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1. Abstract

Mucin secretion is a key component of the mucociliary clearance. MUCS5AC and

MUCSB are the predominant gel-forming mucins in the mucus layer of human airways.

However, a systematic study of the site- and cell-specific expression of each mucin in the

normal human airways is not available.

To characterize the regional distribution of MUC5AC and MUCS5B in normal human

airways and assess which cell types produce these mucins, referenced to the club cell secretory

protein (CCSP). Multiple airway regions from 16 non-smoker lungs without a history of lung

disease were studied. MUC5AC, MUC5B, and CCSP expression/co-localization were assessed

by RNA in situ hybridization (ISH) and immunohistochemistry in 5 lungs with histologically

normal airways. Droplet digital PCR and cell culture were performed for absolute

quantification of MUCS5AC/5B ratios and protein secretion, respectively.

Our study showed that MUC5B was extensively expressed in submucosal glands as

well as superficial epithelia throughout the airways except for the terminal bronchioles.

Morphometric calculations revealed that the distal airway superficial epithelium was the

predominant site for MUCS5B expression, whereas MUCS5SAC expression was concentrated in

proximal, cartilaginous airways. RNA ISH revealed both MUC5B and MUCSAC were

colocalized in CCSP+ cells in proximal superficial epithelium, whereas MUCS5B was co-

localized in CCSP+ cells of distal airway superficial epithelia.



In conclusion, in normal human airways, MUCS5B is the dominant secretory mucin in

the superficial epithelia as well as glands, with distal airways being a major site of expression.

MUCS5B and MUCSAC expression is a property of CCSP positive secretory cells in superficial

airway epithelia.

Keywords: Airway mucins, MUCSAC, MUCSB, Club cells, Distal airways



2. Abbreviations:

AB-PAS: alcian blue and periodic acid-Schiff

ALI: air-liquid interface

ASL: airway surface liquid

BM: basement membrane

Cas9: CRISPR-associated protein 9

CCSP: club cell secretory protein

CF: cystic fibrosis

CFTR: cystic fibrosis transmembrane conductance regulator

CRISPR: clustered regularly interspaced short palindromic repeats

ddPCR: droplet digital PCR

FOXAZ3: forkhead box A3

GMH: goblet cell metaplasia and/or hyperplasia

COPD: chronic obstructive pulmonary disease

GAPDH: glyceraldehyde-3-phosphate dehydrogenase

H&E: hematoxylin and eosin

IPF: idiopathic pulmonary fibrosis

ISH: in situ hybridization

LAE: large airway epithelial



MCC: mucociliary clearance

NKX2-1: NK2 homeobox1

OBB: odyssey blocking buffer

PBS: phosphate-buffered saline

PBST: phosphate-buffered saline with Tween 20

PCL: periciliary layer

gPCR: quantitative PCR

SAE: small airway epithelial

SFTPB: surfactant protein B

SMG: submucosal glands

UNC: University of North Carolina



3. Introduction

We inhale about 10,000 L of air to take oxygen into our bodies every day. Along with

the inhaled air, numerous pathogens, chemical pollutants, and other irritants, which present

potential life-threatening risks, are inhaled. A critical innate defense system to maintain lung

health is mucociliary clearance (MCC). MCC is dependent on the coordination of three cellular

activities in the airway epithelium: 1) appropriate rates of mucin secretion; 2) regulated ciliary

beating; and 3) mucus hydration, regulated by transepithelial ion and fluid secretion, which is

dependent upon normal cystic fibrosis transmembrane conductance regulator (CFTR)

functions (1). Failure of normal MCC results in chronic lung diseases, including CF (2, 3),

chronic bronchitis (4), and asthma (5, 6). Especially in CF, an abnormal dehydration of airway

surface liquid (ASL) due to absent CFTR function, leading high concentration of mucus, results

in slowing of mucus clearance and adhesion of mucus to airway surfaces. Eventually, mucus

plugs are generated, followed by persistent bacterial infection and chronic inflammatory

changes in the airway, which ultimately lead to patient death. Failed mucus clearance is a

common feature of muco-obstructive lung diseases, yet how abnormalities in mucus properties

produce intrapulmonary mucus accumulation remains unclear. Part of this uncertainty relates

to the absence of a comprehensive formulation that describes all elements of mucus transport

in health.

From the biophysical point of view, the structure of ASL has been described with a



two-gel model. This model defines the mucus transport system in mammalian airways as

consisting of two airway surface hydrogels (7): 1) a mucus layer composed primarily of the

polymeric gel-forming mucins MUC5AC and MUCS5B; and 2) a periciliary layer (PCL)

composed of tethered mucins such as MUC1, MUC4, MUC16, and MUC20 (8). Notably, this

model highlights an important role of mucus concentration that generates partial osmotic

pressures that govern water distribution between the two layers. The PCL gel must be well

hydrated to facilitate low friction transport of the mucus layer over the PCL (9). Studies of

adult CF subjects have identified increased mucus concentration and proportionally raised

osmotic pressures in the mucus layer in ranges predicted to slow MCC in CF relative to normal

subjects (10).

MUCS5AC and MUCSB are the predominant gel-forming mucins in human airways (8,

11-13). The classic paradigm describes MUCSAC secretion in human airways as a feature of

superficial epithelial goblet cells whereas MUCSB is predominantly secreted from submucosal

glands (SMG) (3, 6, 12, 14, 15). However, previous data generated from mice have

demonstrated that the superficial epithelial secretory club cells in large and small airways

produce Muc5b, which is rapidly secreted in the absence of alcian blue and periodic acid-Schiff

(AB-PAS)-definable mucin granules or goblet cell morphology (16-20). Moreover, studies with

Muc5b knockout mice demonstrated that Muc5b is required for normal lung defense and MCC

(21), despite the fact that SMG in the mice are restricted to the proximal trachea (22).



Recent studies of normal and diseased human lungs suggest the murine paradigm may

also be pertinent to the human lung. In human airways, there are structural and biological

differences between proximal large and distal small airways, such as the composition of the

cell types lining the airway epithelium and existence of cartilage and submucosal glands, that

will influence the expression of the two mucins. Small airways are anatomically distinct from

cartilaginous large airways that contain submucosal glands. Generally, there are few goblet

cells lining the small airway epithelium, and, it is possible that a majority of the MUCS5B in the

larger airways is secreted from submucosal glands. However, this cannot be the case in the

small airways, which lack submucosal glands. Most muco-obstructive diseases, e.g., CF and

COPD, are associated with small airway mucus plugs that are composed of MUCSB as well as

MUCSAC (2, 10, 23), suggesting distal airway superficial epithelia may locally secrete the

MUCSB associated with plugging (5, 24, 25). Of particular relevance to small airway MUC5B

expression is the discovery of the link between MUCS5B overexpression in peripheral airways

and idiopathic pulmonary fibrosis (IPF) (26, 27).

MUCSAC, on the other hand, is now recognized as a “responsive” mucin with

expression known to be regulated by a large number of inflammatory stimuli that are present

in the disease environment, including a wide variety of cytokine and growth factor mediators

(Thl, Th2, Th17, EGR) and stressors (bacterial and viral infection, smoking, ventilation) (5,

16, 28, 29). The highly responsive nature of MUCS5SAC suggests that it provides critical innate
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immune functions during airway stress.

These findings led us to perform a comprehensive study of region- and cell-specific

expression of MUC5B and MUCSAC with an emphasis on comparisons of large airways with

superficial epithelia and SMG versus small airways lined exclusively with superficial epithelia.

To achieve this aim, multiple complementary approaches, including RNA in situ hybridization

(ISH), immunohistochemistry, droplet digital PCR (ddPCR) quantification, and primary cell

cultures, were utilized to quantitate the regional distribution of MUC5B and MUCS5AC

expression along the proximal-distal axis of the normal human lung. Based on murine data (17-

21), we also explored the hypothesis that club cell secretory protein (CCSP) [also termed

secretoglobin 1A member 1 (SCGB1A1)]-expressing secretory cells produce MUCSB, as well

as MUCSAC, in human superficial airway epithelia. Some of the results of this study have been

previously reported (30).
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4. Methods

Subjects and tissue collection.

Human airways were obtained from the University of North Carolina (UNC) Tissue and

Cell Culture Procurement Core from transplant donors with lungs unsuitable for transplant due

to physical mismatching or poor gas exchange (31). Inclusion criteria were developed to define

normal lung samples used for the study (below). Our studies were performed in lungs from both

sexes. Human lung tissue was procured under the UNC Office of Research Ethics Biomedical

Institutional Review Board-approved protocol No. 03-1396. Our studies used human airways

resected from a total of 16 normal lung samples obtained consecutively from May 2016 to March

2018. The demographics of the subjects studied are shown in Table 1. All subjects were without

history of chronic lung disease. Fifteen of the 16 subjects were lifetime non-smokers and one

subject (#12 in Table 1) had a 2 pack-year smoking history but had quit smoking 30 years

previously. MUCSB promoter variant rs35705950 genotypes were determined using TagMan

(Life Technologies) genotyping (32).

Inclusion criteria to define normal lung samples:

e The tissues were obtained from transplant donors with lungs unsuitable for lung

transplantation.

e The donors must be 15 years old or older.

e No current smokers.
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e Free of known history of chronic lung diseases before admission.

e The lung must have been subjected to mechanical ventilation for less than 7 days.

e The lung must have been transferred to the UNC Core within 36 hours of surgical

resection.

Table 1: Subject demographics and experimental use.

Ventilation MUCS5B promoter Morphometric studies
period variant rs35705950 H&E RNAISH | Cell

# | Age (years) | Sex (days) genotype AB-PAS IHC culture | ddPCR
1 43 M 1 G/G X X
2 17 F 3 G/G X X X
3 36 F 6 G/G X X X
4 22 F 1 G/G X X
5 55 F 1 G/G X X
6 19 F 3 G/G X
7 37 M 1 G/G X X
8 67 F 6 G/G X
9 28 M 1 G/G X
10 57 F 1 G/G X
11 55 M 1 G/G X X
12 53 F 3 G/G X
13 24 M 1 G/G X
14 59 F 3 G/G X
15 25 M 1 G/G X
16 15 M 2 G/T X

Abbreviations: RNA ISH = RNA in situ hybridization; IHC = immunohistochemistry: ddPCR = droplet digital
PCR.
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Subjects and tissues for RNA ISH and immunohistochemistry studies of MUCSAC,

MUCS5B, and CCSP localization in histologically normal human lungs.

Lungs obtained from 10 amongst the 16 normal subjects studied were used for initial

experiments to evaluate MUCS5AC, MUCSB, and CCSP mRNA and protein localization by

RNA ISH and immunohistochemistry. After transportation of the experimental lung to the UNC

Tissue and Cell Culture Core, the excised lung was dissected to obtain defined airway regions,

including tracheas, primary bronchi, and segmental bronchi (Figure 1). Lung parenchyma

potentially containing distal bronchi and/or bronchioles was obtained from 2 to 8 blocks per lung

(depending on tissue availability), whose locations were chosen randomly. Each dissected lung

tissue specimen was fixed in 10% neutral buffered formalin for 24-36 hours followed by paraffin-

embedding. The paraffin blocks were cut to produce 5 um serial sections for H&E and AB-PAS

staining.
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Figure 1
Overview H&E AB-PAS

A. Trachea

S5mm

B. Primary bronchi

Cartilage

5mm

Submucosal glands

- 2004 200m

E. Lung parenchyma containing bronchioles

Alveoli 200pm

Figure 1. Overview of the airway tissue sections utilized in this study. The excised lung was dissected at
different levels to obtain: (A) trachea; (B) primary bronchi; (C) segmental bronchi; and (D, E) lung
parenchyma containing distal bronchi and bronchioles. H&E: hematoxylin and eosin. Alcian blue and

periodic acid-Schiff (AB-PAS) stains for mucous glycoproteins.
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Since mechanical ventilation has been shown to acutely induce airway goblet cell

metaplasia and/or hyperplasia (GMH) in normal animals/humans (28, 33-36), a protocol was

devised to identify histologically normal lungs. Ten lungs were assessed histologically by H&E

and AB-PAS staining to evaluate features of normalcy. The tissues were defined as

histologically normal by a pathologist when the tissues did not meet any of the exclusion

criteria listed below. These exclusion criteria were established using a modification of the

previously reported method (37, 38). Since the mean value of AB-PAS-stained volume

densities in primary bronchial epithelium in healthy subjects based on bronchoscopic biopsy

samples was reported as 0.005 mm/mny in a previous study (37), consistent with a similar

report (39), we utilized 0.005 mm*/mny as the cut-off value to distinguish airways with GMH

from histologically normal airways without GMH. We included lungs for study with moderate

neutrophil infiltration in the trachea as long as such neutrophil infiltration was considered to

be the effect of tracheal intubation.

Exclusion criteria to define histologically normal lung samples based on H&E and AB-PAS

staining:

¢ Goblet cell metaplasia and/or hyperplasia.

e Squamous cell metaplasia.

e Smooth muscle hypertrophy in the airway walls.

e Severe inflammatory cell infiltration within airway epithelium.
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Amongst the 10 subjects, one or more airway regions with GMH were identified in five

subjects and these five subjects were excluded from further studies by RNA ISH and

immunohistochemistry. Squamous cell metaplasia, smooth muscle hypertrophy in the airway

walls, or severe inflammatory cell infiltration within airway epithelium were not identified in

these 10 subjects. Accordingly, lungs obtained from the five subjects without airway GMH

were selected as histologically normal lungs for the further study. Serial sections were used for

RNA ISH and immunohistochemistry.

Subjects and tissues for ddPCR to quantitate MUC5AC and MUC5B transcript copy

numbers in freshly isolated normal human airway epithelia.

For absolute quantification of MUC5AC and MUCS5B transcript copy numbers by

ddPCR in different regions of human airways, including tracheas, segmental bronchi,

bronchioles and peripheral lung parenchyma, tissues were obtained from 6 normal subject

donors amongst the 16 subjects studied (Table 1). Since we particularly focused on the

examination of MUC5AC and MUCSB transcript copy numbers in histologically normal distal

airways, histological evaluations of the lungs were performed by H&E and AB-PAS staining.

Importantly, none of the exclusion criteria (see above) were demonstrated in bronchioles in the

6 subjects. For ddPCR samples, epithelial cells were physically scraped with a knife from a

piece of the trachea and longitudinally-opened segmental bronchi to exclude submucosal
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glands, followed by centrifugation (2000 rpm, 5 min, 4 °C) (10). The isolated epithelial cells

were suspended in 1 ml of TRI Reagent (Sigma), debris was pelleted by centrifugation, and the

supernatant was used for RNA analysis. Dissected small airways and peripheral lung

parenchyma were homogenized in 1 ml of TRI Reagent using a tissue homogenizer (Bertin

Technologies) and then centrifuged (2000 rpm, 5 min, 4 °C). The supernatant was used for

RNA analysis.

Subjects for large and small airway epithelial cell culture.

Matched large airway epithelial (LAE) and small airway epithelial (SAE) cells were

isolated from 4 of the 16 normal subjects studied (Table 1). Isolated LAE and SAE cells were

separately expanded using a modified conditional reprogramming cell method (40, 41), and then

grown to obtain well-differentiated air-liquid interface (ALI) cultures. Since we particularly

attempted to investigate MUCSAC and MUCSB protein expression in histologically normal

distal airways, histopathological examinations of the lungs used to generate these cultures were

performed by H&E and AB-PAS staining. Importantly, none of the exclusion criteria (see above)

were determined in bronchioles in the 4 subjects.

Immunohistochemistry.

Immunohistochemical staining was performed for MUC5AC, MUC5B, CCSP and

17



FOXA3 proteins. Briefly, paraffin-embedded sections were baked at 60 °C for 2—4 hours, and

deparaffinized with xylene (2 changes x 5 min) and graded ethanol (100% 2 x 5 min, 95% 1 x

5 min, 70% 1 x 5 min). After rehydration, antigen retrieval was performed by boiling the slides

in 0.1 M sodium citrate pH 6.0 (3 cycles with microwave settings: 100% power for 6.5 min,

60% for 6 min, and 60% for 6 min, refilling the Coplin jars with distilled water after each cycle).

After cooling and rinsing with distilled water, quenching of endogenous peroxidase was

performed with 0.5% hydrogen peroxide in methanol for 15 min, slides washed in phosphate-

buffered saline (PBS), and blocked with 4% normal donkey serum, for an hour at room

temperature. Primary antibodies and isotype control antibodies (mouse gamma globulin,

1:1000, chrome pure rabbit IgG, 1:500, Jackson ImmunoResearch, and goat 1gG, 1:250,

Invitrogen) were diluted in 4% normal donkey serum in PBS with Tween 20 (PBST) (Fisher

Scientific) and incubated over night at 4°C. Primary antibodies used for

immunohistochemistry are described in Table 2. Sections were washed in PBST and secondary

antibodies (biotinylated donkey anti-rabbit IgG, biotinylated goat anti-mouse IgG and

biotinylated mouse anti-goat 1gG Jackson ImmunoResearch, at 1:200 dilution in 4% normal

donkey serum in PBST) were applied for 60 min at room temperature. After washing in PBST,

slides were incubated with avidin-peroxidase complex according to the manufacturer’s

instructions (Vectastain kit, Vector laboratories), washed, incubated with the chromogenic

substrate (Immpact Novared, Vector laboratories) and counterstained with Fast Red.

18



Coverslipped slides were scanned and digitized using an Olympus VS120 slide scanner light

microscope with a 40X 0.95 NA objective.

Table 2: Antibodies used for immunohistochemistry

Target Company, Catalog No. Dilution 2+ antibody
MUC5B Santa Cruz, H300, sc-20119 1:500 Donkey a-Rabbit
MUCS5AC Abcam, 45M1, ab3649 1:1000 Goat a-Mouse
CC10 (CCSP) | Santa Cruz, E11,sc-365992 | 1:1000 Goat a-Mouse
FOXA3 Santa Cruz, N19, sc-5361 1:250 Mouse a-Goat

RNA in situ hybridization (ISH).

RNA ISH was performed on paraffin-embedded 5 um tissue sections using an

RNAscope 2.5 HD Reagent Kit, RNAscope 2.5 HD Duplex Reagent Kit and RNAscope

Multiplex Fluorescent Assay v2, according to the manufacturer’s instructions (Advanced Cell

Diagnostics). Briefly, tissue sections were deparaffinized with xylene (2 changes x 5 min) and

100% ethanol (2 changes x 1 min), and then incubated with hydrogen peroxide for 10 min,

followed by target retrieval in boiled water for 15 min, and protease plus (Advanced Cell

Diagnostics) for 15 min at 40 °C. Slides were then hybridized with custom probes, i.e., Hs-

MUCSAC (#449881), Hs-MUCSB (#312891), Hs-CCSP (#469971), and Hs-SFTPB (#544251)

in the HybEZ oven (Advanced Cell Diagnosis) at 40 °C for 2 hours. Target regions of each

RNAscope probe are described in Table 2. The Hs-UBC probe for the human housekeeping

gene UBC was used as a control to test for RNA quality. The bacterial gene DapB was used as
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a negative control (Figure 2). After hybridization, slides were subjected to signal amplification

according to the manufacturer’s instructions. Hybridization signals were detected using a

mixture of solutions A and B (1:60) in RNAscope 2.5 HD Assay RED and RNAscope 2.5 HD

Duplex Assays, and Opal 520, 570, and 650 (Perkin Elmer) in RNAscope Multiplex

Fluorescent Assay v2. After counterstaining with 50% hematoxylin, slides were dried in a dry

oven at 60 °C for 30 min and mounted with VectaMount (Advanced Cell Diagnostics) for

RNAscope 2.5 HD Assay RED and RNAscope 2.5 HD Duplex assays. The stained sections

were scanned and digitized using an Olympus VS120 light microscope with a 60X 1.35 NA

objective. In RNAscope Multiplex Fluorescent Assay v2, after counterstaining with DAPI,

glass coverslips were placed over tissue sections with ProLong Gold Antifade Reagent

(Thermo Fisher Scientific) and the images were captured using an Olympus confocal

microscope with a 20X 0.75 NA, 40X 0.6 NA or 60X 1.4 NA objective. For the sections

obtained from LAE and SAE cell culture membrane, the period and temperature for protease

incubation were changed to 5 min at room temperature, otherwise, the same protocol was used.

Table 3: Probes used for RNA in situ hybridization

Probe Name Catalog No. Accession No. Target Start | Target Stop
Hs-MUCS5B 449881 NM_002458.2 3599 4698
Hs-MUC5AC 312891 XM_003403450.3 761 2125
Hs-SCGBIAI (CCSP) 469971 NM_003357 .4 8 441
Hs-SFTPB 544251 NM_000542.3 685 1664
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Figure 2

A
MUCSB

| —

Figure 2. Representative RNA ISH results for target, positive and negative control probes in
histologically normal human trachea. A. Representative RNA ISH image for target (MUC5B) mRNA. B.
The human housekeeping gene UBC was used as a positive control. C. The bacterial gene DapB was used

as a negative control. Scale bars = 25 pm.

Morphometric analysis.

Classification of airways. The airways were classified based on a combination of

airway diameter and morphology into: 1) trachea, 2) primary bronchi, 3) segmental bronchi, 4)

distal bronchi, 5) proximal bronchioles, 6) distal bronchioles, and 7) terminal bronchioles (42).

The airways from trachea to segmental bronchi were dissected and separately fixed in 10%

neutral buffered formalin as described above (Figure 1). In the section of lung parenchyma

potentially containing distal bronchi and/or bronchioles, airways with cartilage and/or

submucosal glands were classified as distal bronchi regardless of the diameter of the airway.

The airways with diameters of 2 mm or greater were also defined as distal bronchi even though

they did not exhibit cartilage or submucosal glands. Bronchioles were defined as airways that

did not have cartilage or submucosal glands and had diameters less than 2 mm. Bronchioles

were classified into three categories: proximal bronchioles, i.e., bronchioles with a diameter

from 1 mm to 2 mm; distal bronchioles, i.e., bronchioles with diameters smaller than 1 mm
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with no direct connection to alveolar space; and terminal bronchioles, i.e., bronchioles which

transitioned to respiratory bronchioles where alveolar sacs were present along the bronchiolar

wall. We used Fiji (National Institute of Health Image) to determine a diameter of distal bronchi,

proximal and distal bronchioles. The diameter (D) of the airway was calculated using the length

of basement membrane (BM) and formula D = BM/sr. BM was measured by tracing the image

of airway basement membrane using the computer mouse in Fiji.

Quantitation of mucous glycoproteins, MUCSAC, MUC5B, and CCSP in AB-

PAS, immunohistochemistry and RNA ISH. All airway sections were scanned and digitized

at a magnification 10X for sections stained with AB-PAS, 40X for immunohistochemistry, and

60X for RNA ISH, respectively, using Olympus VS120 slide scanner light microscope. In the

trachea, primary and segmental bronchi, images of all the intact epithelium, except for

submucosal ducts, in each section were captured from the scanned images to quantify stained

volumes. For the more distal airways, all the bronchi and bronchioles contained in each section

were analyzed. Images from each of the distal bronchi or three types of bronchioles were

individually captured from the scanned images so that an entire airway was included in the

field. Only airways cut as the cross section were analyzed. If airways were cut as longitudinal

sections or the epithelial layer was disrupted, the airways were excluded from analysis.

Stained volumes for mucous glycoproteins, MUC5AC, MUCS5B or CCSP mRNAs and

proteins within the airway superficial epithelium, obtained from the results of AB-PAS staining,
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RNA ISH or immunohistochemistry, respectively, were quantitated using Fiji by blinded

investigators. First, the outside and inside regions of the airway epithelium were isolated from

the field to remove staining artifacts and stained intraluminal mucus (Figure 3A, B). Second,

the length of BM was measured and used for normalization of stained volumes per the formula

below. Third, the image of the target epithelium, which was left after isolating the inside and

outside regions of the airway epithelium, was converted to a gray-scale image (Figure 3C),

followed by quantification of the areas above the optimized threshold values. We determined

the optimized threshold value by adjusting the threshold until the threshold (black and white)

image accurately represented the original images. After the optimized threshold value was

determined, the same threshold value was applied to the sections stained by either AB-PAS,

RNA ISH or immunohistochemistry. The area above the threshold value (A) as shown in Figure

3C was then measured (43). The volume densities of intracellular mucous glycoproteins,

MUCS5AC, MUCSB or CCSP mRNAs and proteins were calculated as described previously

(20, 37,44, 45). Briefly, the volume density of mucous glycoproteins, MUC5AC, MUCS5B or

CCSP mRNAs and proteins, was calculated as (A) / [(BM) (4/m)]. As aresult, data are presented

as the volume of intracellular mucous glycoproteins, MUC5AC, MUCS5B or CCSP mRNAs or

proteins per unit surface area of the basement membrane.
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Figure 3
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Figure 3. Method for quantification of RNA ISH signals within airway superficial epithelium. Stained
volumes for MUC5AC, MUCS5B, and CCSP mRNAs within airway superficial epithelia obtained from RNA
ISH were morphometrically quantified. A. Representative histologically normal human bronchiole stained
for CCSP mRNAs (red) by RNA ISH. B. The basement membrane (BM) and airway superficial epithelia
were delineated to create a region of interest including exclusively the airway epithelia. C. Stained areas
within airway superficial epithelia were converted to a gray-scale image, and the black areas above optimized

threshold values were quantified using Fiji (National Institutes of Health Image). Scale bars = 100 pm.

Quantification of region-specific MUC5B, MUC5AC and CCSP mRNAs. To calculate the

sites that dominate mucin secretion in the normal lung, we referenced the stereological

parameters reported by Weibel et al (46, 47). Each airway generation was assigned to each

airway region classified in the current study, adjusting the diameter and anatomical features of

airways. The airways which are partially alveolated were classified into terminal bronchioles.

Total MUCS5AC, MUCS5B or CCSP mRNA-stained volumes for each airway region were

calculated by multiplying the mean values of the RNA ISH volume densities for each airway

region obtained from the five histologically normal lungs by predicted total surface area of

corresponding airway regions. The calculated MUC5B, MUC5AC or CCSP mRNA-stained
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volumes for each airway region are shown as the percent of total MUC5B, MUCS5AC, or CCSP

mRNA-stained volumes in airway superficial epithelium of the whole lung (See “Region-

specific superficial epithelial mucin production in histologically normal human lungs” in the

Results).

Evaluation of co-localization. Co-localization of MUC5AC, MUC5B and CCSP

mRNAs was determined using the RNAscope Multiplex Fluorescent Assay v2 (Advanced Cell

Diagnostics). Submucosal glands, primary bronchi, distal bronchioles, and terminal

bronchioles from the five histologically normal lungs were examined. Three or four fields per

airway region were randomly selected and captured at 40X by an Olympus confocal

microscope so that the total length of basement membrane of studied epithelium for each

airway region exceeded 1 mm. Airway epithelial cells that expressed MUC5AC, MUCSB,

CCSP mRNAs, or their combination, were classified into one of the possible 7 types. The

number of cells classified into each cell type was manually counted using Fiji and normalized

to unit length of corresponding basement membrane. Briefly, we first distinguished MUC5AC,

MUCSB or CCSP mRNA positive cells from triple negative cells by manually drawing the cell

borders (Figure 4A). Next, by selectively turning on the fluorescent channel for each target

gene, we assessed whether CCSP, MUCS5B and/or MUC5AC mRNA positive signals were

expressed inside the individual cells that were circled with a border (Figure 4B-D). Thereafter,

we manually counted the number of cells per each cell type using a cell counter in Fiji (Figure
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4E). One or more dot signals and/or clusters designated a positive cell. Staining intensity was

not considered when we assessed the positivity of MUC5AC, MUCS5B or CCSP mRNA signals

in each individual cell since the amplification levels depend on the probe in the RNA ISH

multiplex assay.

Figure 4

Figure 4. Method for quantitation of co-localization of MUC5AC,MUC5B and CCSP mRNAs in airway
epithelium. Co-localization of MUCSAC (red), MUCSB (green), and CCSP (white) mRNAs was performed
using RNA ISH. A. Representative histologically normal human primary bronchial epithelium stained for
MUCS5AC,MUC5B, and CCSP mRNAs by RNA ISH. The fluorescent images were overlaid with differential
interference contrast images. Cell borders (red lines) were manually drawn for all MUC5AC, MUC5B and/or
CCSP mRNA positive cells to distinguish them from triple negative cells. B-D. MUC5AC, MUC5B and/or
CCSP mRNA positive signals were assessed for each individual cell by selectively turning on the fluorescent
channel for each target gene. E. The number of cells per each cell type were manually counted using a cell
counter in Fiji (National Institutes of Health Image) and normalized to unit length of the basement membrane
(BM): (1) CCSP+/MUCS5B+/MUCS5AC+ cells; (2) CCSP+/MUCS5B+/MUCS5AC- cells; (4) CCSP+/MUCSB-
IMUCSAC- cells; (6) CCSP-/MUCSB+/MUCS5AC- cells. Scale bars = 10 um.
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Human large and small airway epithelial cell cultures.

LAE cells were isolated from the larger cartilaginous airways by protease digestion

and provided by the UNC Tissue Procurement and Cell Culture Core as previously described

(48). For human SAE cell isolation, a piece of distal lung was obtained from the same lungs as

dissected for LAE cell isolation (Figure 5). Small airways were identified based on the absence

of wall cartilage and outer diameters less than 2 mm. The absence of both cartilage and

submucosal glands was retrospectively confirmed by histological examination. The

bronchioles were then carefully dissected free from the surrounding lung parenchyma and

blood vessels under light microscopy. The branched small bronchioles with alveoli were cut

free to avoid being contaminated by lung alveolar epithelial cells. Immediately, dissected small

airways were placed in dishes containing F12 medium on ice, and then bronchioles were

longitudinally cut. SAE cells were isolated by digestion with 0.5 ml of freshly prepared pronase

(10 mg/ml) (Roche) and 5 ml accutase (Sigma) for 2 hours at room temperature. After

neutralization of these enzymes by 10% fetal bovine serum, SAE cells were harvested by

centrifugation (2000 rpm, 2 min, 4 °C). LAE and SAE cells were co-cultured with mitomycin-

treated 3T3 J2 cells on collagen-coated tissue culture plastic dishes in DMEM media

supplemented with 10 uM Y-27632 (Enzo Life Science). At 70-90% confluence, LAE and SAE

cells were passaged and sub-cultured for expansion. P2 LAE and SAE cells were transferred

to human placental type IV collagen-coated, 0.4 um pore size Millicell inserts (Millipore,
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PICMO01250). The LAE and SAE cells were seeded at a density of 2.8 x 10° cells/cm’ and

cultured in UNC ALI media (41). Upon confluence, usually at 5-7 days, cells were maintained

at an ALI by removing apical media and providing UNC ALI media to the basal compartment

only. Medium was replaced in the basal compartment twice a week, and the apical surfaces

were washed with PBS once a week. After 21 days in culture, the apical surfaces were washed

with PBS to remove accumulated mucus and then maintained without washing for 7 days. After

28 days, the apical surfaces were washed with 200 ul PBS and this solution was frozen at -

80 °C for analysis of secreted protein. After washing apical surfaces, LAE and SAE cells were

collected for RNA isolation. Other LAE and SAE cells were not washed and were fixed in 4%

paraformaldehyde for an hour at room temperature, followed by paraffin-embedding. The

paraffin-embedded tissue specimens were cut to produce 5 um sections. Serial sections were

assessed histologically by standard H&E, and RNA ISH. All experiments were performed on

matched large and small airway epithelial cells isolated from the same donor lungs and cultured

under identical conditions.
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Figure 5

Microdissection

Y

Enzymatic digestion

Figure 5. Small airway epithelial cell culture. A-B. A small airway was microdissected from a section of
normal human distal lung. C. The dissected small airway was longitudinally cut and small airway epithelial
(SAE) cells were isolated by enzymatic digestion. D-F. H&E and AB-PAS staining of the dissected small
airway confirmed the presence of airway epithelium and absence of cartilage and submucosal glands within
the small airway wall. G. The isolated SAE cells were expanded using a modified conditional reprogramming

cell method.

Quantification of MUCSB protein in LAE and SAE cell cultures.

Apical secretions that had accumulated for 7 days were collected from cultured LAE

and SAE cells by washing with 200uL. PBS, and mucin quantification was carried out using

the previously reported protocol (49, 50). Samples were solubilized by addition of urea to reach

a 6M urea concentration. Next, samples were reduced with 10 mM dithiothreitol for 90 min at

37 °C and alkylated with 25 mM iodoacetamide for 30 min at room temperature in the dark.

Equal volumes of reduced samples (30 ul) were run on 1.2% agarose gel at 80 V for 90 min.

Gels were vacuum-blotted onto nitrocellulose membranes with 4X sodium citrate buffer for

2 hours, blocked with Odyssey blocking buffer (OBB, Li-COR Biosciences, Lincoln, NE), and

probed with rabbit polyclonal antibodies against MUCSB (H300, 1:2000 in OBB). The

secondary antibody was IRDye 680LT donkey anti-rabbit IgG (Li-COR Biosciences), diluted
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1:10,000 in OBB. Detection and densitometry were performed using the Odyssey Infrared

Imaging System (LI-COR Biosciences). Representative data of technical triplicate were shown

for each biological replicate.

RNA extraction and cDNA synthesis.

For RNA extraction from cultured cells and freshly isolated human airway epithelium,

TRI Reagent (Sigma) was used according to the manufacturer’s instructions. RNA

concentrations were determined using a NanoDrop-8000 spectrophotometer (Thermo

Scientific, MA, USA). Total RNA was reversed transcribed into cDNA with iScript™ cDNA

Synthesis kit (Bio-Rad, CA, USA) according to the manufacturer’s instructions. All samples

were reverse transcribed under the same conditions. The synthesized cDNA was used in

quantitative PCR (qQPCR) and ddPCR reactions as a template.

Quantitative PCR TaqMan assays.

qPCR reactions were performed using the Applied Biosystems*7500 Real-Time PCR

Systems (Applied Biosystems, Darmstadt, Germany). Briefly, duplicate reactions were

performed using 4 pl first-strand cDNA template, 0.5 pl deionized water, 0.5 pl TagMan probes

and 5 pl SsoAdvanced™ Universal Probes Supermix (Bio-Rad, CA, USA). The thermal cycling

conditions were 3 min at 95 °C followed by 40 cycles of 15 sec at 95 °C and 1 min at 60 °C.
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For specific gene amplification, the following Tagman Probes (Thermo Fisher Scientific) were

used to assess the mMRNA levels of following genes: Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH): Hs02758991_g1, surfactant protein B (SFTPB): Hs00167036_ml1.

GAPDH was used as the reference gene. The quantification of GAPDH did not vary between

LAE and SAE cells. The PCR products obtained after performing PCR reaction to amplify

SFTPB and GAPDH genes were mixed with ethidium bromide and run on 2% agarose gel at

150 V for 20 min to visualize the amplified cDNA under ultraviolet light.

Absolute quantification of MUC5S5AC and MUCS5B transcript copy numbers by droplet

digital PCR.

Quantitative polymerase chain reaction assays were performed using duplexed FAM

and HEX TagMan assays for MUC5AC, MUCS5B, and GAPDH, respectively, in a ddPCR

system (QX100; Bio-Rad Laboratories, Inc, Hercules, CA) (51-53). Duplicate TagMan PCR

reaction mixtures of 20 pl were prepared using 2 pl total cDNA, 10 ul ddPCR Supermix for

Probes (BioRad), 6 ul RNase/DNase free water, and 1 pl of each 20 x TagMan Gene Expression

Assay (Applied Biosystems, Carlsbad, CA). GAPDH assays were performed for each sample

on each plate for normalization for all other targets. PCR reactions were dispersed into droplets

using the QX100 droplet generator per the manufacturer’s instruction (Bio-Rad) and

transferred to a 96-well PCR plate. End point PCR was performed in SimpliAmp (Thermo
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Fisher Scientific) with the following conditions: 95 °C, 10 min, 94 °C, 30 sec, 60 °C, 1 min,

39 cycles of 94 °C, 30 sec, followed by 60 °C, 1 min, 98 °C, 10 min and cooling to 12 °C. The

fluorescence of each droplet was quantified in the QX100 droplet reader (Bio-Rad). Analysis

of ddPCR data was performed with QuantaSoft analysis software (Bio-Rad) that accompanied

the droplet reader. Thresholds were manually set to distinguish between positive and negative

droplets. The output from QuantaSoft included concentration and droplet counts for each target

in each well. The concentration for each target gene was normalized to GAPDH, and final

expression results were reported as target/GAPDH ratios. The average target/ GAPDH ratios

for duplicate wells were used. The following Primer/probe mix (Bio-Rad) was used to assess

mRNA levels of following genes: GAPDH: dHsaCPE5031597; MUCS5AC: dHsaCPES5055968;

MUCSB: dHsaCPES5192793.

Mass spectrometry of secretory proteins in LAE and SAE cell culture.

A 100 pl aliquot of apical washes from either LAE or SAE cell culture was diluted 1:1

with GuHCl1 8 M, reduced (DTT 10 mM for one hour at 65 °C), alkylated (iodoacetamide 20

mM for 1 hour, room temperature in the dark), and digested with trypsin overnight.

Glycopeptides were removed by centrifugation on a 10 kDa filter (Amicon® Ultra Centrifugal

filters), samples were freeze-dried and resuspend in formic acid 0.1%. The resulting peptides

were analyzed by liquid chromatography-tandem mass spectrometry (Q Exactive, Thermo
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Fisher Scientific) as previously described (54). SFTPB was identified and quantified by label-

free mass spectrometry, by searching against the most current human database and quantified

with Scaffold 4.4.8 (Proteome Software Inc.), using the normalized total precursor intensity,

including unique peptides with a minimum of 95% probability by the Scaffold Local FDR

algorithm (54). Both MUC5AC and MUCS5B were quantified by parallel-reaction monitoring

as previously described (55).

RNA ISH in cell pellets made of gene-edited A549 cells.

AS549 cells that are deficient in MUCSAC or MUCSB were developed as previously

reported (56, 57). A549 cells obtained from the American Type Culture Collection were grown

in RPMI 1640, supplemented with 10% fetal bovine serum, penicillin (100 U/ml), streptomycin

(100 pg/ml), and glutamine (2 mM) and maintained at 37 °C in a humidified 5% CO,

atmosphere. We used the lentiviral expressing CRISPR-Cas9 vector generated by the Zhang

lab, plentiCRISPRvV1 4 for MUC5B. This vector system expresses the gRNA, Cas9 protein, and

puromycin resistance gene from the virus. The MUC5B gRNA was designed using the Zhang

lab software available at http://crispr.mitedu. The gRNA sequence used was 5'-

CACCGACCAGCGTCCGGCACGCGCT-3’, 5’-CACCGGTGGAACAAAGCTCACGCGC

-3’7, 5’-CACCGTTCAACGTCCAGCTACGCCG-3', according to Zhang lab protocols

(http://www.genome-engineering.org/crispr/?page id). MUCSAC gRNA  lentiviral
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expressing CRISPR-Cas9 vector was purchased from the Applied Biological Materials Inc.

Richmond, BC. The gRNA sequence used was 5-GTTAAAATCCTCGTAGG-3’, 5’-

GACCCTGCTCAGCGTGG-3’, 5’-GACTTCCGGACCCTCAG-3’. A549 cells were infected

with either MUC5AC or MUCS5B CRISPR-Cas9 lentiviral media (viral media diluted in RPMI

media, 2 pg/ml polybrene) for 1 hour. At 24 hours post-infection, puromycin (1 pg/ml final

concentration) was added to the culture media. Once the gene-edited A549 cells were selected

with puromycin, single cells were expanded. At 70-90% confluence, gene-edited A549 cells

were collected using 0.25% trypsin. After neutralization of trypsin with 10% fetal bovine serum,

gene-edited A549 cells were harvested by centrifugation (2000 rpm, 5 min, 4 °C). Thirty

million cells per either MUCSB/MUCSAC, MUCS5B or MUCSAC expressing A549 cells were

fixed in 50 ml of 10% neutral buffered formalin at room temperature for 24 hours to make cell

pellets, and 5 million cells were suspended in 1 ml of TRI Reagent (Sigma) for RNA analysis

by ddPCR. After 24 hours of fixation with 10% neutral buffered formalin, the cells were

centrifuged and the cell pellets were mixed with agarose, followed by paraffin-embedded. RNA

ISH targeting MUC5B or MUC5AC mRNAs was performed on paraffin-embedded cell pellet

sections cut at 5 wm using an RNAscope 2.5 HD Reagent Kit as described above (see RNA in

situ hybridization in the supplemental methods). The cell pellet sections were scanned and

digitized at a magnification 60X using Olympus VS120 light microscope. For quantification

of MUC5B or MUC5AC mRNA-stained areas, the randomly selected fields were captured at
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an area of 0.6 mm(= 5000 X 5000 pixels’). The fields captured for quantification in serial

sections stained for MUC5AC, MUC5B mRNAs or positive control was adjusted to be the same

location in each section. MUC5AC and MUC5B mRNA-stained areas were quantified using

the same method which was applied to human airway tissues as described above (see

Quantification of MUC5AC, MUCS5B, and CCSP in AB-PAS, immunohistochemistry and

RNA ISH in the supplemental methods). Quantitated MUC5B or MUC5AC mRNA-stained

areas were normalized to the area stained for positive control UBC in serial sections and shown

as ratios of target/positive control-stained area. Ratios of target/positive control-stained area

were compared with absolute quantification of MUC5AC and MUC5B transcript copy numbers

by ddPCR.

Statistical analysis.

Statistics were performed using the R, version 3.5.1 (R Foundation for Statistical

Computing). Comparison between two groups was performed by Wilcoxon rank-sum test and

comparison between three or more groups was performed by Kruskal-Wallis test, followed by

pairwise Wilcoxon rank-sum test for post hoc analysis. A p-value of < 0.05 was considered

significant.
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5. Results

The regional distribution of mucous glycoproteins in superficial airway epithelium.

AB-PAS staining to quantitate airway regional variations in superficial epithelial

mucous glycoproteins, which include MUCS5AC and MUCS5B, was performed in 10 lungs.

Airway GMH, defined as an AB-PAS-stained volume density greater than 0.005 mm*/mm:per

airway superficial epithelial region (58), was identified in one or more airway regions in 5 of

the 10 subjects (Figure 6A, B). AB-PAS-stained volume densities in subjects with airway GMH

were generally greater than those in subjects with histologically normal airways, particularly

in larger proximal airways (Figure 6B). Based on the exclusion criteria, the 5 subjects without

GMH in any airway region were selected for the RNA ISH and immunohistochemistry study

of mucin expression as representative of normal lungs.

Since it is possible that degranulation of the stored mucin protein from superficial

epithelial cells occurred during the tissue isolation, which might result in underestimation of AB-

PAS- and mucin protein-stained volumes compared to those in vivo, we tested whether

expression of forkhead box A3 (FOXA3), a transcription factor typically expressed in goblet

cells (59), might be helpful in addressing this question. Immunohistochemistry experiments

revealed positive signals for FOXA3 protein in the nuclei of goblet cells in airway epithelium

with GMH whereas FOXA3 staining was absent in histologically normal airway epithelium

(Figure 7). These data suggest that the histologically normal airway epithelium with less AB-
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PAS-stained area did not contain the degranulated goblet cells.

Figure 6
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Figure 6. Regional distribution of mucus glycoproteins in superficial airway epithelia from 10 subjects
with no prior lung disease history. A. Hematoxylin and eosin (H&E) and alcian blue and periodic acid-
Schiff (AB-PAS) staining of the superficial epithelium of primary bronchi in (i, ii) a subject with
histologically normal airways versus (iii, iv) a subject with airway goblet cell metaplasia. B. Quantification
of AB-PAS-positive mucus glycoproteins in airway superficial epithelium of different airway regions. AB-
PAS-stained volume densities in airway superficial epithelium were quantified (n = 10). Each circle
represents AB-PAS-stained volume density for each airway region obtained from subjects with histologically
normal airways (open circles; n = 5, see Figure 6A1, ii) and subjects with airway goblet cell metaplasia and/or
hyperplasia (GMH) (solid circles; n = 5, see Figure 6Aiii, iv). Mean AB-PAS-stained volume densities in
subjects with histologically normal airways were compared with those in subjects with airway GMH by
Wilcoxon rank-sum test. Each circle in distal bronchi and bronchioles represent mean values of the AB-PAS-
stained volume densities from multiple airways per subject. No proximal bronchiole was available in one of
the five subjects with airway GMH. Histobars and error bars depict mean + SD from the 10 subjects. *: p <

0.05, **: p < 0.01. BM: basement membrane, NS: not significant. Scale bars = 50 um.
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Figure 7
Histologically normal airways Goblet cell metaplasia

Figure 7. FOXA3 protein localization in a superficial epithelial region of primary bronchi in a subject
with histologically normal airways and a subject with airway goblet cell metaplasia. A-B. FOXA3
protein localization stained by immunohistochemistry in primary bronchial superficial epithelium from (A)
a subject with histologically normal airways versus (B) a subject with airway goblet cell metaplasia. FOXA3
protein is detected in the nuclei of airway superficial goblet cells (black arrows in panel B) in the subject
with airway goblet cell metaplasia whereas FOXA3 staining was absent in histologically normal airway
superficial epithelia. Data are representative of three subjects from either subjects with histologically normal
airways or subjects with airway goblet cell metaplasia and/or hyperplasia. IHC: immunohistochemistry.

Scale bars = 50 um.
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The regional distribution of MUCSB and MUCSAC in histologically normal human

airways.

RNA ISH and immunohistochemistry revealed extensive MUCSB, but not MUCS5AC,

mRNA and protein localization in SMG (Figure 8). Both RNA ISH and immunohistochemistry

demonstrated significantly greater stained volume densities for MUCSB, as well as MUCS5AC,

in the superficial epithelium of larger cartilaginous airways, including the trachea and bronchi,

compared to bronchioles (Figure 8-10). Notably, robust MUCS5B, but not MUC5AC, mRNA

and protein staining were detected in the distal bronchioles. In the terminal bronchioles, neither

MUCS5B nor MUCSAC was detected.
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Figure 8
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Figure 8. Regional distribution of MUCSB and MUCSAC mRNA and protein localization in
histologically normal human airways. Serial sections from five different regions of airways from one
histologically normal lung were stained by H&E and AB-PAS, as well as probed for MUC5B and MUC5AC
by RNA ISH and immunohistochemistry (IHC). Scale bars = 40 pm. The figure represents a collage of

images from this one lung.
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Figure 9
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Figure 9. Quantification of MUCSB and MUCS5AC mRNAs and proteins in histologically normal
human airway superficial epithelia. A. MUCS5B (Ai) and MUCS5AC (Aii) mRNA-stained volume densities
in airway superficial epithelium from histologically normal lungs were quantified (n = 5). B. MUCSB (Bi)
and MUCS5AC (Bii) protein-stained volume densities by immunohistochemistry were also quantified (n =
5). Histobars and error bars represent mean + SD. Symbols represent the five distinct subjects. For distal

bronchi and bronchioles, more than one airway per region was examined per subject. BM: basement

membrane.
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Figure 10

Figure 10. Comparison of MUCSB and MUCSAC mRNAs and proteins between large versus small
airway superficial epithelia. A. MUC5B (Ai) and MUC5AC (Aii) mRNA-stained volume densities within
airway superficial epithelium in histologically normal lungs (n = 5) were quantified. B: MUC5B (Bi) and
MUCS5AC (Bii) protein-stained volume densities by immunohistochemistry were also quantified (n = 5).
Symbols in large airways represent mean values of the volume densities of trachea, primary, segmental and
distal bronchi, and symbols in small airways represent mean values of the volume densities of proximal and
distal bronchioles from the five distinct subjects. These 5 subjects were same as shown in Figure 9. Histobars

and error bars represent mean + SD. BM: basement membrane. *: p < 0.05 by Wilcoxon rank-sum test.
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Two approaches were utilized to verify the RNA ISH and immunohistochemistry data

suggesting that MUCSB is the dominant mucin in bronchioles. First, the relative sensitivities

of the RNA ISH MUCS5B versus MUCSAC probes were tested by comparing RNA ISH versus

ddPCR signals in pellets derived from clustered regularly interspaced short palindromic repeats

(CRISPR)/CRISPR-associated protein 9 (Cas9)-modified A549 cells expressing MUCSAC and

MUCSB, MUCS5AC only, or MUC5B only. Data from three independent experiments revealed

that the MUCS5B probe exhibited 2.1 + 0.3-fold increased sensitivity compared to MUC5AC

(Figure 11). Adjusting the RNA ISH data by this factor did not alter the conclusion that MUC5B

was the dominantly expressed mucin in bronchioles.
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Figure 11

A
0.4 — MUC5B (Y=9.75X-0.11)
(5]
e —- MUC5AC (Y=3.95X-0.02)
T 0 0.3
T o
£2 °
e MUC5B
® £
< é 0-19 ot
& __===""" mucsac
0.0 0= T 1
0.00 0.02 0.04 0.06
ddPCR
Mucin/GAPDH
C
1.0 — MUCS5B (Y=4.27X+0.03)
®
© s —= MUCS5AC (Y=2.45X+0.01)
o0
T o
2> 0.6
3= MUC5B
" O
T £ 0.4+ -0
® < -
<$ -
Z= 0.2+ “" MUC5AC
0.0' T ] 1
0.00 0.05 0.10 0.15
ddPCR
Mucin/GAPDH

Figure 11. Differential affinity of RNA ISH probes for MUC5B and MUC5AC mRNAs. The relative
sensitivities of the RNA ISH MUCS5B versus MUC5AC probes were tested by comparing RNA ISH stained
area versus ddPCR signals for MUC5B and MUC5AC mRNAs in cell pellets derived from genetically
modified A549 cells expressing MUC5AC/MUCSB (circles), MUCS5B (squares), or MUCSAC (triangles)
mRNAs. A-C. Three independent experiments were performed. Quantitated MUCS5B or MUC5AC mRNA-
stained areas in the randomly selected fields were normalized to the area stained for positive control UBC in
serial sections and shown as ratios of target to positive control-stained area. Quantitated absolute MUC5B
or MUCS5AC transcript copy numbers by ddPCR were normalized to GAPDH and shown as target/ GAPDH
ratios. R: was high for each group, ranging from 0.9336 to 0.9971. RNA ISH: RNA in situ hybridization,

CTL: control, ddPCR: droplet digital PCR.
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Second, sections from large versus small airways were obtained from 6 normal lungs,

and ddPCR of superficial epithelia from each region was performed to compare MUC5B to

MUCSAC transcript copy number in each airway region (Figure 12). Absolute quantification

of MUC5B and MUCS5AC transcripts revealed that MUCS5B normalized to GAPDH

(MUC5B/GAPDH) was not different from MUC5AC/GAPDH in the larger cartilaginous

airways, including trachea and bronchi. In contrast, MUC5B/GAPDH was significantly greater

than MUCS5AC/GAPDH in bronchioles (Figure 12B). Based on the MUC5AC/MUCSB ratio

(Figure 12C), MUCSB transcript copy number was 20-fold higher than MUC5AC in

bronchioles, consistent with RNA ISH/immunohistochemistry data.
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Figure 12
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Figure 12. Droplet digital PCR quantification of MUC5B and MUC5AC transcript copy numbers in
freshly isolated human airway epithelium from subjects with no prior lung disease history. A.
Examples of dissected airway tissues including a trachea, bronchi, bronchiole and peripheral lung
parenchyma. B. Absolute transcript copy numbers in different airway regions for MUCS5B (circles) and
MUCSAC (triangles). C. MUC5AC/MUCSB ratios in each airway region. Measurements in panels B and C
were performed by droplet digital PCR, with absolute MUC5B or MUCS5AC transcript copy numbers
normalized to GAPDH and shown as target/GAPDH ratios. Histobars and error bars represent mean + SD. n
= 6. Different symbol colors indicate results from 6 distinct individual subjects. **: p < 0.01 by Wilcoxon

rank-sum test. NS: not significant.
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What cell type expresses MUC5B and MUC5AC mRNAs in histologically normal human

large and small airways?

Based on mouse airway data (17-21), CCSP+ secretory cells were identified as

candidates for secretory mucin expression in normal human airways. Both RNA ISH and

immunohistochemistry demonstrated widespread superficial epithelial localization of CCSP

mRNA and protein from the trachea to the terminal bronchioles (Figure 13A-D, 14). With

respect to SMG, CCSP mRNAs were expressed in the ciliated ducts but not collecting ducts

nor acini (Figure 13E, F). In contrast, MUC5B mRNAs were localized throughout all SMG

epithelial structures. Quantification of CCSP mRNA-stained volume densities revealed robust

expression in the segmental, distal bronchi and bronchioles compared to trachea or primary

bronchi (Figure 13G).
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Figure 13
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Figure 13. Regional distribution of CCSP mRNA localization in histologically normal human airways.

A-D. Representative CCSP mRNA localization from one histologically normal lung stained by RNA ISH in

(A) trachea, (B) primary bronchus, (C) segmental bronchus and (D) distal lung parenchyma containing distal

bronchi and bronchioles. E. CCSP and MUC5B mRNA localization stained by RNA ISH in histologically

normal tracheal submucosal gland ducts (SMG-D). CCSP (red) mRNA signals stop in the middle of the
SMG-D (arrows) with MUCS5B (teal) mRNA signals being expressed throughout the SMG-D. F. CCSP and

MUC5B mRNA localization co-stained using RNA ISH in the histologically normal tracheal superficial

epithelium (SE) and submucosal gland acini (SMG-A). G. Quantification of CCSP mRNA-stained volume

densities in histologically normal human airway superficial epithelium (n =5). CCSP mRNA-stained volume

densities by RNA ISH were quantified. Histobars and error bars represent mean + SD. Symbols represent

the five distinct subjects. For distal bronchi and bronchioles, more than one airway per region was examined

per subject. TB: terminal bronchiole, BM: basement membrane.
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Figure 14
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Figure 14. Regional distribution of CCSP protein localization in histologically normal human airways.
A-D. Representative CCSP protein localization stained by immunohistochemistry in one histologically
normal human lung: (A) trachea, (B) primary bronchus, (C) segmental bronchus, and (D) distal lung

parenchyma containing distal bronchi, bronchioles and terminal bronchioles (TB). Scale bars = 500 pm.

Quantitative co-localization studies were performed using fluorescent RNA ISH in 5

histologically normal lungs (Figure 15). Typical goblet cells, characterized by AB-PAS positive

large secretory vesicles filling the cytoplasm, were rarely identified in superficial epithelia of

these subjects (Figure 15Bii). In contrast, SMG consistently exhibited mucous cells with AB-

PAS definable large mucin granules (Figure 15Aii).

Human airway cells expressing MUC5AC, MUC5B, CCSP mRNAs, or a combination

of these markers were classified into the 7 possible types (Figure 15). Four distinct, region-

specific dominant cell types were identified amongst the 7 possible types. First, CCSP-
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IMUCSB+/MUCS5AC- cells were routinely found in SMG yet rarely, if at all, in superficial

epithelia. Second, CCSP+/MUCSB+/MUC5AC+ cells were the dominant cell type in primary

bronchial superficial epithelia. In this region, H&E and AB-PAS staining identified two non-

ciliated epithelial cell types: 1) a non-ciliated epithelial cell which had an AB-PAS-stained

apical bulge protruding into the airway lumen; and 2) a cell with apical cell membranes at the

same height as those of adjacent ciliated cells without an apical bulge (Figure 15Bi, ii).

CCSP+/MUCS5B+/MUCSAC+ cells exhibited morphologies similar to both cell types (Figure

15Bvii). The number of CCSP+/MUCSB+/MUCS5SAC+ cells dramatically decreased in the

bronchioles, and virtually disappeared in the terminal bronchioles, paralleling the decreased

volume densities of MUC5S5AC mRNA and protein (Figure 9). Third,

CCSP+/MUCS5B+/MUCSAC- cells were the dominant cell type in the distal bronchiolar

superficial epithelium. H&E staining identified non-ciliated epithelial cells with dome-shaped

apical bulges which morphologically corresponded to the CCSP+/MUCS5B+/MUCS5AC- cells

(Figure 15Ci, vii). Finally, although a small number of CCSP+/MUC5B+/MUCS5AC- cells were

detected, CCSP+/MUCS5B-/MUC5AC- cells were the dominant cell type in the terminal

bronchioles. Of note, CCSP+/MUCS5B- cells in superficial epithelia of terminal bronchioles

uniquely expressed SFTPB, which is known as a distal airway marker (60) (Figure 16).
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Figure 15
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Figure 15. MUC5B, MUC5AC, and CCSP mRNA co-expression is region-specific. A-D. Co-localization
of MUCS5B and MUCS5AC with CCSP mRNAs by RNA ISH in four different regions of histologically normal
human airways. For cellular localization, MUC5B (green), MUCS5AC (red), and CCSP (white) mRNAs were
visualized by fluorescent RNA ISH. Single color images were merged (Avi - Dvi, “overlay”) and the overlaid
images superimposed on differential interference contrast (DIC) (Avii - Dvii). In submucosal glands (SMG)
(A), mucus cells exhibited AB-PAS definable large mucin granules (insets in Ai, Aii). In primary bronchial

superficial epithelium (B), two non-ciliated epithelial cell types were identified: 1) a non-ciliated epithelial
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cell with an AB-PAS-stained apical bulge (Bi, Bii, and Bvii, black arrowheads); and 2) a non-ciliated
epithelial cell without the apical bulge (Bi, Bii, and Bvii, white arrowheads). In distal bronchioles (C), non-
ciliated epithelial cells with dome-shaped apical bulges (Ci, Cii, black arrows) corresponded to the
CCSP+/MUCSB+/MUCS5AC- cells (Cvii, white arrows). Nuclei were stained with DAPI (blue). Scale bars
=20 pm. E. Quantification of cell types expressing MUC5B, MUCS5AC and/or CCSP mRNAs in different
regions of histologically normal human airways. Data are expressed as the number of each cell type per mm
of basement membrane (BM). Solid bars and error bars represent mean + SD. n=5. *: p < 0.05 compared to
every other cell type by pairwise Wilcoxon rank-sum test for post hoc analysis, following significant

Kruskal-Wallis test.
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Figure 16
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Figure 16. Region-specific localization of SFTPB mRNAs in histologically normal human airways. A-
C. MUCS5B, CCSP, and SFTPB mRNA localization by RNA ISH in three different regions of airways from
one representative histologically normal lung. For cellular localization, MUC5B (green), CCSP (white), and
SFTPB (red) mRNAs were visualized by fluorescent RNA ISH. Single color images were merged (Avi - Cvi,
“overlay”). SFTPB mRNAs are uniquely localized in superficial epithelium of terminal bronchioles where
MUC5B mRNAs are absent (Ci, Ciii). In the terminal bronchiolar superficial epithelium, SFTPB mRNAs
are co-expressed with CCSP+/MUCS5B- cells (inset in Civ). SFTPB mRNAs are also localized in alveolar
type II cells (white arrow heads in Ciii). In contrast, SFTPB mRNAs are not localized in distal bronchioles
where MUC5B mRNAs are present (Bi, Biii). Insets show regions indicated by white arrows. Nuclei were

stained with DAPI (blue). SMG: submucosal glands. Scale bars = 50 um.
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Primary human small airway epithelial cells secrete MUCS5B protein in vitro.

Based on the reported distinct progenitor cell properties of large versus distal airway

epithelial cells (40, 60, 61), we utilized an SAE versus LAE cell culture technique to test

whether MUCSB protein was locally produced by small airway epithelia as predicted by in

vivo RNA ISH and immunohistochemistry data. H&E staining revealed monolayer epithelia in

SAE cell cultures versus stratified multilayers in LAE cells (Figure 17A1, ii), consistent with

in vivo morphological features of large versus small airway epithelium in human lungs (62, 63).

As a distal airway marker (60), SFTPB was detected by quantitative PCR and mass

spectrometry in SAE but not LAE cultured cells (Figure 17B, D). These findings indicate that

our in vitro SAE cell culture model retained characteristics of distal airways distinguishable

from large airways.

RNAISH showed MUC5B mRNA localization in CCSP mRNA+ non-ciliated secretory

cells in both LAE and SAE cells (Figure 17A iii-vi). Both Western blotting and mass

spectrometry identified MUCSB protein in apical washes of SAE cells (Figure 17C, E) though

less than secreted by LAE cells. In apical washes obtained from SAE cells, the concentration

of MUCSB protein (6.04 £ 5.95 pmol/ml) was 9.2-fold higher than MUCS5AC (0.66 + 0.20

pmol/ml) (Figure 17F).
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Figure 17. MUCSB production in primary human small airway epithelial cell cultures. A. Histologic
images of large and small airway epithelial cell cultures. Air-liquid interface cultures of large airway
epithelial (LAE) and small airway epithelial (SAE) cells were stained by H&E (i, ii)) and RNA ISH for
MUCSB (iii, iv) and CCSP mRNAs (v, vi). MUC5B mRNAs (green) are localized in CCSP mRNA (red)
positive non-ciliated cells in both LAE and SAE cells (v, vi, white arrows). Scale bars = 10 um. B. SFTPB
transcript expression in LAE and SAE cells. SFTPB gene was specifically detected in SAE but not LAE
cells by quantitative PCR. GAPDH was used as the reference gene. C. Identification of MUCS5B protein in
apical washes of LAE and SAE cells. Immunoblots of apical washes were probed with antibody to MUCS5B.
Samples from both LAE and SAE cell cultures were run on the same gel. D. Quantification of SFTPB protein
in apical washes of LAE and SAE cells. SFTPB protein was identified by mass spectrometry (MS) using
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label-free quantification normalized to total precursor intensity. E. Absolute concentrations of MUCS5B
protein in apical washes of LAE and SAE cells as determined by MS. F. Absolute mucin concentrations for
both MUCS5B and MUCS5AC in apical washes of SAE cells as determined by MS. Panels B and C: n = 3, the
order of 3 biological replicates were same in the panel B and C. Panels D-E: Histobars and error bars

represent mean + SD. n =4, *: p < 0.05 by Wilcoxon rank-sum test.

Region-specific superficial epithelial mucin production in histologically normal human

lungs.

To describe the airway regions contributing to total MUCS5AC and MUCSB expression

in the lung, the numbers, diameters, and total surface areas of airways as reported by Weibel e?

al. (46, 47) were utilized to calculate: 1) total MUC5B, MUCS5AC or CCSP mRNA-stained

volumes for the superficial epithelium of each airway region based on RNA ISH; and 2) the

percent of total MUC5B, MUCS5AC and CCSP mRNA-stained volumes for each airway region

(Figure 18, Table 4).

MUCS5B mRNA-stained volume in airway superficial epithelia increased from the

proximal to the distal airways, reflecting the exponential increase in distal airway surface area.

MUC5B mRNA-stained volume peaked in the distal bronchioles with a 3-fold higher value

than observed in the cartilaginous large airways. In contrast, MUC5AC mRNA-stained volume

peaked in the distal bronchi. Even though the combined surface area of proximal and distal

bronchioles is > 30-fold greater than distal bronchi, the percent of MUC5AC mRNA-stained

volumes in bronchioles was less than distal bronchi. Importantly, both MUCS5B and MUCS5AC

mRNA-stained volumes were negligible in the terminal bronchioles despite the fact that
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terminal bronchiolar surface area is the largest of the airway regions. For reference, CCSP

mRNA-stained volume increased as a function of more distal regions and peaked in the

terminal bronchioles.

Figure 18
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Figure 18. Distinct regional distributions of MUC5AC, MUCS5B and CCSP mRNA localization in
superficial epithelium of the histologically normal lung. Data represent the calculated percent of total
MUCS5AC, MUCSB or CCSP mRNA-stained volumes for each airway region. Total MUC5AC, MUCSB or
CCSP mRNA-stained volume for each airway region was calculated by multiplying the mean values of the
RNA ISH volume densities for each airway region obtained from 5 histologically normal lungs by predicted

total surface area of corresponding airway regions.
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Table 4: Stained volume densities for MUC5B, MUC5AC, and CCSP mRNAs within

superficial airway epithelium

RNA ISH stained volume densities
in SE (mm’/mm’of BM)}
Number | Total airway
Airway
Classification of | Airway per surface area
diameter MUCS5B MUCS5AC CCSP
airway region [generation* generation | without alveoli
(cm)*
(n)* (cme)*
Trachea 0 1.8 1 67.86 6.86E-03 1.60E-03 | 8.27E-03
Primary bronchi 1 1.22 2 36.49 7.22E-03 341E-03 | 1.14E-02
Segmental 2 0.83 4 19.82
1.05E-02 5.26E-03 | 2.10E-02
bronchi 3 0.56 8 10.70
4 0.45 16 28.73
5 0.25 32 26.89
Distal bronchi 7.14E-03 1.94E-03 | 2.53E-02
6 0.28 64 50.67
7 0.23 128 70.29
8 0.186 256 95.74
Proximal 9 0.154 512 133.76
2.89E-03 3.17E-04 | 1.55E-02
bronchioles 10 0.130 1024 192.37
11 0.109 2048 273.51
12 0.095 4096 40341
13 0.082 8192 569.79
Distal bronchioles 14 0.074 16384 876.05 1.19E-03 2.18E-05 | 1.73E-02
15 0.066 32768 1358.86
16 0.060 65536 2038.29
17 0.054 131072 2759.02
Terminal
18 0.050 262144 3613.32 1.76E-05 1.42E-06 | 1.62E-02
bronchioles
19 0.047 524288 3831.98
20 0.045 1048576 0
21 0.043 2097152 0
Alveolar N. A. N.A. N. A.
22 0.041 4194304 0
23 0.041 8388608 0

*: Values were obtained from references 46 and 47. ¥: RNA ISH stained volume densities in superficial epithelium
(SE) for each airway region were calculated by multiplying the mean values of the RNA ISH volume densities for
each airway region obtained from five histologically normal lungs by predicted total surface area of corresponding

airway regions. RNA ISH = RNA in situ hybridization; BM = basement membrane; N. A. = not applicable.
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6. Discussion

A comprehensive regional expression pattern of MUCS5B and MUCSAC in normal

human lungs has not been reported. Recent data from mice airways suggest that Muc5b is

secreted by superficial epithelial club cells in both larger airways and bronchioles (16-19).

Whether this paradigm pertains to normal human airways was the focus of this study.

Our results demonstrate that MUCSB is extensively expressed in the superficial

epithelium, in addition to SMG, of histologically normal human airways. Importantly, these

findings indicate that a major site for MUCSB production is the small airway superficial

epithelia where SMG do not exist (Figure 18). These findings are consistent with: 1) the results

of RNA-seq quantification of the normal human small airway epithelial transcriptome (64);

and 2) studies describing high expression of MUCS5B versus MUCSAC in normal distal airway

epithelium (25).

Our studies permitted a semi-quantitative description of the relative expression of

MUCSB in the SMG versus small airways of the histologically normal human lung. In the large

airways, e.g., from trachea to 6* generation bronchi, SMG occupy a volume of ~0.10 mm/mm’

airway surface area in non-smokers (65), and the mucous cell percentage of total SMG volume

is about 40% (66, 67). Based on these numbers and regional airway surface areas (46, 47)

(Table 5), the MUC5B mRNA-stained volume in distal bronchiolar superficial epithelia

exceeded the total mucin volume of the SMG (Figure 19). Although it is difficult to predict
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secretion rates based on stained volumes, the superficial epithelium of small airways may be

considered a source of MUCSB production at least equal to SMG.
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Table 5: MUCS5B-stained volumes in superficial epithelium versus submucosal glands in

larger cartilaginous airways

Mean volumes | Total
Total Total
Classification RNA ISH Volume of of glands per | airway
Airway volume |volume of
of airway MUCS5B-stained glands each airway surface
generation™ of glands| mucous
region volumes in SE (ul) (mm*/mm?)* region area
(uh) | cells (u)
(mm’/mm?) (cm?)T
0 (Tu) 0.073
Trachea 0.0047 0 (Tm) 0.087 0.082 67.86 0.056 0.022
0 (T1) 0.086
Primary
0.0026 1 0.078 0.078 36.49 0.028 0.011
bronchi
Segmental 2 0.074 0.074 19.82
) 0.0032 0.020 0.008
bronchi 3 0.052 0.052 10.70
4 0.035 0.035 28.73
Distal bronchi 0.0126 5 0.017 0.017 26.89 0.019 0.007
6 0.007 0.007 50.67

*: Values were obtained from reference 65. *: Values were obtained from references 46 and 47. RNA ISH
= RNA in situ hybridization; SE = superficial epithelium; Tu = upper trachea; Tm = middle trachea; Tl =

lower trachea.
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Figure 19. Comparison of superficial epithelial versus submucosal gland sources of MUCSB
production in human lungs. Total estimated volumes of mucous cells in normal human submucosal glands
(SMG) were compared to RNA ISH-based MUC5B mRNA-stained volumes in the histologically normal
superficial epithelium (SE) for each airway region. Total volumes of mucous cells in SMG were calculated

based on references 65-67.
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Interestingly, the SMG and superficial epithelium provide redundant sources for

MUCSB in central airway locations. One unresolved issue is whether the superficial epithelium

provides the basal MUCS5B secretion in this region, as it likely does in mice (17, 18), with SMG

providing intermittent secretion to acutely trap inhaled irritants that provoke cough responses.

A second unresolved issue with regard to MUCSB biology in the large airways is whether

superficial epithelial MUCSB differs from gland-derived MUCSB. Differences may occur

because MUCSB appears to be secreted in large airways from different cell types. A CCSP-

positive cell without definable granules secretes MUCSB in the superficial epithelium, whereas

MUCSB is secreted in SMG from CCSP negative cells with large mucin storage granules.

MUCSB is known to exist as two glycoforms with different charges, a low- and a high-charge,

and the low-charge MUCSB is elevated in the sputum from the subjects with asthma, CF and

COPD (13, 68). Further studies are required to determine whether MUCS5B glycan-based

charge differs in MUCSB secreted by SMG versus the superficial epithelium.

Our results revealed that neither MUC5B nor MUCSAC is expressed in terminal

bronchioles. This finding was also apparent in the group of five subjects with airway GMH

(Figure 6B). Interestingly, this finding mimics the absence of Muc5b expression reported in

terminal bronchioles of mice (17). Moreover, it is notable that a subtype of CCSP+ cells exists

in the terminal bronchioles that do not express MUCS5B but do express SFTPB (Figure 16),

consistent with previous RNA ISH findings (69). These data are consistent with reports that
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SFTPB and mucin gene expression are inversely regulated through NK2 homeobox1 (NKX?2-

1) at the transcription level (70-72). The finding that secretory mucins are not expressed in

terminal bronchioles suggests that the physiology of terminal bronchioles requires a surfactant-

rich, mucin-free zone to protect gas exchange functions in alveoli adjacent to terminal

bronchioles. Since MUCS5B overexpression in peripheral airways is reported in IPF patients

and those with rheumatoid arthritis with interstitial lung disease (25-27, 73), it is possible that

the loss of a surfactant-rich terminal bronchiolar mucin free zone is a common pathogenesis of

interstitial lung disease. Further, in the COPD lung, the distal airway-specific molecular

phenotype, including SFTPB expression, was lost in the small airway epithelium and replaced

with the proximal airway-specific transcriptomic phenotype such as basal- and mucin-

producing cell-related gene expression (60). These findings indicate that restoration of the

distal airway-specific molecular features in the small airways can be a fundamental strategy

for future therapeutics for muco-obstructive and interstitial lung diseases.

In contrast to MUCS5B, which is necessary to sustain MCC (21), MUCS5AC has been

recognized as a “response mucin” with expression regulated by a number of inflammatory

stimuli (5, 16, 34). Our study revealed that MUCS AC-stained volume density peaked at the level

of segmental bronchi. Maximal deposition of particles > 1 wm diameter per unit surface area

occurs in this region (74), suggesting that MUCS5AC is responding to the load of external stimuli

deposited in this region. On the other hand, the unique biophysical properties of MUCSAC,
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which appear to relate to adhesion and cough clearance, may produce pathological consequences

in small airways where MUCS5AC-rich mucus is likely to impair MCC (5, 75), suggesting that

MUCSAC in small airways can be a potential therapeutic target to restore normal MCC in the

muco-obstructive lung diseases. Importantly, it appeared that: 1) MUCS5AC expression was

superimposed on MUCSB/CCSP expressing cells; and 2) as MUCS5AC expression increased, the

cell morphology appeared more goblet cell-like.

The RNA ISH approach identified four distinct types of airway secretory cells based on

the combination of MUC5AC, MUCS5B, and CCSP transcript expression. Each cell-type

predominantly exists in different airway regions and SMG versus superficial epithelium

(Figure 15). Airway surface secretory epithelial cells have conventionally been divided into

four distinct cell types based on morphology and ultrastructure: mucous (goblet), serous, club

(Clara), and neuroendocrine cells (76). Mucous cells are mainly located in the tracheobronchial

tree and rarely in bronchioles (77). Serous cells have been described in surface epithelium in

adult human small bronchi and bronchioles, whereas club cells have been considered to be the

predominant secretory cell type in the human bronchiole (78). Juxtaposing these data to our

results, CCSP was shown to be expressed not only in typical club cells in distal airways but

also non-ciliated airway secretory cells in large airway superficial epithelia. The CCSP

mRNA+ cells typically expressed MUC5SB/MUC5AC mRNAs in large airway epithelia and

MUCS5B mRNAs in small airway epithelia. Thus, a subset of CCSP+ cells appears to define a
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mucin secretory cell type in superficial epithelia.

Consistent with our findings, single cell transcriptome analysis of human airway

epithelial club cells revealed that a subset of CCSP+ cells co-expressed MUC5B/MUCSAC,

indicating possible lineage relationship between CCSP+ secretory cells and mucin-secreting

cells in human airways (79). In contrast, MUCS5B-producing cells in SMG may reflect a

different lineage because CCSP expression was absent in SMG mucous cells. Morphologically,

CCSP+/MUCS5B+/MUCSAC- cells in distal airways resembled typical club cells, whereas the

morphology of CCSP+/MUC5B+/MUCS5AC+ cells in proximal larger airways was variable,

9 <6

reflecting club cells and cells that were termed “mucous cells”, “serous cells” or “indeterminate

cells” (80, 81). Our data suggest that the current nomenclature of airway secretory cells based

on morphologic characteristics may need to be revisited.

Our in vivo finding that CCSP+ cells in small airways have the capacity to produce

MUCS5B was supported by in vitro LAE and SAE cell culture data (Figure 17). Interestingly,

airway epithelial cells isolated from large and small airway regions were differentiated into

phenotypes which maintained region-specific characteristics when cultured under identical

conditions. This result recapitulates the previous findings that proximal and distal airway basal

cells exhibited region-specific gene expression profiles and progenitor properties during lung

regeneration in mice (61, 82).

There are limitations to our morphological studies. First, it is difficult to obtain intact
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normal human lungs for studies of regional mucin expression. Although tissues obtained from

normal subjects undergoing lung resection for solitary peripheral tumor can be useful for this

type of morphometric study, it is still challenging to obtain multiple regions of airways,

including tracheas and main bronchi, since these large airways need to be left in the subjects.

We adopted the criteria that a histologically normal lung region had to be obtained from a lung

donor: 1) without history of lung disease or smoking; 2) exposed to a mechanical ventilation

for <7 days; and 3) did not exhibit GMH as defined by > 0.005 mm/mm’ AB-PAS-stained

volume density in a superficial epithelial region, based on the mean value of mucin volume

densities in healthy subject group in transbronchial biopsy study (37). Using these criteria, 5

of the 10 lungs from study subjects met the criteria for histologically normal lungs. We

speculate that the 5 subjects that exhibited airway GMH were more sensitive to the stresses of

the mechanical ventilation, which has been shown to rapidly induce GMH in primary human

cell culture models, animal models, and pre-term infants (28, 33-36). If indeed the excluded

lungs were histologically normal prior to mechanical ventilation, our data may document how

rapidly and substantially large airway GMH can be induced by mechanical stresses (Figure 6B).

This notion is also consistent with the localization of NKX2-1 expression, which is shown to

inhibit goblet cell metaplasia in distal airways (72). Second, the study group was small,

particularly for the RNA ISH and immunohistochemistry studies, due to the strict inclusion

criteria used to select histologically normal lungs as described above. Finally, the affinity of
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probes for RNA ISH differed for MUC5AC and MUCSB. Direct measurements of relative RNA

ISH MUC5B versus MUC5AC probe affinities in gene-edited A549 cells, however, provided a

useful correction factor. Collectively, the RNA ISH quantitation of MUC5AC and MUC5B, the

absolute mucin transcript expression data by ddPCR in freshly isolated airway surface

epithelium, and the cell culture data all agreed that MUCSB is the dominant expressed and

secreted mucin in distal human superficial airway epithelia.

In conclusion, MUCSB is extensively expressed in human airway superficial epithelia

in addition to SMG. The distal airway region is the major site for MUCS5B production in the

superficial epithelium of the human lung. MUCS5AC is normally only produced by the

superficial epithelia of the cartilaginous larger airways. Both MUCS5B and MUCSAC are co-

localized in CCSP+ cells in proximal superficial epithelium, whereas MUCSB is co-localized

in CCSP+ cells of distal airway superficial epithelia. Our study suggests an important property

in mucin secretion of the superficial epithelium in the distal airways that are the initial site of

mucus plugging in muco-obstructive and possibly IPF diseases.

Reprinted with permission of the American Thoracic Society. Copyright © 2019 American

Thoracic Society.
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