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Abstract

Patients with cystic fibrosis (CF) exhibit pronounced respiratory damage and were initially 

considered among those at highest risk for serious harm from SARS-CoV-2 infection. Numerous 

clinical studies have subsequently reported that individuals with CF in North America and 

Europe – while susceptible to severe COVID-19 – are often spared from the highest levels of 

virus-associated mortality. To understand features that might influence COVID-19 among patients 

with cystic fibrosis, we studied relationships between SARS-CoV-2 and the gene responsible for 

CF (i.e., the cystic fibrosis transmembrane conductance regulator, CFTR). In contrast to previous 

reports, we found no association between CFTR carrier status (mutation heterozygosity) and more 

severe COVID-19 clinical outcomes. We did observe an unexpected trend towards higher mortality 

among control individuals compared to silent carriers of the common F508del CFTR variant—a 

finding that will require further study. We next performed experiments to test the influence of 

homozygous CFTR deficiency on viral propagation, and showed that SARS-CoV-2 production 

in primary airway cells was not altered by absence of functional CFTR using two independent 

protocols. On the other hand, experiments performed in vitro strongly indicated that virus 

proliferation depended on features of the mucosal fluid layer known to be disrupted by absent 

CFTR in patients with CF, including both low pH and increased viscosity. These results point to 

the acidic, viscous, and mucus-obstructed airways in patients with cystic fibrosis as unfavorable 

for establishment of coronaviral infection. Our findings provide new and important information 

concerning relationships between the CF clinical phenotype and severity of COVID-19.

Graphical Abstract

• Several studies have suggested a mechanistic relationship between CFTR and COVID-19.

• In contrast to previous reports, we found no association between CF carrier status (mutational 

heterozygosity) and clinical severity of SARS-CoV-2 infection among nearly 3,000 patients with 

COVID-19 and ~6,000 controls.
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• SARS-CoV-2 production in primary airway cells was not altered by homozygous absence of 

functional CFTR.

• Our results point to acidic, viscous, and mucus-obstructed airways in patients with cystic fibrosis 

as unfavorable for propagation of the coronavirus.

Keywords

SARS-CoV-2; Cystic fibrosis transmembrane conductance regulator; virus replication; mucus 
membrane; COVID-19; comorbidity

Introduction

Because cystic fibrosis (CF) is associated with severe respiratory insufficiency 

and pulmonary failure, patients homozygous for disease-associated cystic fibrosis 

transmembrane conductance regulator (CFTR) mutations were expected to be among the 

most seriously compromised due to COVID-19 (1–5). Early in the pandemic, a national 

patient registry in the United States described >1,250 individuals with CF infected by 

SARS-CoV-2, and reported a total of 11 deaths, more than half of which occurred among 

those with a previous lung transplant. In a global study of 149 SARS-CoV-2 infected 

patients with CF aged 0–74 years (without lung transplantation), three deaths due to SARS-

CoV-2 were recorded. A recently published comprehensive study of 1542 CF patients 

infected with the coronavirus reported a mortality rate of 0.7% (6). These values were lower 

than case-fatality rates in the general population across various nations that averaged ~2–3% 

worldwide (7). Despite severely injured CF lungs, therefore, patients with CF who contract 

COVID-19 usually recover favorably (3, 8–20), although SARS-CoV-2 outcomes in CF 

could change for the worse at any time due to new viral variants or other factors.

The finding that individuals with CF may often be spared the most dire consequences 

of COVID-19 is not understood. A number of features have been suggested by others 

to help account for this clinical observation. Social distancing - to prevent transmission 

of bacterial or other respiratory pathogens - is routinely practiced by the CF patient 

community, and it has been proposed that SARS-CoV-2 might have been limited at least 

in part by diligent mask wearing or other health-related behavioral measures among patients 

with cystic fibrosis (13). However, since significant numbers of individuals with CF in 

North America and Europe have contracted COVID-19 (see above), clinical outcomes 

cannot simply be attributed to physical distancing without invoking other factors (e.g., 

diminished viral inoculum due to protective masks). It has also been speculated that because 

of chronically inflamed respiratory tissue, CF lungs might be less able to mount the 

cytokine storm or related pathogenic responses elicited by SARS-CoV-2. Other diseases 

characterized by chronic pulmonary inflammation, however, continue to be viewed as poor 

prognostic indicators for the virus (1, 21, 22). Individuals with CF are also younger than 

the general population, and infrequently exhibit SARS-CoV-2 risk factors such as marked 

obesity or coronary artery disease, although CF-related diabetes mellitus is a relatively 

common finding. Moreover, younger age at time of infection does not mitigate COVID-19 

severity in chronic respiratory conditions such as bronchopulmonary dysplasia (21). While 
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early in the pandemic, age did not appear to be a statistically significant indicator of 

CF hospitalization due to SARS-CoV-2 (3), subsequent studies have shown an association 

between older age and increased disease severity among patients with CF (6). Another 

potential consideration involves use of chronic CF medications (e.g., bronchodilators, anti-

inflammatories, azithromycin, DNase, etc.) that in some cases might afford protection 

against coronaviral lung disease (for example (23–25)). The potential benefits of anti-

inflammatory drugs have been supported in clinical studies of non-CF individuals infected 

with SARS-CoV-2 (26), although azithromycin in particular was not found to provide 

protection in CF (27, 28). In summary, while it is important to acknowledge that patients 

with CF have fared far better than originally envisioned, potential relationships between 

clinical CF, COVID-19, and CFTR function require further investigation.

CFTR is an epithelial chloride and bicarbonate ion channel that regulates composition and 

thickness of the airway surface fluid in human lungs (29–31). Specific features of CFTR 

cellular biology have been postulated as a link between CF and COVID-19 severity (32–

39). For example, pre-pandemic studies of airway biology described CFTR localization 

in clathrin-coated pits (same location as the coronaviral receptor), debated CFTR as a 

regulator of endosomal pH (and therefore potentially contributing during viral proteolysis 

and/or uncoating), demonstrated CFTR regulation of airway mucosal pH, and showed local 

chloride concentration to be important during receptor attachment of other coronaviruses 

(40–55). Any of these factors might be taken to suggest mechanistic connections between 

CFTR and coronaviral pathogenesis.

In the present study, we investigated key aspects of F508del CFTR in relation to SARS-

CoV-2 respiratory infection. We found higher CF carrier frequencies for a population of 

younger Italian males with severe COVID-19, but did not observe a similar association 

among Spanish males. We detected an overall trend towards protection from death in a 

large European cohort comprising heterozygotes for F508del CFTR, a finding that will 

require further study. These results are important for interpreting a number of earlier 

publications indicating that carrier status for CFTR mutations predisposes to more severe 

SARS-CoV-2 lung disease (56–58). We next tested whether homozygous CFTR defects 

would alter viral infectivity in vitro. We utilized primary human bronchial epithelial cell 

(hBEC) monolayers from individuals homozygous for F508del CFTR, and observed no 

statistically significant impact on virus replication , as judged by two virology laboratories 

employing independent protocols. Ionic composition, pH, viscosity, and protease balance 

are known to be strongly disrupted in airway fluids from patients with CF. We provide 

evidence that replacing airway epithelia-generated surface liquid in vitro with physiologic 

buffer leads to impairment of SARS-CoV-2 infection. Moreover, physicochemical properties 

that are well described features of CF respiratory secretions—low pH and elevated viscosity

—inhibited viral production. Our findings support a model in which an acidic, viscous, 

and chronically disrupted CF pulmonary mucosal microenvironment may act to impair 

coronaviral propagation. The data are important for an improved mechanistic understanding 

of SARS-CoV-2 pathogenesis among a group of patients otherwise considered at high risk 

for life-threatening COVID-19.
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Materials and Methods

Human DNA samples and genotyping

Two independent sets of patient samples were genotyped. In one study, blood was obtained 

from 424 individuals from the US hospitalized with severe COVID-19. The majority were 

from Northeast Georgia Medical Center, Gainesville, Georgia (295 samples) or Emory 

University Hospital, Atlanta, Georgia (119 samples), with ten samples from Elliot Hospital, 

Manchester, NH. Of the 424 samples, 296 came from patients that self-identified as “White 

- not Hispanic”, and 128 samples from individuals identified as “White” – which may 

include a subset of Hispanic ethnicity. A much larger study evaluated White subjects 

residing in Italy, Spain, or Norway, previously analyzed by Ellinghaus et al. and Degenhardt 

et al. (59, 60). Individuals from these cohorts were hospitalized with severe COVID-19 

between February and September 2020 (European cohort), or between April and September 

2020 (US cohort). SARS-CoV-2 positivity status was validated by RNA polymerase-chain-

reaction (PCR) of nasopharyngeal swabs or other relevant biologic fluids and “severe” 

individuals were defined as SARS-CoV-2 positive, hospitalized patients requiring respiratory 

support ranging from nasal oxygen and mechanical ventilation to extracorporal membrane 

oxygenation (ECMO). In total, 9,545 European individuals with complete data on age and 

sex that passed quality control in a genome-wide association study (GWAS) by Degenhardt 

et al. (60) were evaluated for CFTR F508del. Twenty-eight samples failed to be typed 

for the CFTR variant, whereas 9,517 individuals were appropriate for analysis. Overall, 

2,540 patients and 6,977 matched controls from the general population with unknown 

SARS-CoV-2 status were evaluated. General statistics regarding these individuals are shown 

in Supplementary Tables S2A–C. DNA in both studies was genotyped using a TaqMan SNP 

assay for the common F508del CFTR variant (rs113993960; ThermoFisher, MA, USA).

Cell lines

Vero E6 cells (American Type Culture Collection (ATCC), VA, USA) were propagated 

in Dulbecco’s Modified Eagle’s Medium (DMEM), with 10% v/v Serum Plus II Medium 

Supplement (Sigma-Aldrich, MO, USA), 100 U/ml penicillin, 100 μg/ml streptomycin, 

and 2 mM L-glutamine (GIBCO, ThermoFisher). Except where noted otherwise, Calu-3 

pulmonary adenocarcinoma-derived cells (ATCC) were grown as submerged monolayers 

in Eagle’s Minimum Essential Medium (MEM), supplemented with 10% v/v fetal bovine 

serum (FBS), 100 U/ml penicillin, 100 μg/ml streptomycin, 1% minimum essential medium 

(MEM, GIBCO, ThermoFisher) non-essential amino acids, and 2 mM L-glutamine.

Pulmonary cells grown at air-liquid interface (ALI)

Human bronchial epithelial cell models (i.e., airway epithelium) were obtained from 

commercial vendors as follows: three healthy (non-CF) donor cell lines (c2540s, Lonza, NC, 

USA; c12640, PromoCell, Heidelberg, Germany; FC0035, Lifeline Cell Technology, MA, 

USA) and three F508del/F508del CF donor cell lines (CF-AB-045–202 and CF-AB-060–

901, Epithelix Sàrl, Switzerland; FC0103, Lifeline Cell Technology). Primary cells were 

propagated beginning at passage three on PureCol (Sigma-Aldrich) coated T75 flasks with 

Ex Plus expansion medium (Stemcell Technologies, Vancouver, Canada) at 37°C and 5% 

CO2/95% O2 until ~70–80% confluent. Monolayers were generated according to well 
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established protocols (61–65) on 6.5 mm transwells (Corning) coated with collagen (type 

IV from human placenta, Sigma-Aldrich) by seeding at a density of 150,000 cells per 

insert, and maintained under submerged conditions in Ex Plus medium for three days. 

Apical and basolateral culture medium was aspirated and lower chamber fluid replaced 

with airway-liquid interface (ALI) medium (Stemcell Technologies). These conditions were 

maintained for 21–28 days until monolayers became fully differentiated. The respiratory 

epithelial model generated in this manner faithfully replicates in vivo characteristics of 

pulmonary mucosa such as basal, ciliated, and other cell types, junctional complexes, and 

SARS-CoV-2 propagation (61–73) (see also below).

Calu-3 cell air liquid interface cultures were expanded in MEM supplemented with 10% 

FBS and 1% MEM non-essential amino acids until 70–80% confluent. Approximately 

150,000 cells were seeded on 6.5 mm transwells with culture medium present on both apical 

and basolateral surfaces. Medium from the apical chamber of each insert was removed three 

days after seeding, and monolayers maintained under ALI conditions an additional four days 

prior to analysis.

Production of virus stocks and studies of virus infection

SARS-CoV-2 isolate USA-WA1/2020 was obtained from BEI Resources (VA, USA) and 

propagated in Vero-E6 cell culture. Virus-containing medium was harvested two days post 

infection, when significant cytopathic effect was observed. Viral stocks were titered by serial 

dilution on Vero-E6 cells in a 96-well plate format, with seeding at 20,000 cells per well. 

The following day, infection for determining titer was performed with serially diluted virus. 

Cells were fixed 5–7 h post infection and stained for SARS-CoV-2 nucleocapsid (N) protein. 

This timing was chosen based on our observation that N protein expression can be detected 

as early as two hours post-infection (hpi), together with data showing by 10 hpi, infection 

will have begun to spread (74, 75). Viral titer was defined as the number of infectious units 

(IU, i.e., cells stained positive for N) per ml. Stocks used in these studies were between 

2×104 and 2×106 IU/ml.

The mNeonGreen expressing reporter virus, icSARS-CoV-2_mNG, was acquired from 

World Reference Center for Emerging Viruses and Arboviruses (WRCEVA, TX, USA) 

in lyophilized culture medium (76). This virus is based on the USA-WA1/2020 isolate, 

but expresses mNeonGreen in place of Orf7a, allowing identification of infected cells by 

fluorescence microscopy. Virus was resuspended in phosphate buffered saline (PBS) and 

amplified by passage through Vero-E6 cells, followed by titering as above. Replication 

deficient adenovirus expressing GFP under control of a CMV promoter (AdV-GFP) was 

obtained from the Baylor University Gene Vector Core (Waco, TX, USA) and used as a 

control vehicle for infection, as well as one test of monolayer integrity following washing/

replacement of overlying mucosal surface liquid.

SARS-CoV-2 replication kinetics in bronchial epithelial cells

Experiments to probe replication kinetics were performed at Rocky Mountain Laboratories, 

National Institutute of Allergy and Infectious Diseases (NIAID). Differentiated monolayers 

of human bronchial epithelial cells were grown in air-liquid interface transwells. Tissue 
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samples from three CF and three non-CF donors were inoculated; four replicate wells were 

harvested per donor per timepoint. To assess virus replication kinetics, monolayers were 

gently washed with PBS twice; SARS-CoV-2 USA-WA1/2020 virus stock was diluted in 

growth media to achieve MOI 0.1 (based on stock virus titer in tissue culture infectious 

dose 50 (TCID50)), added to the apical surface of the monolayers, and incubated for 1 hr 

before removal and washing with PBS. To collect samples, 250 μl PBS was pipetted onto 

the apical surface of the monolayer, mixed and removed, at three, 12, 24, 48 and 72 hrs post 

inoculation. 140 μl of this supernatant was used for RNA extraction with the QiaAmp Viral 

RNA kit (Qiagen, MD, USA) according to manufacturer’s specifications. Five μl of RNA 

was used in a one-step real-time RT-PCR assay to detect E gRNA (77) with the QuantiFast 

probe kit (Qiagen, MD, USA) according to instructions of the manufacturer. In each run, 

standard dilutions of counted RNA standards were measured in parallel to calculate copy 

numbers in the samples. A single stock solution was used for viral inoculation at the t = 0 

time point and verified for active virus.

Immunofluorescence microscopy

Cells were grown and infected in a 96-well plate format and fixed by removing medium 

and replacing with 100 μl 4% v/v paraformaldehyde in PBS. Following incubation at 

room temperature for 30–60 minutes, paraformaldehyde was replaced with 100 μl 0.1% 

v/v Triton X-100 in PBS to permeabilize cell membranes. After 10 minutes, Triton 

X-100 was aspirated and 100 μl blocking buffer (5% v/v FBS in PBS supplemented 

with 0.1% v/v Tween-20 (PBST)) incubated for one hour. Forty μl rabbit monoclonal 

anti-nucleocapsid antibody (SinoBiological #40143-R001) was diluted 1:5,000 in blocking 

buffer and added to plates overnight at 4°C. Samples were subsequently washed twice 

with 100 μl PBST and incubated with 40 μl goat anti-rabbit Alexa Fluor 647 (Invitrogen, 

#A-21244) and Hoechst-33342 (Invitrogen, ThermoFisher, MA, USA) diluted 1:2,000 and 

1:10,000, respectively, in PBST for one hour at room temperature in the dark. Samples 

were then washed four times with 100 μl PBST and imaged using a Cytation 5 multi-mode 

microscope (Biotek, VT, USA). Total cell counts (nuclei) and infected cells were quantified 

with Gen5 software (Biotek).

Sputum Collection and Processing

CF hBECs in vitro do not consistently produce increased volumes of mucus (compared to 

wild-type) or exhibit the ‘plastering’ of viscous secretions to epithelial surfaces commonly 

observed in vivo. Moreover, cystic fibrosis hBECs fail to demonstrate key aspects of 

chronic CF inflammation, making it difficult to replicate certain hallmarks of in vivo 
sputum caused by homozygous loss of CFTR. That said, airway epithelial monolayers 

do mimic crucial elements of the in vivo mucosal surface, including transepithelial tissue 

resistance, membrane polarity, vectoral ion transport, cellular populations resembling those 

in vivo, and CF bioelectric abnormalities. In order to evaluate impact of in vivo airway 

secretions from patients with CF on viral production, freshly isolated sputum or processed 

sputum supernatants were obtained from the Biospecimen Registry at the Emory/Children’s 

Hospital Cystic Fibrosis Care Center in Atlanta. Sample collection was in accordance with 

institutional guidelines and all donors provided informed consent. Sputum samples were 

maintained under sterile conditions on ice at 4°C after expectoration. For some studies, 
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supernatants were prepared as follows: 10 ml of PBS-EDTA was added per gram of sputum, 

followed by homogenization using multiple passages through a sterile 18-gauge needle. 

After two cycles of centrifugation (800g (10 min) and 3000g (20 min)) at 4°C, supernatants 

were collected. Complete protease inhibitor cocktail (Roche, Basel, Switzerland) was added 

with subsequent storage at (−80°C). If needed, a small amount of PBS was included to 

facilitate pipetting of viscous secretion.

Infection of submerged Calu-3 cells

Calu-3 cultures in 96-well plates were infected 24-hours post-seeding at near 100% 

confluency. Carboxymethylcellulose (CMC), a compound used to augment viscosity, was 

prepared at 2% w/v in PBS. After mixing to dissolve CMC powder, the solution was 

autoclaved to sterilize, and then diluted to various concentrations with PBS. CMC solutions 

were mixed 1:1 with EMEM culture medium and added to cell monolayers in a total volume 

of 100 μl. icSARS-CoV-2_mNG was added to cells at MOI of 0.01 in 20 μl EMEM. 

After 24 h, cells were fixed with 4% paraformaldehyde, and imaged using a Cytation 

5 multi-mode microscope as above. A similar CMC protocol was applied to test hBEC 

monolayers.

Adjustment of ALI culture conditions

i. pH modification: Hank’s balanced salt solution (HBSS) was titrated to desired 

pH (between 6.5 and 8.0), and equilibrated at 37 °C, 5% CO2 for 30 minutes. 

Virus stocks were diluted 1:10 in modified HBSS prior to infection.

ii. Mixing of sputum with SARS-CoV-2: virus stocks were diluted in sputum or 

supernatant prior to infection.

iii. Viscosity: SARS-CoV-2 was diluted 1:10 in PBS or PBS supplemented with 

CMC (see above).

iv. Washing: Two hundred μl of Pneumacult-ALI medium (Stemcell Technologies) 

was added apically to monolayers. After 20 minutes, medium was gently 

aspirated.

v. Virus recovery: ALI cultures were infected with 10 μl virus solution (SARS-

CoV-2 or recombinant adenovirus) added to the apical surface of monolayers. 

Unless otherwise specified, cultures were not washed to remove airway surface 

liquid and mucus prior to infection. Following infection, RNA was harvested 

using Purelink RNA Mini Kit (Invitrogen, MA, USA).

qPCR to quantify SARS-CoV-2 RNA

For experiments performed at Emory University, RT-qPCR was conducted using the Center 

for Disease Control (Research Use Only) kit (IDT #10006713) and GoTaq® Probe 1-Step 

RT-qPCR (Promega, WI, USA). SARS-CoV-2 RNA quantification utilized a standard N1 

primer and probe set, with host RNA levels measured by primers that amplify ribonuclease P 

(RNAseP). Changes in levels of SARS-CoV-2 RNA were assessed using the ΔΔCt method, 

where abundance of N RNA at 48 h post-infection was normalized first to cellular RNAseP 

from the corresponding sample, and subsequently to abundance at 0 h, i.e, input. This 
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conventional approach to qPCR allows monitoring of relative levels of viral production but 

not absolute viral concentrations. Fold change in the level of SARS-CoV-2 N RNA was 

determined assuming a two-fold difference in RNA level per amplification cycle of qPCR.

Gene expression—Droplet digital PCR (ddPCR) employed the QX200 PCR System 

(Bio-Rad, CA, USA) according to manufacturer’s protocol. Total RNA was retrotranscribed 

in SuperScript IV VILO Master Mix (ThermoFisher Scientific), and cDNA products (10 ng) 

transferred to 96-well plates compatible with the droplet generator device. ddPCR master 

mix for gene expression was prepared by addition of two-fold diluted ddPCR supermix for 

probes (no dUTP) (Bio-Rad), with 0.9 μM and 0.25 μM final concentrations of primers and 

FAM probes, respectively. Target genes included: human-ACE2 (Hs01085333_m1), human-

TMPRSS2 (Hs01122322_m1) (ThermoFisher Scientific), and CFTR (Hsa-CPE5056656) 

(Bio-Rad). Similar concentrations of reference human-TBP (Hsa-CIP0036255) or human-

HPRT1 (Hsa-CPE5192872) primers and HEX probes (Bio-Rad) were studied as controls. 

Following PCR amplification of target and reference genes in droplets, reactions were 

evaluated using a QX200 Reader (Bio-Rad). QuantaSoftTM Software (Bio-Rad) determined 

the numbers of positive and negative droplets for each fluorophore in all samples (providing 

concentrations of target and reference DNA molecules in units of copies/μl input). Results 

were calculated as the ratio of copies of target per reference gene.

Statistics

F508del status and COVID-19 severity in human subjects—For evaluation of 

CFTR genotypes, we performed analyses in R version 3.6.1. Logistic regression based 

on COVID-19 case/control status was assessed, including age, sex, age*age, age2 and the 

first 10 principal components calculated from whole-genome genotypes post-GWAS quality 

control (59, 60). A meta-analysis across the different European studies (Italy, Spain and 

Norway) was conducted using an inverse-variance weighted fixed-effects approach and 

the R package metafor (doi: 10.18637/jss.v036.i03). We also stratified the analysis for 

sex and age, omitting age and sex covariates from the regression models, respectively. 

We selected age groups <=60 and >60 in correspondence to evaluation performed by the 

COVID-19 Human Genetics Initiative (HGI) and Degenhardt et al. (60). To test for possible 

correlation of a heterozygous (CF carrier status) CFTR genotype with disease severity, 

we grouped COVID-19 positive individuals into two cohorts: those who received nasal 

oxygen only were assigned the base “control” status, and individuals who received at least 

mechanical ventilation were assigned a “case” status. With mortality data available for a 

subset of individuals, we also performed a logistic regression analysis in the COVID-19 

patients only with “survival at hospital release” coded as “control” and “death” coded as 

“case”. All analyses were conducted using an additive/dominant genetic model. For these 

studies, CFTR genotypes were coded as 0,1 with 0 representing wt/wt and 1 representing 

wt/F508del. We detected one F508del/F508del individual in the male Italian population with 

severe COVID-19 but excluded him from evaluation (any statistical significances remained 

when this individual was included in the analysis). Summary information describing patient 

demographics and treatment regimens is presented in Tables S1A, S1B, and S1C, with CF 

carrier frequencies shown in Tables 1 and 2. The corresponding allele frequencies are also 

summarized in Supplemental File S1. P-values of association were corrected for multiple 
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testing using the Bonferroni-Holm correction method. Only studies with more than 50 

affected and unaffected individuals within each stratum were considered (i.e. the Norwegian 

cohort was omitted for the substratified assessment).

In vitro statistical analyses were performed using Graphpad Prism 9; tests included two-

tailed t-tests (Fig. 2A–C); two-way ANOVA with Bonferroni’s post-hoc test (Fig. 1A, C; 

Fig, 4 A–C); repeated-measures ANOVA with Dunnett’s post-hoc test (Fig. 3A, C).

Results

CFTR F508del carrier status does not impact likelihood of hospitalization from severe 
COVID-19 (first pandemic wave)

Mutant CFTR carrier status is associated with a number of non-CF respiratory diseases, 

including bronchiectasis, sinusitis, and bronchitis (78). Earlier studies have reported that 

CFTR mutation carrier status predisposes to more severe SARS-CoV-2 infection (56–58). 

Among 424 samples from U.S. patients hospitalized with severe COVID-19, we detected 

eight individuals heterozygous for CFTR F508del (1.9%). The expected carrier frequency 

among the Caucasian population in the United States is ~2–3%. This finding suggested 

carriers of F508del exhibit similar susceptibility to severe COVID-19 compared to the 

overall U.S. population (p > 0.05, binominal test, observed vs. expected distribution). In 

order to extend the analysis in a much larger number of subjects, we determined F508del 

heterozygous status in 2,540 patients hospitalized with COVID-19 and 6,977 controls from 

a European cohort in Italy, Spain, and Norway. Although we detected slightly higher 

frequencies of F508del carriers in patients exhibiting severe COVID-19 compared to control 

individuals (frequencies, controls/COVID-19): Italy - 1.68%/1.84%; Spain - 1.42%/1.63%; 

Norway - 1.15%/1.61%), these differences were not statistically significant (all p values > 

0.05; meta-analysis: p = 0.205; Table 1 and Supplemental File S1).

Younger age as a COVID-19 risk factor among male Italian F508del carriers

We next analyzed F508del CFTR carrier status in the European cohort for the following 

population categories: male or female gender; age 60 or under; age over 60; and disease 

severity (requiring nasal oxygen vs. mechanical ventilation). Italian males under 60 

requiring COVID-19 hospitalization had higher CFTR F508del carriership than in the 

healthy Italian population (3.73% vs. 1.74%; p = 0.014). The same did not hold among 

Spanish males (1.92% vs. 1.54%; p = 0.471; Supplemental File S1). In an attempt to explain 

this difference, we examined potential confounders (disease severity and comorbidities) in 

both the Italian and Spanish cohorts. The younger Italian COVID-19 patients, on average, 

received ventilation more often than the Spanish group (87.9% vs. 45.1%, respectively; 

Supplemental Table S1C). However, the level of respiratory support could not account for 

differences in F508del carrier frequency for the two populations (p = 0.793; Supplemental 

Fig. S1A). Hypertension, coronary artery disease, and diabetes were also comparably 

represented in the younger male COVID-19 patients (Supplemental Table S1C), and no 

differences were observed in carriership of F508del with regard to hypertension or coronary 

artery disease (p = 0.707 and p = 0.893, respectively; Supplemental Fig. S1A).
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F508del CFTR and a trend towards protection from COVID-19 related death

Analysis of survival was possible in a total of 1,930 individuals from Italy and Spain. 

F508del carrier frequencies among patients who survived were three times higher than those 

who died (~2.0% vs. ~0.65%). An OR of 0.36 (0.08 – 1.59) indicated a trend towards 

protective effects of carrier status (p = 0.178; Table 2; Supplemental File S1). While a 

tendency for protection of CF carriers from COVID-19 mortality could be of interest from 

an evolutionary standpoint (see below), the data indicate larger numbers of study subjects 

will be necessary to determine the significance of this finding in detail.

ACE2, TMPRSS2, and CFTR mRNA expression in CF and non-CF airway epithelia

Because no robust effects on COVID-19 outcomes could be ascribed to F508del CF carrier 

(heterozygous) status, we next evaluated the homozygous CF genotype – which leads to a 

very different set of clinical findings than mutant CF heterozyosity. Patients homozygous 

for CFTR variants exhibit mucus and airway surface fluid acidification, hyperviscosity, 

blanketing of the airways by CF secretions, and occlusion of access to the mucosal 

surface. As noted above, homozygosity for CFTR mutations in vivo has also elicited 

patient outcomes considerably less severe than anticipated. We therefore performed studies 

directed towards impact of homozygous CFTR variants in relation to features of SARS-

CoV-2 pathogenesis. This included potential mechanistic relationships between complete 

CFTR deficiency in vitro and aspects of SARS-CoV-2 infection. We began by testing 

expression of two proteins important for viral entry, ACE2 and TMPRSS2 (79), in CF-

derived F508del/F508del primary airway epithelial monolayers and in matched airway cells 

from healthy donors expressing wild-type CFTR. ACE2 mRNA expression was reduced 

by approximately 30% in CF cells (p <0.0001). This result is similar to a previous report 

in which Bezzerri et al. showed ACE2 was deficient in CF primary airway epithelia as 

judged by quantitative immunofluorescence. The same report indicated decreased SARS-

CoV-2 replication and diminished IL6 expression in the CF samples (80). TMPRSS2 RNA 

expression was variable (Fig. 1A), but (unlike ACE2) demonstrated moderate correlation 

with SARS-CoV-2 replication (Fig. 1B, R2 = 0.76), compatible with importance of secreted 

proteases during the viral infectious cycle (30, 81). Protease/anti-protease imbalance is well 

established in CF airways in vivo (82–91), and the possibility that clinical features of CF 

lung disease related to protease activity might influence SARS-CoV-2 infection has been 

suggested previously (32, 39). As expected, F508del CFTR mRNA levels were similar to 

wild-type (p = 0.440), i.e., the F508del variant elicits a protein folding abnormality without 

markedly altering CFTR mRNA abundance (Fig. 1A). Comparable levels of KRT5 mRNA, a 

pulmonary basal cell marker, indicated that monolayers contained similar airway progenitor 

cell differentiation (92). (CF and non-CF samples differed for KRT5 mRNA by 1.16%; p = 

0.48.)

Absence of CFTR and effects on viral propagation in primary airway epithelial monolayers

To test whether lack of functional CFTR can impact infection by SARS-CoV-2, we 

examined primary human bronchial epithelial cells from healthy controls and patients with 

CF encoding the F508del/F508del genotype. Air liquid interface epithelial monolayers were 

infected and virus replication monitored. Using two independent protocols at two virology 
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laboratories, we observed donor-to-donor differences, but comparable replication levels of 

SARS-CoV-2 in CF versus non-CF monolayers under conditions studied here (Fig. 1C and 

D). This result contasts findings from others (80).

Apical surface fluid replacement impacts viral infectivity

CFTR regulates depth and composition of the thin (<10 micron) fluid layer bathing mucosal 

surfaces of human airways in vivo (31). In order to examine the potential influence of 

conditioned ASL during SARS-CoV-2 infection, we studied replication in washed (using 

fresh PneumaCult-ALI medium at pH = 7.4) or unwashed cultures – i.e., without or with 

conditioned secretions produced by airway cells. We found that replacement of conditioned 

surface fluid with physiologic buffer dramatically reduced infectivity (p<0.0001; Fig. 2A). 

When we repeated the same experiment using ALI cultures from Calu-3 (airway serous 

glandular) cells, no significant differences were observed, indicating specificity for primary 

airway epithelium (Fig. 2B). To determine whether replacement of conditioned surface fluid 

is a general phenomenon that could suppress transduction by other viral constructs, we 

tested hBEC ALI cultures using recombinant (replication deficient) adenovirus, and found 

no impact on viral transgene expression (Fig. 2C). The adenovirus result also provides an 

indication of monolayer integrity and viability during a standard washing protocol, since no 

decrement of adenoviral gene transfer due to washing was observed. These findings suggest 

constituent(s) of mucosal secretion from primary human bronchial cells may help promote 

SARS-CoV-2 replication, although other potential contributors (e.g., mild or transient 

distortion of monolayers during washing, with a particularly strong effect on SARS-CoV-2) 

might also be considered as contributory. In either case, because hBECs are commonly used 

for mechanistic and other studies of COVID-19 pathogenesis—and since ALI monolayers 

are typically washed to remove mucus in experiments of this type—findings shown in Figure 

2A should be prominently considered when using the hBEC system.

Impact of features that contribute to CF airway disease in vivo

CFTR at the plasma membrane mediates HCO3
− secretion, and absent CFTR has been 

shown to confer low pH of the in vivo periciliary fluid layer, which alters host defense 

mechanisms, protease/antiprotease balance, and innate immunity (81, 93–99). Because CF 

animal models, as well as patients with cystic fibrosis, exhibit acidic airway surface fluid 

– and since chronically inflamed/infected CF mucus itself is strongly acidified – we tested 

viral infection of hBEC ALI cultures at pH between 6.5 and 8. Significantly diminished 

SARS-CoV-2 replication was observed at either low or high pH values (p = 0.043 for pH = 

6.5, p = 0.027 for pH 8.0; Fig. 3A). In this context, it is important to note that CF airways in 
vivo are also characterized by copious (infected/inflamed) mucinous secretions that adhere 

to the epithelial surface and range in pH between 2.9 and 6.5 (100). Diminished pH of ASL 

and acidic mucus in vivo might therefore be expected to reduce SARS-CoV-2 propagation.

Defective ion transport caused by absence of functional CFTR leads to depletion of airway 

surface liquid and dramatically increases mucus viscosity among individuals with cystic 

fibrosis (for review, see (29)). Unlike studies of epithelial monolayers in cell culture, years 

of CF lung disease in vivo result in a dense mucus matrix that blankets portions of the 

airway surface. As a model for viscosity, we added carboxymethylcellulose (CMC) to 
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periciliary fluid in vitro, and observed robust, dose-dependent blunting of viral infection 

(Fig. 3B). Viscous media significantly inhibited viral production by either hBEC or Calu-3 

ALI cultures (Fig. 3B and C).

CF airway secretions variably influence SARS-CoV-2 replication

Finally, we tested whether CF respiratory secretions, themselves, might impact SARS-

CoV-2 propagation. We performed infections of washed monolayers in the presence of 

freshly isolated CF mucus. Likely because CF sputum is highly variable in terms of 

microflora, protease/antiprotease balance, viscosity, pH, and other features, results from 

these studies were patient dependent. In some cases, CF sputum strongly activated viral 

production (compare CF mucus sample 1 and sample 2, Fig. 4A). Sputum constituents from 

certain individuals were found to partially or fully complement loss of viral replication after 

washing (Fig. 4B). Interestingly, human sputum samples that permitted viral propagation 

despite removal of conditioned ASL remained active at very low viral innocula (Figure 

4C), suggesting that mucosal fluid composition may be especially important when minimal 

virus is deposited at the apical cell surface (as often occurs during infection in vivo). In 

either case, these findings provide a means by which constituents of airway fluid that impact 

SARS-CoV-2 might be investigated in the future.

Discussion

Less-severe-than-projected outcomes among individuals with CF suggest that partial or 

complete deficiency of CFTR might play a role during pathogenesis of COVID-19 (3, 8–18). 

In this report, we describe studies to evaluate relationships between CFTR genotype and 

SARS-CoV-2 infection. Based on initial experiments in a group of 424 White individuals 

from the United States hospitalized for treatment of COVID-19 (Host Genetics Initiative 

[HGI] classification 2A) at both a major tertiary center and regional care facilities, we 

observed no evidence that F508del heterozygosity influenced likelihood of COVID-19 

hospital admission. Next, we evaluated a much larger number of individuals from Italy, 

Spain, and Norway and again found F508del carrier frequency to be similar between 

those hospitalized with SARS-CoV-2 infection (HGI classification 2B; Table 1) and non-

hospitalized controls. Our data did suggest younger (60 years or under) Italian male CF 

carriers were more frequently at risk for hospitalization due to COVID-19. This finding, 

however, was not reproduced among a greater number of European males. In contrast to 

earlier reports, therefore, we did not observe a correlation between COVID-19 severity and 

F508del carrier status. Moreover, comorbidities such as CAD, hypertension, or diabetes 

could not account for differences observed in young Italian males versus the population as 

a whole. Other modifying features should therefore be considered in studies that propose 

an association between CF-carrier status and SARS-CoV-2 lung disease (56–58). This is in 

addition to ways distinct viral strains (such as those appearing later in the pandemic) might 

influence susceptibility to coronaviral infection, immune response, or particular aspects of a 

specific study population (e.g., Spanish, Italian, Norwegan, or American).

The observation that COVID-19 mortality among F508del carriers was approximately one 

third that of individuals without the CFTR mutation is compatible with lower case-fatality 
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rates in the CF patient population at large (6). While analyses of heterozygous carrier 

status did not reach statistical significance, the tendency towards protection from death is of 

potential interest. Natural selective pressure, such as an unknown lethal infectious disease 

over millennia of human history, is believed to have caused the high prevalence of F508del 

CFTR among individuals of European descent (101–105). Although the etiologic pathogen 

has never been well established, a variety of epidemics have been implicated. Very little 

has been reported regarding widespread historical infections by coronavirus in Europe (106, 

107). Whether certain SARS-CoV-2 variants or other coronaviral pathogens may exhibit 

greater sensitivity to CFTR function will require further study.

Because partial CFTR deficiency (i.e., CF carrier status) was not found to correlate with 

COVID-19 clinical findings, we next investigated the extent to which complete loss of 

CFTR function (F508del homozygosity) might influence SARS-CoV-2 infection in vitro. 
In these studies, we tested virus replication using an airway model shown by numerous 

laboratories to recapitulate features of coronaviral pathogenesis (for examples, see (62, 63, 

66–73)). In contrast to other studies , we found no decrease of SARS-CoV-2 replication due 

to F508del CFTR homozygosity. Our data indicate that under standard conditions tested 

here, presence or absence of functional CFTR does not alter the intracellular environment 

(lysosomal uncoating, post-endoplasmic reticulum viral assembly, etc.) in ways that affect 

virus propagation.

Previous findings in animal models and humans have shown that CF airway surface fluid is 

strongly acidified, a result in agreement with function of CFTR as a pathway for mucosal 

bicarbonate secretion (81, 93–95, 108). pH has been reported as 5.2 +/− 0.3 in CF airway 

surface liquid from neonates, versus 6.85–7.65 within control newborn lungs. Moreover, 

in chronic mucopurulent (reduced) sputum samples taken from patients with CF, very 

strong acidification (pH 2.9 – 6.5) has been demonstrated (81, 93–96, 100). Delivery of 

virus to hBECs utilizes a comparatively large volume of buffered solution (versus the 10 

μm airway surface liquid depth), making determination of pH-related effects on native 

ASL in vitro problematic. For example, studies using SARS-CoV-2 infection of airway 

monolayers typically apply large inocula compared to much smaller volumes of conditioned 

ASL present in a tissue culture well (e.g., 100 μl inoculated viral volume versus 1.9 μl ASL 

in a single well of a 24-well plate). Accordingly, viral addition in vitro dilutes the 10-micron 

ASL depth (by ~50-fold) and resets pH to match the buffer in which virus is being added. In 

the present experiments, we tested controlled alterations of mucosal acidity, and found that 

mucosal fluid pH below 7.0 inhibits viral infection (Fig. 3).

Besides regulating pH, ion transport by CFTR plays an essential role maintaining 

proper viscosity of human respiratory secretions. In a prevailing model, pH and/or ionic 

composition govern expansion and elasticity of mucins produced by surface epithelium 

or submucosal glands (109–112). Since a conventional CF lung phenotype involving 

hyperviscous mucus and chronic infection/inflammation can require years to develop (and 

cannot be adequately reproduced by the hBEC system), we modified airway liquid viscosity 

using carboxymethylcellulose – and found robust suppression of SARS-CoV-2 (Fig. 3). 

Mucosal surfaces of chronically diseased lungs from individuals homozygous for mutations 

in CFTR are blanketed by thick and hyperviscous secretion. Based on findings presented 
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here, it is reasonable to imagine that among patients with CF, SARS-CoV-2 might be less 

able to reach susceptible lung cells – or that spread from an initial focus of infection 

to adjoining respiratory tissue could be vitiated by an acidic, viscous, and otherwise 

imbalanced CF micro-environment that is less favorable to viral propagation.

While investigating a possible role for CF human respiratory secretion during SARS-

CoV-2 replication, we found that washing of conditioned medium from airway epithelial 

monolayers conferred a marked decrease in virus infectivity (Fig. 2). Primary airway cells 

have been used extensively during mechanistic and pharmaco-therapeutic characterization 

of COVID-19, and such monolayers are routinely washed for removal of mucus just prior 

to infection. Impaired production of coronavirus after removing conditioned medium should 

therefore be considered in experiments of this type, particularly when designing protocols 

to test SARS-CoV-2 pathogenesis and/or anti-viral drug development. Results in Figure 2 

are important from an investigative perspective, since the findings establish that a standard 

protocol for washing airway monolayers can inhibit viral replication.

Care was taken in our studies to select in vitro conditions that – to the extent possible – 

faithfully replicate aspects of in vivo airway mucosa. Polarizing respiratory monolayers, 

studies of freshly isolated mucus from individuals with CF, and direct modulation of apical 

surface pH were employed. Newer methods for in vivo analysis of viral infection are 

emerging. For example, recent progress with non-invasive approaches to testing mucus 

viscosity by optical coherence tomography and particle tracking microrheology may allow 

airway mucus viscoelastic properties to be directly examined in vitro or in vivo – although 

additional work will be needed before the technology can be applied to experiments 

using COVID-19 (113). In the same context, methods for directly monitoring ASL pH 

are technically demanding, but aerosolization of SARS-CoV-2 in CF animals or human 

pulmonary tissue explants (as a test of CF in vivo susceptibility to viral pathogenesis) 

could represent a “physiologic” protocol for evaluating transmission. However, conditions 

that approximate infection of human subjects (site of inoculum, droplet deposition and 

composition, anatomic compartment most likely to be involved, relevance of cough/

respiration, or other features) remain difficult to mimic. That being said, the current findings 

delineate a novel mechanistic model involving CF and coronavirus – and point to the need 

for additional studies of this type.

In summary, while there is no question that individuals with CF, as well as obligate 

heterozygotes who carry a single CFTR mutation remain at substantial risk from COVID-19, 

numerous reports have unexpectedly shown that patients with CF experience clinical 

outcomes no worse than the general population. In contrast to other findings, the data 

presented here fail to demonstrate a prominent association between heterozygous loss 

of CFTR and susceptibility to severe COVID-19. Our results instead emphasize the 

importance of homozygous CFTR deficiency in vivo and resulting chronic changes of 

mucosal fluid as features that influence coronavirus infectivity. In particular, the data 

point to physicochemical properties of pulmonary secretion among individuals with CF 

(acidic pH, altered composition, viscosity) that may limit SARS-CoV-2 replication. These 

findings provide a framework by which studies to test relationships between ASL, CFTR 

and COVID-19 can be better understood in the future.

Tedbury et al. Page 16

FASEB J. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Study approval

For the Italian, Spanish and Norwegian studies, information on recruiting centers and Ethics 

Committee Approval IDs are detailed in Supplementary Table 1a of Degenhardt et al. 
(60). In short, all centers from which individuals were recruited obtained ethics approval 

from their local ethics committee. Subjects were recruited from four Italian, seven Spanish, 

and eight Norwegian centers. All US samples were evaluated from remnant blood derived 

from anonymized individuals hospitalized for COVID-19 without patient identifiers. These 

samples were designated “not human subjects research” by institutional ethics panels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We are grateful to Jan Tindall for editing the manuscript. We thank Samuel Smoot (Elliot Hospital, Manchester, 
NH) and members of the Northeast Georgia Medical Center and of the Emory University Clinical Laboratory for 
help preparing blood samples. We also thank the Severe COVID-19 GWAS Consortium for contribution of their 
data. A full list of all members is shown in Supplemental File S2. Full original study acknowledegements are 
presented in Degenhardt et al. (60). This study was carried out in part using anonymized data provided by the 
Catalan Agency for Quality and Health Assessment, within the framework of the PADRIS Program. The authors of 
the study would like to acknowledge all GCAT project investigators who contributed to the generation of the GCAT 
data. A full list of the investigators is available from www.genomesforlife.com. We also thank the Blood and Tissue 
Bank from Catalonia (BST) and all the GCAT volunteers that participated in the study. SARS-Related Coronavirus 
2, Isolate USA-WA1/2020, NR-52281 was deposited by the Centers for Disease Control and Prevention and 
obtained through BEI Resources, NIAID, NIH. icSARS-CoV-2_mNeonGreen was deposited by Pei-Yong Shi and 
obtained through the World Reference Center for Emerging Viruses and Arboviruses, NIAID, NIH.

Funding

This work was supported by the Italian Ministry of Health (Ministero della Salute) [Ricerca Finalizzata 
RF-2016-02364358]; Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico, Ricerca corrente; Fondazione 
IRCCS Ca’ Granda core COVID-19 Biobank [RC100017A]; “Liver BIBLE” [PR-0391]; and Innovative Medicines 
Initiative 2 joint undertaking of the European Union (EU) Horizon 2020 research and innovation programme 
and European Federation of Pharmaceutical Industries and Associations Programme Horizon 2020 [under grant 
agreement No. 777377] for the project LITMUS and the European Union, programme “Photonics” [under grant 
agreement 101016726] to LV. JCH was funded by the Research Council of Norway [grant no 312780] and a 
philanthropic donation from Vivaldi Invest A/S owned by Jon Stephenson von Tetzchner. The funders had no role 
in study design, data collection, data analysis, data interpretation, or writing of the report. AF was supported by a 
grant from the German Federal Ministry of Education and Research [01KI20197]. This work was also funded by a 
generous philanthropic donation from Banca Intesa San Paolo to RA. This study makes use of data generated by the 
GCAT-Genomes for Life cohort study of the Genomes of Catalonia, Fundacio IGTP; IGTP is part of the CERCA 
Program/Generalitat de Catalunya, and GCAT was funded by Acción de Dinamización del ISCIII-MINECO and 
the Ministry of Health of the Generalitat of Catalunya [ADE 10/00026]; with additional support by the Agència de 
Gestió d’Ajuts Universitaris i de Recerca (AGAUR) [2017-SGR 529], and National Grant [PI18/01512] and VEIS 
project [001-P-001647], co-funded by European Regional Development Fund (ERDF), “A way to build Europe”. 
EdW and BNW were supported by the Intramural Research Program, National Institute of Allergy and Infectious 
Diseases, National Institutes of Health.

Data availability

All statistical data are publicly available as Supplemental Material.

Abbreviations

ACE2 Angiotensin Converting Enzyme 2
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ALI Air-liquid interface

ASL Airway surface liquid

CAD Coronary artery disease

CF Cystic Fibrosis

CFTR Cystic Fibrosis Transmembrane Conductance Regulator

CI Confidence interval

CMC Carboxymethylcellulose

COVID-19 Coronavirus Disease 2019

ddPCR droplet digital polymerase chain reaction

DMEM Dulbecco’s Modified Eagle’s Medium

FBS Fetal Bovine Serum

GFP Green fluorescent proein

GWAS Genome-Wide Association Studies

hBEC human bronchial epithelial cells

HGI Host Genetics Initiative

MEM Minimum Essential Medium

MOI Multiplicity of infection

OR Odds Ratio

pFDR positive false discovery rate

PBS phosphate-buffered saline

RT-qPCR Reverse transcription quantitative polymerase chain 

reaction

SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2

TMPRSS2 Transmembrane Serine Protease 2

WT wild-type
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Figure 1. 
SARS-CoV-2 related features of primary human airway (bronchial) epithelium (hBEC) from 

three non-CF individuals or three patients with CF. Human primary cells were prepared 

as differentiated monolayers at air-liquid interface for each data point. (A) Quantitative 

analyses of ACE2, TMPRSS2, and CFTR expression in CF versus non-CF primary airway 

epithelia determined by ddPCR. Data is shown as the ratio of target gene expression to 

TBP or HPRT1 internal controls and calculated as mean +/− standard deviation (SD). 

Each bar represents 2–4 biological replicates per patient sample, with 2 ddPCR runs per 

replicate. (TMPRSS2 was normalized to HPRT1 due to expression at much higher levels 

than CFTR or ACE2 in primary airway epithelia.) For ACE2: CF vs. non-CF, p <0.0001; 
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for TMPRSS2 and CFTR: CF vs. non-CF, p >0.05. (B) Correlation analysis between ACE2 
and TMPRSS2 mRNA levels and SARS-CoV-2 replication. (C) hBEC monolayers were 

grown at air liquid interface and exposed to ~300 infectious units of SARS-CoV-2. Total 

RNA was harvested 48 h post infection and levels of SARS-CoV-2 RNA determined by 

RT-qPCR. Each bar represents a different individual with 2 biological replicates and 2 wells 

per repeat (4 wells total), with two duplicate qPCR samples per well (8 total qPCR values 

per bar). Propagation is expressed as viral RNA within cells, 48 h post infection, relative to 

sample CF-3 and normalized to RNaseP. Standard deviation bars are shown. Note that for 

certain points, error bars are shorter than height of symbols. (D) Virus replication kinetics in 

bronchial epithelial monolayers from three non-CF individuals and three individuals with CF 

were determined by inoculating separate monolayers with an MOI of 0.1 of SARS-CoV-2. 

Samples were collected from the apical surface at 3, 12, 24, and 48 h post infection. RNA 

was extracted and RT-qPCR performed to detect E gRNA. In each run, dilutions of counted 

RNA standards were run in parallel to calculate copy numbers in the samples. To confirm 

active virus, RT-qPCR was performed on the inoculum and immediately after removal of the 

wash. Data represent means and standard error of 4 replicate wells per donor per timepoint. 

Values of replication are variable between patient hBEC samples due to factors such as 

cell confluence, passage number, monolayer resistance, effects of genes other than CFTR, 

epistasis, etc. Differences between WT versus CF primary cells in (C) amount to modestly 

higher production of SARS-CoV-2 in the CF models, but overall (WT vs. CF) failed to reach 

statistical significance. CF samples in Figure 1D showed a maximal increase (peak value 

vs. 3-hour post inoculum timepoint) of 624-fold and non-CF samples showed a 370-fold 

increase.
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Figure 2. 
Impact of washing mucosal fluid prior to infection by SARS-CoV-2. (A) Human primary 

airway (bronchial) epithelia (hBEC), or (B) Calu-3 cells were prepared at air-liquid 

interface, and treated with ~300 infectious units of SARS-CoV-2 in PBS. In A), two 

different WT hBEC cell models from different individuals were tested eight times, and two 

different CF hBEC models were tested three times, under both gently washed and unwashed 

conditions (11 experiments in total). Washing was conducted to remove periciliary fluid 

and mucus. Total RNA from cells was harvested at 48 h post infection and levels of SARS-

CoV-2 RNA determined by RT-qPCR. Replication is expressed as relative viral RNA levels 

at 48 h, comparing unwashed vs. washed samples. The effects of washing were pronounced 

and, in many cases, essentially superimposable, making individual line graphs in Panel A 

difficult to distinguish. P value calculations by t-test included all 11 experiments (washed 

vs. unwashed, p < 0.0001). (C) Human primary bronchial epithelia were prepared as above 

at ALI (donor WT-1), then transduced with 1×108 infectious units (titered on 293T cells) of 

GFP-expressing recombinant adenovirus. After 48 h, GFP-positive cells were counted. Data 

in Panels (B) and (C) represent means and standard deviations. Overall viral production in 

Calu-3 cells was modestly (~2.5-fold) higher than in primary airway epithelial monolayers. 

Tissue origin from which cells are derived (airway glandular (Calu-3) versus pulmonary 

surface epithelial), growth conditions (including time required to achieve mature, polarizing 

cells), confluency, and other factors may contribute to differences in viral replication in 

hBEC versus Calu-3 model systems.
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Figure 3. 
Effect of mucosal pH and viscosity on SARS-CoV-2 infection. (A) Human primary airway 

cells were prepared at air-liquid interface, and treated with approximately 2,000 infectious 

units of SARS-CoV-2 in HBSS at the indicated pH. Total RNA was harvested 48 h 

post infection and levels of SARS-CoV-2 RNA determined by RT-qPCR. Replication is 

expressed as viral RNA levels, relative to results at pH 7 (*p < 0.05). (B) Calu-3 cells 

were seeded in 96-well plates. Prior to infection, cultures were switched to medium adjusted 

to contain the indicated percentage (v/v) of carboxymethylcellulose. Cells were infected 

at an MOI of 0.01 with icSARS-CoV-2-mNG. After 48 h, monolayers were fixed and 

number of infected cells per well determined by fluorescence microscopy. (C) Human 

bronchial epithelial monolayers at air-liquid interface were treated with approximately 1,000 

infectious units of SARS-CoV-2 diluted in PBS containing the indicated percentage (w/v) 

of carboxymethylcellulose. Error bars in (A) and (C) represent standard deviations. (**p = 

0.009 at 0.5% CMC and *p = 0.048 at 1% CMC compared to control)
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Figure 4. 
Effect of CF or non-CF human sputum on SARS-CoV-2 infection. Primary bronchial 

epithelial cells were prepared as epithelial monolayers at air-liquid interface. (A) A subset 

of bronchial epithelial cell filters were washed to remove conditioned surface liquid and 

mucus. Prior to infection, 2,000 infectious units of SARS-CoV-2 were diluted 1:5 either 

in PBS or in freshly expectorated mucus collected from patients with cystic fibrosis or 

a healthy individual and added to cells in culture. Multiple comparison p values washed 

versus unwashed (Bonferroni): PBS: 0.57; CFsp1: 0.05; CFsp2: >0.99; Non-CFsp: 0.04. (B) 

Paired hBEC samples (WT/WT or F508del/F508del) were washed to remove surface liquid 

and mucus. SARS-CoV-2 viral stock was diluted 1:5 in PBS or sputum supernatant and 

2,000 infectious units added to airway cell monolayers. PBS versus CFsp2, p = 0.01 (2-way 

ANOVA). (C) Prior to infection of unwashed non-CF epithelia, 1,000, 100 or 10 infectious 

units (IU) of SARS-CoV-2 were diluted in PBS or CF sputum supernatant 2. PBS versus 

CFsp2, p = 0.02; for virus dose effect, p = 0.03 (2-way ANOVA). Replication values in all 

panels represent viral RNA levels at 48 h. In (C), RNA levels are additionally normalized to 

the sample inoculated with 1,000 IU virus in PBS. Error bars in all panels represent standard 

deviations.
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Table 1.

Carrier frequencies of the CFTR F508del allele (i.e., F508del heterozygosity) in healthy individuals vs. 

individuals hospitalized with severe COVID-19 and meta-analysis for p-value of association with COVID-19 

outcome. The p-value of association, corrected for multiple testing using the correction method of Benjamini-

Holm (pFDR), was obtained from inverse-weighted fixed effects meta-analysis as detailed in Methods. Note: 

patient demographics and treatment regimens for study subjects are provided in Tables S1A, S1B, and S1C.

Italy Spain Norway

healthy COVID-19 healthy COVID-19 healthy COVID-19

total 3266 1251 3449 1226 262 62

wt/wt 3211 1228 3400 1206 259 61

wt/F508del 55 23 49 20 3 1

carrier frequency, % 1.68 1.84 1.42 1.63 1.15 1.61

Meta-analysis p = 0.205; pFDR = 1
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Table 2.

Carrier frequencies of the CFTR F508del allele in individuals with severe COVID-19 who survived at the time 

of hospital release vs. those who died with COVID-19, and meta-analysis p-value of association with 

COVID-19 outcome. The p-value of association, corrected for multiple testing using the correction method of 

Benjamini-Holm (pFDR), was obtained from inverse-weighted fixed effects meta-analysis as detailed in 

Methods.

Italy Spain

survived died survived died

total 811 152 812 154

wt/wt 796 151 796 153

wt/F508del5 15 1 16 1

carrier frequency, % 2.09 0.66 1.97 0.65

Meta-analysis p = 0.178; pFDR = 1
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