0.1M sodium cacodylate buffer, post-fixed in 1.0% osmium tetroxide for 1hr at room temperature 

and rinsed again several times in cacodylate buffer. Samples were then dehydrated through an 

ethanol series to 100% ethanol and were then dehydrated briefly in 100% propylene oxide. Tissue 

was then allowed to pre-infiltrate 2hrs in a 2:1 mix of propylene oxide and Eponate resin (Ted 

Pella, Redding, CA), then transferred into a 1:1 mix of propylene oxide and Eponate resin and 

allowed to infiltrate overnight on a gentle rotator. The following day, specimens were transferred 

into a 2:1 mix of Eponate resin and propylene oxide for a minimum of 2 hrs, allowed to infiltrate 

on a gentle rotator in fresh 100% Eponate resin for several hours, and embedded (with specific 

attention to orientation) in fresh 100% Eponate in flat molds; polymerization occurred within 24-

48 hrs at 60°C. Thin (70nm) sections were cut using a Leica EM UC7 ultramicrotome, collected 

onto formvar-coated grids, stained with uranyl acetate and Reynold's lead citrate and examined in 

a JEOL JEM 1011 transmission electron microscope at 80 kV. Images were collected using an 

AMT digital imaging system with proprietary image capture software (Advanced Microscopy 

Techniques, Danvers, MA). 
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Western blot analysis  

Cells were lysed in lysis buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 2 mM 

EDTA, 2 mM DTT) and complete proteinase inhibitors (Roche) for 20 min on ice and centrifuged 

at 12000rpm for 10min. Absorbance at 280 nm was used to quantify protein concentrations by 

Nanodrop 2000. Western blotting was performed according to standard protocol. Briefly, samples 

were run on NuPAGE 4%–12% Bis-Tris precast polyacrylamide gels (Thermofisher) and 

transferred onto the nitrocellulose membrane, blocked in 5% non-fat milk in TBST (Tris-buffered 

saline + 0.1% Tween-20). The following primary antibodies were used: anti-HIF-1α (Novus 

Biologicals, NB100-134, 1: 3000), anti-HIF-2α ( Novus Biologicals, NB100-122, 1:2000) and 

Tubulin (Novus Biologicals, NB600-936, 1:5000), with the appropriate HRP-labeled secondary 

antibody and developed with ECL west pico plus (ThermoFisher Scientific). ImageJ was used to 

quantify the intensity of individual bands. 

 

Statistical analysis: The standard error was calculated from the average of at least 3 independent 

tracheal/lung samples unless otherwise mentioned. Data was compared among groups using 

ANOVA analysis. A p-value of less than 0.05 was considered significant. The experimental data 

was analyzed without any pre-set bias and no particular criteria to exclude or include any specific 

sample from the analysis was used. 
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Fig. S1. (A) Schematic representation of hypoxia exposure protocol and assessment of NE cell 

numbers.  



 

 

10 

 

  

Fig. S2. Hypoxia leads to an increase in solitary neuroendocrine (NE) cell numbers in the adult 

mouse trachea measured by Ascl1 driver line. 

A) Schematic representation of induction of NE cell differentiation and subsequent labeling of 

Ascl1+ solitary NE cells in Ascl1-tdTomato reporter mice. (B) Whole-mounts and cross sections of 

tracheal epithelium demonstrates a significant increase in the number of tdTomato+ cells in Ascl1-

tdTomato reporter mice exposed to hypoxia for 20 days (n=4). Dotted lines indicate basement 

membrane. (C) Quantification of tdTomato+ solitary NE cells per trachea from Ascl1-tdTomato 

reporter mice subjected to hypoxia (n=4). *** p<0.001; Error bars, means ± standard deviation. 

Scale bars 20 μm unless indicated. 
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Fig. S3. Pre-existing NE cells do not expand following hypoxia. 

(A) Schematic representation of lineage labeling of Ascl1+ solitary NE cells in Ascl1-tdTomato 

reporter mice prior to the induction of hypoxia to lineage label pre-existing NE cells and 

administration of chronic BrdU. (B) Immunostaining for CHGA (yellow), and Ki67 (white), on 

tracheal sections from lineage-label Ascl1-tdTomato reporter mice that were exposed to hypoxia. 

Quantification of (C) tdTomato+ CHGA+ and tdTomato- CHGA+ cells, (D) Ki67+, tdTomato+ 

Ki67+, and CHGA+ Ki67+ cells on tracheal sections from lineage-label Ascl1-tdTomato reporter 

mice that were exposed to hypoxia (n=5).  (E) Immunostaining for BrdU (green) on tracheal 

sections from lineage-label Ascl1-tdTomato reporter mice that were exposed to hypoxia and 

quantification of (F) tdTomato+ BrdU+ and tdTomato+ BrdU- cells.  Dotted line indicates basement 

membrane. (n.s. = not significant.  *** p <0.0001; error bars, means ± standard deviation. Scale 

bars 30 μm. 



 

 

13 

 

 

Fig. S4. Schematic representation of lineage labeling of p63+ basal stem cells using p63-tdTomato 

reporter mice followed by induction of hypoxia to lineage label basal cells. 
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Fig. S5. Small number of secretory cells undergo NE differentiation 

(A) Schematic representation of lineage labeling of secretory cells using Scgb1a1-tdTomato 

reporter mice followed by induction of hypoxia to lineage label secretory cells. (B) 

Immunostaining for the CHGA (green) and SCGB1A1 (white) on tracheal sections of Scgb1a1-

tdTomato reporter mice and quantification of absolute numbers of CHGA+ tdTomato+ and CHGA+ 

tdTomato- cells. (C) Contribution of different cell types to the new solitary NE cell pool. n.s. 
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indicates no significance, *** p<0.001 and * p <0.05; error bars, means ± standard deviation. Scale 

bars 20 μm unless indicated.       
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Fig. S6. FG-4592 and CoCl2 administration stabilize HIF-1α and HIF-2α in ALI culture.  

(A) Schematic representation of mouse tracheal basal stem cell isolation and treatment of airway 

epithelial cultures with FG-4592 and CoCl2. (B) Western blot analysis of HIF-1α (120 kDa) (top 

row), HIF-2α (118 kDa) (middle row), and tubulin (50 kDa) (loading control) (bottom row) in 

whole epithelium differentiated using an ALI culture system. Left panel, ALI was treated with FG-

4592, and right panel, ALI was treated with CoCl2. (C) Quantification of HIF-1α and HIF-2α, 
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western blot signal from (B). ****p <0.0001 or * p <0.05; error bars, means ± standard deviation. 

a.u.= arbitrary units. 
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Fig. S7. Small molecule activation of the hypoxia response leads to an increase in solitary NE cells 

in the adult mouse trachea. 

(A) Schematic representation of FG-4592 induction of NE differentiation and subsequent labeling 

of Ascl1+  solitary NE cells using Ascl1- tdTomato reporter mice. (B) Whole-mount tracheal images 

showing a dose-dependent increase in the number of tdTomato+ solitary NE cells after 

intraperitoneal injection of FG-4592 in Ascl1- tdTomato reporter mice (n=8). (C) Quantification 

of tdTomato+ solitary NE cells per trachea from vehicle or FG4592-treated Ascl1- tdTomato mice 

(n=8). (D) Whole-mount tracheal images showing a dose-dependent increase in the number of 

tdTomato+ solitary NE cells after intraperitoneal injection of FG-4592 in Cgrp- tdTomato reporter 

mice (n=6). (E) Quantification of tdTomato+ solitary NE cells per trachea from vehicle or FG4592-

treated Cgrp-tdTomato mice (n=6). (F) Schematic representation of cobalt chloride induction of 

NE cell differentiation and subsequent labeling of tdTomato+ cells in Cgrp-tdTomato reporter 

mice. (G) Whole-mount tracheal images showing an increase in the number of tdTomato+ solitary 

NE cells after intranasal administration of cobalt chloride in Cgrp-tdTomato reporter mice (n=6). 

(H) Quantification of tdTomato+ cells per trachea from vehicle or CoCl2 administered Cgrp- 

tdTomato mice (n=6). *** p<0.001 and ** p <0.01 or * p <0.05; error bars, means ± standard 

deviation. Scale bars 300 μm. 



 

 

20 

 

 

 

Fig. S8. (A) Schematic of protocol for simultaneous deletion of all 3 prolyl hydroxylases from 

basal stem cells using p63-CreER::PhDs mice.   
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Fig. S9. Deletion of Prolyl hydroxylases from basal stem cells stabilizes HIF-1α and HIF-2α in 2D 

culture.  

(A) Schematic representation of mouse tracheal basal stem cell isolation from p63-

CreER::Phd1fl/fl::Phd2fl/fl::Phd3fl mouse and treatment of 4-hydroxytamoxifen (4-OH TAM) to 

delete all three hydroxylases in 2D culture. (B) Western blot analysis of HIF-1α (120 kDa) (top 

row), HIF-2α (118 kDa) (middle row), and tubulin (50 kDa) (loading control) (bottom row) in 
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basal stem cells. C) Quantification of HIF-1α and HIF-2α, western blot signal from (B). ****p 

<0.0001; error bars, means ± standard deviation. a.u.=arbitrary units. 

 

 

 

Fig. S10. Schematic representation of deletion of Hif1α or Hif2α from basal cells in p63-Hif1α or 

p63-Hif2α mice followed by FG-4592-induced NE differentiation. 
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Fig. S11. Solitary NE cells prevent epithelial apoptosis during hypoxia. 

(A) Immunostaining for Foxj1 (green), Cl-caspase-3 (magenta) and CK5 (white) on normoxic and 

hypoxic tracheal epithelium with or without NE cell ablation (Cgrp-CreER:: R26R-DTA  

background),  and with CGRP administration or blockade. (B) Quantification of Foxj1 (green), 

Cl-caspase-3 (magenta) and CK5 (white) cells in normoxic and hypoxic tracheal epithelium prior 

to and following NE cell ablation and with CGRP administration or blockade (n=5). Scale bars 30 

μm, unless indicated. *** p<0.001 and ** p <0.01 or * p <0.05; error bars, means ± standard 

deviation.  
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Fig. S12. Solitary NE cell ablation reduces hypoxia-induced secretory and basal stem cell 

replication. 

(A) Immunostaining for CK5 (magenta), SCGB1A1 (green) and Ki67 (white) on normoxic and 

hypoxic tracheal epithelium with and without NE cell ablation (Cgrp-CreER:: R26R-DTA  

background). (B) Quantification of CK5+ Ki67+ and SCGB1A1+ Ki67+cells in normoxic and 

hypoxic tracheal epithelium from (A). (n=5). ** p <0.01; error bars, means ± standard deviation. 

Scale bars 30 μm, unless indicated. 
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Fig. S13. Solitary NE cells produce CGRP, which induces cell proliferation in the adult tracheal 

epithelium.  

(A) Schematic representation of induction of NE differentiation and subsequent labeling of Ascl1+ 

solitary NE cells using Ascl1-tdTomato reporter mice. (B) Immunostaining for CGRP (green) on 

normoxic and hypoxic tracheal epithelium from Ascl1-tdTomato lineage labeled mice (n=8) and 

quantification of CGRP expression in tdTomato+ cells. (C) Immunostaining for CGRP (green) on 

normoxic and hypoxic tracheal epithelium from Ascl1-tdTomato lineage labeled mice (n=8) and 

quantification of lineage labeled cells expressing CGRP (tissue samples from Fig. 2A). (D) 

Schematic representation of CGRP and combined CGRP+BIBN 4096 intranasal administration to 

wild type mice. (E) Immunostaining for CK5 (green), SCGB1A1 (green), and Ki67 (magenta) of 

CGRP-treated and BIBN 4096-treated trachea (n=4). (F) Quantification of CK5+Ki67+ and 

SCGB1A1+Ki67+ cells from CGRP and BIBN-4096 treated mice (n=4). *** p<0.001 and ** p 

<0.01 error bars, means ± standard deviation. Scale bars 30 μm. 
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Fig. S14. CGRP rescues the defect in proliferation caused by solitary NE cell ablation 

(A) Immunostaining for CK5 (magenta), SCGB1A1 (green) and Ki67 (white) on hypoxia-treated 

mice with and without NE cell ablation (Cgrp-CreER:: R26R-DTA  background) and with CGRP 

rescue or CGRP blockade. (B) Quantification of CK5+ Ki67+ and SCGB1A1+ Ki67+cells from 

hypoxia-treated mice with and without NE cell ablation and with CGRP rescue or CGRP blockade. 

(n=5).  ** p <0.01; error bars, means ± standard deviation. Scale bars 30 μm, unless indicated. 
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Fig. S15. TUNEL assay demonstrates that solitary NE cells prevent epithelial cell apoptosis 

(A) Immunostaining to detect apoptotic cells by TUNEL assay (magenta) on normoxic and 

hypoxic tracheal epithelium with and without NE cell ablation (Cgrp-CreER:: R26R-DTA  

background) and with CGRP rescue and CGRP receptor inhibitor. (B) Quantification of apoptotic 

cells under normoxic or hypoxic conditions with and without NE cell ablation and with CGRP 

administration or blockade (n=5). **** p<0.0001 and *** p <0.001; error bars, means ± standard 

deviation. Scale bars 30 μm, unless indicated. 
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Fig. S16. Comparison of NE cell and nerve ablation in tracheal epithelium using Cgrp-CreER and 

Ascl1-CreER driver lines. 

(A)  Immunostaining for PGP9.5 on normoxic whole-mount trachea with and without NE cell 

ablation. Left panel; no ablation, middle panel; NE cell ablation using Cgrp-CreER:: R26R-DTA 

driver, and right panel; NE cell ablation using Ascl1-CreER:: R26R-DTA driver line. Two areas 

(magenta and blue boxes) in each panel are magnified for clarity. Both models result in the efficient 

ablation of NE cells but the Ascl1-CreER driver spares neurons (B) Quantification of PGP9.5+ 

cells from normoxic whole-mount trachea with and without NE cell ablation. *** p <0.001; error 

bars, means ± standard deviation. Scale bars 50 μm, unless indicated. 
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Fig. S17.  Solitary NE cells are required for the repair of hypoxia-induced injury demonstrated 

using the nerve-sparing Ascl1 driver line. 

(A) Schematic representation of NE cell ablation to assess the functional consequences of NE cell 

loss in the setting of hypoxia-induced injury. (B) Immunostaining to detect apoptotic cells by 

TUNEL assay (magenta) on normoxic and hypoxic tracheal epithelium with and without NE cell 

ablation and with CGRP rescue and CGRP receptor inhibitor. (C) Immunostaining for CHGA 

(green), and Ki67 (white) on normoxic and hypoxic tracheal epithelium with and without NE cell 

ablation and with CGRP rescue and CGRP receptor inhibitor. Quantification of (D) TUNEL+ cells, 

(E) Ki67+, and (E) CHGA+ cells under normoxic or hypoxic conditions with and without NE cell 

ablation and with CGRP administration or blockade (n=5). n.s. = not significant, *** p<0.001; 

error bars, means ± standard deviation. Scale bars 30 μm, unless indicated. 
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Fig. S18. Upregulation of CGRP receptor expression in the airway epithelium following hypoxia. 

Immunostaining for RAMP1 (A) and CALCRL (B) on normoxic and hypoxic tracheal epithelium. 

Both antibodies have a high non-specific background in normoxia.  
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Fig. S19. NEB hyperplasia stimulated by hypoxia. 

(A) Schematic representation of labeling of Ascl1+ NEBs using Ascl1-tdTomato reporter mice and 

subsequent exposure to hypoxia. (B) Black and white panels are low magnification images of the 

left lobe of the lung, normoxia (upper left) and hypoxia (lower left). The red boxed regions are 

enlarged in the right panel and show immunostaining for CGRP (yellow) and Ki67 (white) on 

sections from Ascl1-tdTomato reporter mice during normoxia or hypoxia. Quantification of 

tdTomato+CGRP+Ki67-, tdTomato+CGRP+Ki67+, and tdTomato-CGRP+ NEBs numbers (C) 

and average area (µm2) of NEBs (D) during normoxia or hypoxia (n=5). n.s.=not significant, ** 

p<0.01, and * p<0.05; error bars, means ± standard deviation. Scale bars 30 μm, unless indicated. 
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Fig. S20. NEBs were preserved despite genetic ablation of tracheal solitary NE cells. 

(A) Immunostaining for PGP9.5 to detect NEBs following NE cell ablation coupled to hypoxia 

and CGRP rescue or blockade. (B) Upper panel, quantification of NEBs from normoxic and 

hypoxic lung with and without NE cell ablation (Cgrp-CreERT2::Rosa26-DTA background) and 

with CGRP rescue and CGRP receptor inhibitors (n=5) and lower panel, quantification of average 

area (µm2) of NEBs. error bars, means ± standard deviation. Scale bars 30 μm, unless indicated. 
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Fig. S21. FG-4592 induces NE cell differentiation in human airway epithelium. 

(A) Schematic representation of human bronchial basal cell isolation and induction of NE cell 

differentiation in ALI culture. (B) Immunostaining for NE cells using a panel of NE cell antibodies 

(magenta) and ciliated cell maker acetylated tubulin (white). (C) Quantification of human NE cells 

in airway epithelial cultures treated with FG-4592 (n=2). n= biological replicates/condition 

repeated three times (three independent experiments). *** p<0.001 and ** p <0.01; error bars, 

means ± standard deviation. Scale bars 10 μm, unless indicated. 
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