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Supplementary Methods 

 

Calu3 cell mutagenesis: The CFTR-KO Calu3 cell line was generated by CRSIPR/Cas9-

mediated mutagenesis, in which a guide RNA (gRNA) recognizing CFTR exon 11 was used to 

introduce a premature stop codon [1].  Similar manipulations were performed with the WT line 

using a gRNA matching the endogenous genome sequence and therefore no detectable mutation 

was identified in CFTR. In the CFTR-KO line, all alleles of CFTR carried a frameshift insertion, 

c.1433.insG. Note, PCR primers bind to a sequence in exon 10, which is located in 5’ of the 

mutagenesis site. The CFTR mutagenesis was confirmed by CFTR protein and function, 

assessed by western blot and short circuit currents, respectively [1].  

Calu3 cell culture: Calu3 cells (WT and CFTR-KO lines) were grown at air-liquid interface on 

12mm Transwells or Snapwells (Corning, Corning NY) seeded at a density of 2x105 cells/cm2 and 

maintained at 5% CO2 and 37°C. Cells were fed basolaterally with MEMα media (Gibco, 

Gaithersburg, MD) plus 10% FBS (VWR, Radnor, PA) and 1% penicillin/streptomycin (Sigma-

Aldrich, St. Louis, MO) every two days. Once confluent, cells were allowed to differentiate and 

accumulate mucus for 10-14 days before experimentation. To determine the integrity of Calu3 

cell monolayers grown on inserts, transepithelial resistance (Rt) was measured using an EVOM 

device and revealed an average TEER value of 420 Ω*cm2.  

Histology and Immunohistochemistry: Calu3 cell cultures fixed in 4% PFA and embedded in 

paraffin were prepared as histological sections. After deparaffinization, sections were stained with 

hematoxylin and eosin (H&E), alcian-blue periodic acid Schiff (AB-PAS), or processed for 

immunohistochemistry (IHC), as described in Ehre et al. [2]. Briefly, IHC unstained sections 

underwent epitope retrieval using heated 1X citrate buffer in Deionized water and were blocked 

for 1h in 3% Bovine Serum Albumin (BSA) solution. Primary antibodies: mouse anti-MUC5AC 

45M1 (Invitrogen MA5-12178) and rabbit anti-MUC5B (UNC414 from Ehre lab) were co-applied 
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overnight at 4°C, followed by secondary antibodies (anti-mouse Alexa Fluor 594 and anti-rabbit 

Alexa Fluor 488) incubation for 1h at room temperature. Slides were incubated with DAPI 

(Invitrogen 2031179) for 5 min at room temperature and mounted using FluorSave Reagent 

(Millipore Sigma 345789). Fluorescence was detected with a VS120 virtual scanning microscope 

(Olympus Microscopy, Shinjuku, Japan). 

Primary HBE cell cultures: Primary human bronchial epithelial (HBE) cells were harvested from 

normal post-mortem and CF lungs at the time of transplantation and were selected according to 

specific mutations responding to modulator therapies (i.e., heterozygote G551D responding to 

VX-770 and homozygote F508del responding to ETI) as previously described [3, 4]. The protocol 

for lung dissection and cell collection was approved by University of North Carolina Institutional 

Review Board. In brief, cells were grown at ALI on 12 mm Transwells or Snapwells inserts coated 

with 7.5µg/cm2 type IV collagen (Sigma C-7521) with PneumaCult-Ex Plus media (StemCell 

Technologies, Vancouver, Canada) for 3-5 days. Once confluent, cells were switched to air-liquid 

interface and differentiated with PneumaCult-ALI media basolaterally for four weeks. Cells were 

allowed to accumulate mucus for two weeks before experimentation. 

Modulator treatment in vitro: Once differentiated, tissue cultures were treated for 3-5 days with 

vehicle (DMSO) or CFTR modulator compounds. For G551D cultures, 0.05% DMSO or 5µM VX-

770 was applied to the basolateral media every 24h. For F508del cultures, 0.06% DMSO or 1µM 

VX-770, 2µM VX-445, and 3µM VX-661 (ETI) was applied to the basolateral media every 24h. 

Following treatment, cells were washed apically with regular PBS, PBS alkalized by 0.3 pH unit 

with NaOH or HCO3
- or 1mM tris (2-carboxyethyl) phosphine (TCEP) for 15 minutes. Samples 

washed with TCEP were quenched with equimolar iodoacetamide after collection to stop the 

reduction reaction. For long washes, cells were washed with PBS for 3 hours.  

Bioelectrical measurements: Electrophysiological properties were measured by Ussing 

chamber as described by Fulcher et al [5]. In brief, cell inserts were mounted on Ussing chambers 
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(Physiologic Instruments, San Diego, CA) and short-circuit currents (Isc) were measured under 

basal condition and following the addition of 10 μM forskolin (mucosal and serosal) to activate 

CFTR, 5 μM VX-770 (mucosal and serosal), 10 μM CFTR inhibitor 172 (CFTRinh-172) (mucosal) 

to inhibit CFTR-specific current. Data were collected and analyzed using Acquire and Analysis 

software (Physiologic Instruments). 

Gene expression by qPCR: For mRNA expression, cells were lysed in Trizol and processed for 

total mRNA extraction, cDNA reverse transcription, and quantitative PCR as described by Chen 

et al [6]. In brief, total RNA was purified via the direct-Zol RNA miniprep kit (Zymo Research, 

Irvine, CA). RNA was reverse transcribed to cDNA and qPCR was performed using Taqman 

probes for GAPDH, CFTR, MUC5AC, and MUC5B (Applied Biosystems, Foster City, CA) and the 

QuantStudio6 real-time PCR machine (Applied Biosystems). The house-keeping gene used for 

normalization was GAPDH.  

Measurement of pH: To maintain cell viability, Krebs-Ringer buffer (150µL) was applied apically 

to each insert and allowed to equilibrate for 4hrs at 37°C and 5% CO2 in a temperature- and CO2-

controlled chamber (Controlled Atmosphere In Vitro Glove Box, Coy Laboratory Products Inc., 

Grass Lake, MI). Note, to mimic in vivo conditions, cells were not washed prior to pH 

measurement and mucus was allowed to remain on the cell surfaces. Once equilibration was 

reached (Figure S2A), apical pH was measured inside the sealed chamber using a microprobe 

(In-Lab Ultra-Micro-ISM, Mettler Toledo, Columbus, OH). Two measurements were taken per 

insert and averaged for each data point with controls (empty wells without cells) measured in 

parallel for quality control. 

SEC-MALS: To measure total mucin concentration, size-exclusion chromatography multi-angled 

light scattering was used as described by Henderson et al [7]. In brief, 30 min cell washes were 

diluted 1:1 with 6M GuHCl immediately upon collection. An aliquot (100 μl) of the diluted cell 

washes was chromatographed on a Sepharose CL-2B size exclusion column (15 × 2.5 cm) and 
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eluted with 0.2M NaCl (with 10 mM EDTA) at a flow rate of 500 μl/minute. The column effluent 

was passed through an in-line enhanced optimal system laser photometer (Dawn; Wyatt 

Technology) coupled to a digital signal-processing inferometric refractometer (Optilab; Wyatt 

Technology) to continuously measure light scattering and sample concentrations, respectively. 

Data were integrated and analyzed with the Astra software provided with the Dawn laser 

photometer and absolute values of mucin concentration were determined from the differential 

refractometry by measuring the specific refractive index increment (dn/dc) that reflects the 

deviation of the refractive index by concentration. A dn/dc of 0.165 ml/g was used for mucins.   

Mucin western blot: Relative abundance of MUC5AC and MUC5B was analyzed by mucin 

western blotting as previously described by Ramsey et al [8]. Samples were collected via 15 min 

washes with PBS or 1mM TCEP. Reduced samples were quenched with 1mM iodoacetamide to 

stop reduction. Cell washing samples (40 ul) were separated by electrophoresis using an 0.8% 

agarose gel (80V) for 60 min. Samples were then vacuum transferred to a 0.45µm nitrocellulose 

membrane. Following transfer, membranes were blocked for 1h at RT and probed with 45M1 

mouse-anti-MUC5AC (Invitrogen MA5-12178, Invitrogen, Carlsbad, CA) and H-300 rabbit-anti-

MUC5B (Santa Cruz SC-20119, Santa Cruz Biotechnology, Dallas, TX) overnight at 4°C. 

Membranes were rinsed in PBS and then probed for secondary detection with 1µg/mL donkey-

anti-mouse (Li-Cor 926-68022, Li-Cor, Lincoln, NE) and donkey-anti-rabbit (Li-Cor 926-32213) for 

1h at RT. Relative mucin abundance was quantified using Li-Cor Odyssey software. 

Scanning electron microscopy: To maintain the mucin network ultrastrucuture, unwashed 

cultures were gently submerged in 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer 

(Electron Microscopy Sciences, Hatfield, PA) overnight at 4°C. Samples were washed with 

fixative-free buffer 3x before dehydration in increasing concentrations of ethanol (30-100%). 

Samples were then dried by bringing them through the critical point in liquid CO2 (Tousimis, 

Rockville, Maryland) and sputter coated with 8nm of gold-palladium alloy (Ted Pella, Redding, 
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CA). Images were acquired on a Zeiss Supra 25 field emission SEM (Zeiss, Oberkochen, 

Germany) at 5kV and a working distance of 5mm. Imaging was performed at the UNC Microscopy 

Services Laboratory. Photoshop software was used for image colorization (Figure S4).   

For pore size measurements, we used the ImageJ software to select the larger pores by inducing 

contrast and measuring the diameter (e.g., averaging of 3 measurements per pore), 15 pores per 

image, and 3 images per group. 

Microbead rheology: To assess the biophysical properties of mucus, we performed particle-

tracking microrheology (PTM) on short (15 min) and long (1h) PBS cell washings, as previously 

described by Markovetz et al [9]. In brief, the thermally driven motion of 1 µm diameter 

carboxylated fluorescent beads (Fluospheres, Thermo Fisher, Fremont, CA) was tracked to 

determine the viscoelastic properties of the gel. Bead motion was recorded for 30 seconds at a 

rate of 60 frames/sec using a 40x air objective on a Nikon Eclipse TE2000U microscope. 

Individual bead trajectories were measured automatically using a custom Python program that 

uses TrackPy (doi: 10.5281/zenodo.34028) for bead localization and tracking. Bead motion was 

converted into mean squared displacements (MSD) and complex viscosity (η*) values. For each 

group, 6 inserts were washed, 3 wash aliquots (5µL each) were imaged per insert, 8 videos were 

captured per aliquot and roughly 5 to 30 beads were tracked per video.  

Ciliary beat frequency (CBF)  Cilia beat frequency (CBF) was determined by taking phase 

contrast videos of the field of view and performing Fourier spectral analysis on each pixel as a 

function of time. Twenty-second videos were recorded at 60 frames/sec using a FLIR 

Grasshopper 3 camera and a 40x objective. Videos were imported into MATLAB, where each 

pixel was stored as an array of grayscale values versus time. Each array was windowed and then 

transformed via fast Fourier transform. The dominant peak in the power spectrum was selected 

and checked against the next highest peaks (2.5 standard deviations away in power) to determine 

each pixel’s light intensity fluctuation frequency and to make sure that the signal was distinct from 
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the noise. Frequencies were reported for each pixel, and the average of all the pixels with nonzero 

frequencies was used to determine the CBF for a field of view [10]. 

Percent solid measurements: The percentage of mucus solid content, an index of hydration, 

was calculated by measuring dry-to-wet weight ratio of 25 μl of mucus directly pipetted from the 

cell surfaces (24 mm Transwell inserts) with a positive displacement pipet (Microman, Gilson), as 

previously described in [7]. Measurements were performed using a calibrated microbalance 

(XSR105 DualRange, Mettler Toledo) on mucus collected from non-treated and ETI-treated 

F508del cells. Airway mucus is comprised of 1% salt electrolytes [11]; hence salt components 

can be subtracted from the total % solids to obtain % organic content.   

Mucociliary transport velocity measurements: Fluorescent carboxylated beads can bind to the 

cilia when nebulized directly onto the cells. Hence, for in situ mucus transport measurements, we 

used red blood cells (RBC) since their surface chemistry is designed to not interfere with mucus 

transport. To prevent coagulation and cell lysis, RBC collected from laboratory samples were 

hardened by exposure to 0.08% glutaraldehyde, centrifuged 500xg for 10 min and resuspended 

in PBS. To measure mucus velocity rates, 2µl of hardened RBC solution were added apically to 

the center of the cell cultures. RBC were allowed to disperse for 15 min before imaging. Following 

RBC dispersion, four specific regions (center and three edges) of the inserts were imaged for 30 

sec with a dissecting microscope (SPZV-50E, AVEN Inc.) at 1.5X magnification and 60 frames/s 

(see videos).  On average, 12 RBC streaks (spreading from center to edge) were tracked per 

insert and the distance travelled was calculated using ImageJ (ImageJ, National Institutes of 

Health, Bethesda, Maryland, USA). Mucus velocity rate was determined in μm/sec for 4 inserts 

before and after a 3-day ETI treatment. Mucus transport measurements were done at day 3 of 

treatment but active transport became apparent as early as 12hr after treatment onset. 
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Statistical analysis: Statistical analysis was performed using GraphPad Prism (GraphPad 

Software, San Diego, CA). Comparisons between two groups were performed using Student’s 

two-tailed unpaired t-tests. Significance was assessed at P<0.05. Error bars are shown as SEM. 
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Supplementary Figure 

 

 

 

 

Figure S1. Quantitative PCR analysis of Calu3, G551D and F508del cells for CFTR, MUC5B 

and MUC5AC gene expression. Expression for CFTR, MUC5B, and MUC5AC genes was 

measured via qRT-PCR and normalized to WT values. A.) CFTR, MUC5B, and MUC5AC mRNA 

expression in WT and CFTR-KO Calu3 cells, n=6, ** P<0.01. B.) CFTR, MUC5B, and MUC5AC 

mRNA expression in primary G551D HBE cells treated with vehicle (DMSO) or VX-770, n=5. C.) 

CFTR, MUC5B, and MUC5AC mRNA expression in primary F508del cells treated with vehicle or 

ETI, n=5-6. 
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Figure S2. Validation of in vitro ASL pH measurements. Krebs Ringers buffer was used to 

measure apical pH with a microprobe in a CO2 and temperature-controlled chamber. A.) KRB pH 

as a function time as the buffer equilibrates to 37°C and 5% CO2 from ambient conditions. B.) 

ASL pH measurements from non-CF (NCF) and CF HBE cells to confirm this technique can 

measure differences in ASL pH consistent with in vivo reports, n=3 donors for non-CF and n=5 

donors for CF lungs. For each donor, an average of 6-8 inserts was measured. * P<0.05. 
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Figure S3. Histological appearance and mucin labeling of WT and CFTR- KO Calu3 cell 

cultures. A.) Representative images of WT and CFTR-KO Calu3 cell cultures stained with 

hematoxylin and eosin (H&E) to examine the cellular organization of the two cell lines. B.) 

Representative images of histological sections stained with alcian-blue periodic acid Schiff (AB-

PAS) to detect the oligosaccharides decorating airway mucins. C.) Immunohistochemistry (IHC) 

individually labeling MUC5AC (red), MUC5B (green), and DAPI (blue). Scale bar is 20 μm. 
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Figure S4. Colorized SEM micrographs shown in Figure 5. Representative SEM micrographs 

of DMSO- or ETI-treated F508del HBE cells showing an apical view of the inserts at low (top 

images) and high (bottom images) magnification power. To facilitate mucus discernment, the 

mucin network was colorized in yellow in the images. White arrows indicate the presence of 

mucus penetrating below the cilia tips. 
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Figure S5. Additional inserts of F508del HBE cells treated with DMSO or ETI were imaged by 

SEM . Primary HBE cells homozygous for F508del were treated for 3 days with 0.06% DMSO or 

3µM VX-661, 2µM VX-445 and 1µM VX-770 (ETI) before imaging. Micrographs show an apical view 

of the inserts at low (top images) and high (bottom images) magnification power.  
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Figure S6. Additional inserts of F508del HBE cells treated with DMSO or ETI imaged by 

SEM. Primary HBE cells homozygous for F508del were treated for 3 days with 0.06% DMSO or 

3µM VX-661, 2µM VX-445 and 1µM VX-770 (ETI) before imaging. Micrographs show an apical 

view of the inserts at low (top images) and high (bottom images) magnification power.  
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Figure S7. Extended wash removes the majority of apical mucus in CF HBE cell cultures. 

A.) Western blot showing the MUC5AC (red) and MUC5B (green) signal of cell washings collected 

by 3h apical wash (extended), followed by an additional 15 min 1mM TCEP wash (TCEP).  To 

normalize running conditions, 1 mM TCEP was added to the extended washes subsequently to 

collection. All samples were quenched after 15 min. B.) Graphs reveal the percent signal intensity 

of extended vs TCEP washes for MUC5AC (i.) and MUC5B (ii.). Extended washes removed 94% 

and 83% of total MUC5AC and MUC5B, respectively. ****P<0.0001, Student’s t-test. Error bars 

indicate SEM. 
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Figure S8. Elastic (G’) and Viscous (G’’) moduli of cell washings from Figure 8. A.) 

Depictions of the mucin polymer behavior in cell washings with added beads (red) (not to scale). 

Short washings from control cultures appeared as soluble, unentangled polymer solution (i.) and 

from ETI-treated cultures as a more concentrated polymer solution (ii.). Long washings are shown 

as a mixture of readily-soluble and slow-swelling mucins for both the vehicle- and ETI-treated 

cultures (iii.). B.)  Elastic (G’) and viscous (G’’) moduli of cell washings from Figure 8 are shown 

as dashed and solid lines, respectively. Grey lines represent G’ and G” for beads/particles in the 

“thin” fraction, while black lines represent G’ and G” for beads/particles in the “thick” fraction at 

increasing frequencies. Note, sol/gel phase transition occurs when G’≥G” or when dashed a solid 

lines intersect. Short washes on DMSO-treated cells did not display a true gel-like behavior (i.e., 

neither grey nor black lines intersected), whereas ETI-treated cell washings exhibited a gel-like 

response in their thick cluster (i.e., black lines intersected). C.) Long washes on both DMSO- and 

ETI-treated cells yielded a thick, gel-like viscoelastic mucus.   
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Figure S9. Viscoelastic properties of extended washes on naïve CF HBE cells with and 

without TCEP treatment.  Naïve CF HBE cell cultures were washed for 3h with Krebs Ringer 

(extended) and analyzed by particle tracking microrheology (PTM). In parallel, extended washings 

were treated ex vitro with 1 mM TCEP (TCEP) for 15 min, quenched, and analyzed by PMT. A.) 

Histograms of complex viscosity (ƞ*) revealing bead probability density of extended (green) and 

TCEP (orange) washes. TCEP treatment resulted in a rheologically uniform solution (i.e., one 

narrow peak) with reduced viscosity compared to extended washes without TCEP treatment (i.e., 

two wide peaks). B.) Elastic (G’ or solid line) and viscous (G’’ or dotted line) moduli of extended (i.) 

and TCEP cell washings (ii.). Overall, mucus collected by extended washes behaved like a 

viscoelastic fluid, while mucus treated with TCEP behaved as a sol with no elastic response (i.e., 

considerably low frequencies). C.) Viscoelastic response of individual beads showing the average 

behavior of extended (i.) and TCEP-treated washes (ii.). Extended washes contained a mixture of 

beads that sensed a sol-like (light green) and a gel-like phase (dark green). TCEP-treated washes 

contained nearly all the beads in a sol phase (light orange) and hardly any beads in a gel-like 

phase (dark orange).  
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Videos 1-8: Representative videos of MCT velocity from Figure 5 of NT (videos 1-4) and ETI-

treated (videos 5-8) primary F508del HBE cell cultures. 
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