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Inflammation in the COVID-19
airway is due to inhibition of CFTR
signaling by the SARS-CoV-2 spike
protein

Hung Caohuy%3, Ofer Eidelman%1°, Tinghua Chen23 Ognoon Mungunsukh3*,
QingfengYang'*, Nathan |. Walton%3, Bette S. Pollard®, Sara Khanal’:3,
Shannon Hentschel”:®, Catalina Florez’”-®, Andrew S. Herbert” & Harvey B. Pollard23*

SARS-CoV-2-contributes to sickness and death in COVID-19 patients partly by inducing a hyper-
proinflammatory immune response in the host airway. This hyper-proinflammatory state involves
activation of signaling by NFkB, and unexpectedly, ENaC, the epithelial sodium channel. Post-
infection inflammation may also contribute to "Long COVID"/PASC. Enhanced signaling by NFkB and
ENaC also marks the airway of patients suffering from cystic fibrosis, a life-limiting proinflammatory
genetic disease due to inactivating mutations in the CFTR gene. We therefore hypothesized that
inflammation in the COVID-19 airway might similarly be due to inhibition of CFTR signaling by SARS-
CoV-2 spike protein, and therefore activation of both NFkB and ENaC signaling. We used western blot
and electrophysiological techniques, and an organoid model of normal airway epithelia, differentiated
on an air-liquid-interface (ALI). We found that CFTR protein expression and CFTR cAMP-activated
chloride channel activity were lost when the model epithelium was exposed to SARS-CoV-2 spike
proteins. As hypothesized, the absence of CFTR led to activation of both TNFa/NFkB signaling and o
and y ENaC. We had previously shown that the cardiac glycoside drugs digoxin, digitoxin and ouabain
blocked interaction of spike protein and ACE2. Consistently, addition of 30 nM concentrations of

the cardiac glycoside drugs, prevented loss of both CFTR protein and CFTR channel activity. ACE2

and CFTR were found to co-immunoprecipitate in both basal cells and differentiated epithelia. Thus
spike-dependent CFTR loss might involve ACE2 as a bridge between Spike and CFTR. In addition,
spike exposure to the epithelia resulted in failure of endosomal recycling to return CFTR to the plasma
membrane. Thus, failure of CFTR recovery from endosomal recycling might be a mechanism for spike-
dependent loss of CFTR. Finally, we found that authentic SARS-CoV-2 virus infection induced loss

of CFTR protein, which was rescued by the cardiac glycoside drugs digitoxin and ouabain. Based on
experiments with this organoid model of small airway epithelia, and comparisons with 16HBE140- and
other cell types expressing normal CFTR, we predict that inflammation in the COVID-19 airway may
be mediated by inhibition of CFTR signaling by the SARS-CoV-2 spike protein, thus inducing a cystic
fibrosis-like clinical phenotype. To our knowledge this is the first time COVID-19 airway inflammation
has been experimentally traced in normal subjects to a contribution from SARS-CoV-2 spike-
dependent inhibition of CFTR signaling.
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SARS-CoV-2 contributes to sickness and death in COVID-19 patients partly by inducing a hyper-proinflamma-
tory state in the host airway"2 Consistently, COVID-19 patients who have been admitted to the Intensive Care
Unit (ICU) are found to also have the most severe forms of inflammatory disease’. In the COVID-19 lung, this
hyper-proinflammatory state, also termed cytokine storm* or cytokine release syndrome®, involves both acti-
vation of the TNFa/NFkB signaling pathway®’, and the activation of ENaC, the Epithelial Sodium Channel®’.
NF«kB activation drives increased expression of IL-8, IL-6 and other cytokines and chemokines by epithelial cells
lining the host airway'’. In the COVID-19 lung, NFxB activation thus attracts high levels of neutrophils'! and
induces pathogenic changes in immune cells'>'2. Simultaneously, activation of ENaC contributes to inflamma-
tion by dehydrating the airway surface and by impairing mucociliary clearance®'>!*. However, the mechanisms
responsible for the coincident activation of TNFa/NFxB and ENaC signaling, and the ensuing excessive inflam-
mation, are unknown. In addition, although it is widely believed that sustained post-infection inflammation
may contribute to Post-Acute Sequelae of COVID-19 (PASC), or “long COVID”, the mechanisms responsible
for PASC are also unknown!>7. It has been suggested that the innate immune system could contribute to these
proinflammatory mechanisms. For example, following viral infection, Pattern Recognition Receptors (PRRs)
such as RIG-1-like receptors (RLRs), and endosomal and extracellular Toll-like Receptors (TLRs) can detect
single and double stranded RNAs, thereby activating NFxB signaling'®. In addition, DNA can activate interferon
and NF«B signaling by the cGas-STING pathway'®~*!. However, SARS-CoV-2 and other coronaviruses have
evolved elaborate escape mechanisms for most known PPR signaling processes'®**-28, In addition, while these
viral escape mechanisms may be breached in the most severe forms of COVID-19%, the coincident activation
of ENaC signaling does not appear to be a property of any of these pathways. Finally, it is also possible that the
COVID-19 hyper-proinflammatory state could be induced by the binding of viral spike (S) protein to the viral
receptor angiotensin converting enzyme 2 (ACE2) on the cell surface®. Thus, drugs that block the spike:ACE2
binding reaction might also have therapeutic value. For example, approved cardiac glycoside drugs such as
digitoxin, digoxin, and ouabain have been shown to be competitive inhibitors of spike:ACE2 binding®. In vitro,
these drugs block both cell entry by spike-pseudotyped virus and infection by authentic SARS-CoV-2 virus?**.
However, the coincident involvement of TNFa/NF«B and ENaC signaling is not intrinsic to any of these candi-
date mechanisms, and it may be that the path to understanding the true origins of the pro-inflammatory state
in the COVID-19 lung may lie elsewhere.

One possibility for the origin of the COVID-19 pro-inflammatory state is Cystic Fibrosis (CF), a rare,
lethal, pro-inflammatory genetic disease, which is characterized by coincident and sustained activation
of proinflammatory TNFa/NFkB and ENaC signaling®*"*%. Importantly, the proinflammatory activation
mechanisms for NFkB and ENaC signaling in CF are well known, and depend on the presence of inactivating
mutations in CFTR, the Cystic Fibrosis Transmembrane Conductance Regulator’. These inactivating mutations
in CFTR prevent CFTR from binding and inactivating TRADD (Tumor necrosis factor receptor type
1-associated DEATH domain), the first intracellular adaptor for the apical TNFa/TNFR1complex*. Once free
from constitutive CFTR inhibition, the now active TRADD signals to IKKa,p to phosphorylate IkBa**-*. Upon
phosphorylation, IkBa releases hitherto quiescent NFkB, p65 to enter the nucleus where it drives cytokine
and chemokine production®. Coincidentally, the mutant CFTR is unable to also execute its cAMP-activated
chloride channel function, which leads to the activation of the ENaC channel?!*2. This is because under normal
conditions, airway hydration depends on movement Cl" into the airway by CFTR, and coincident movement of
Na* counterions by “inactive” ENaC. Normally, water then passively enters the airway by following the osmotic
gradient of NaCI****%”. However, without initial Cl- from mutant CFTR in the airway, the ENaC channel becomes
proteolytically activated and removes Na* out from the cell through the basolateral surface’. This leaves the
airway surface to be injured by dehydration, thus causing further NFkB-dependent inflammation'*?. Thus, it
might be reasonable to consider whether loss of CFTR function could contribute in some way to COVID-19.
However, when a lung epithelial cell loses total CFTR expression, either by CF mutations, or experimentally
by chemical or molecular means, the result has been reported to be loss of ACE2 expression and subsequent
impairment of SARS-CoV-2 entry **. Proinflammatory signaling due to the missing CFTR can still be observed,
but virus-dependent increases are limited. Because CF is so infrequent, the vast majority of people who encounter
the SARS-CoV-2 virus would be expressing normal levels of ACE2 and CFTR. Therefore, to elucidate how the
SARS-CoV-2 infection affects the CFTR-dependent pro-inflammatory response, our approach was incubate
SARS-CoV-2 or viral spike protein with otherwise normal lung epithelial cells, and to test for loss of CFTR and
consequent activation of proinflammatory TNFoa/NFxB signaling®.

Further encouraged by the parallel between COVID-19 and CF in terms of activation of both ENaC and
TNFa/NFkB signaling, we have hypothesized that inflammation in the COVID-19 airway might be due to
inhibition of CFTR signaling in normal lung epithelial cells by the SARS-CoV-2 spike protein. To test this
hypothesis, we employed an organoid-based lung-on-a chip platform by differentiating hTERT-transformed
BCi.NS1.1 basal stem cells into a model epithelium at the air-liquid-interface (ALI)*!~**. Attractive features
of this model epithelium included (i) histological and molecular fidelity to normal small airway epithelial cell
physiology*"*; (ii) a normal male karyotype, 46 X/Y*=*3; (iii) cell specific expression of COVID-19-related
genes including ACE2, ADAM10 and ADAM17, TMPRSS2, FURIN and CTSL*; and (iv) our preliminary data
demonstrating functional expression of CFTR chloride channels and CFTR protein in differentiated epithelia®.
We then tested the CFTR inhibition hypothesis in differentiated epithelia by investigating whether spike proteins
were able to reduce CFTR expression. Next, we tested whether spike-dependent CFTR reduction led to activation
of proinflammatory NFkB and ENaC signaling. Finally, we tested whether cardiac glycoside drugs such as
digitoxin, digoxin and ouabain could rescue CFTR loss that was due to either spike proteins or authentic SARS-
CoV-2. Based on supporting results, we suggest that inflammation in the COVID-19 airway may be initiated by
inhibition of CFTR signaling by SARS-CoV-2 spike protein, thus inducing a cystic fibrosis-like proinflammatory
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clinical phenotype. It is possible that this insight may lead to new approaches to prevention and therapy for
COVID-19.

Results

SARS-CoV-2 spike protein activates TNFoa/NFkB signaling in airway epithelia

To test if incubation of differentiated epithelia with spike protein reduced CFTR expression and activated NFkB
and its downstream targets, we incubated cells grown in an ALI with different concentrations of the original
Wuhan-Hu-1 [S1S2] spike protein. Thereafter, we measured expression levels of a comprehensive set of proteins
in the TNFa/NF«B signaling pathway, which we expected to be upregulated. The representative western blots in
Fig. 1a showed that as the concentration of spike protein was increased, the protein expressions also increased for
TNFR1, TRADD, p-IKKa,B, p-IkBa, p-NFkB p65 and the chemokine IL-8. By contrast, the non-phosphorylated
substrate proteins IKKa,B, IkBa, and NFkB p65 were not significantly changed. Figure 1b-f showed that the
increases in TNFR1, TRADD, p-IKKa,f, p-IkBa, and p-NF«B p65 were statistically significant. Figure 1g also
showed that IL-8, a direct target of p-NFkB p65, was also significantly increased in the liquid sub-phase, in direct
proportion to increases in spike protein concentrations applied to the epithelia. Thus, exposure to spike protein
dose-dependently activated the proinflammatory steps in the TNFa/NF«B signaling pathway. Since the elevation
of TRADD expression in this process is specifically predicted to occur as a consequence of loss of native CFTR
from the system™, it was therefore possible that loss of CFTR function could be involved in the spike-dependent
activation of proinflammatory TNFa/NF«B signaling in airway epithelia.

Spike protein reduces CFTR chloride channel activity in differentiated airway epithelia

To test whether spike proteins affected CFTR channel function, we analyzed spike-treated epithelia using the
Ussing Chamber method. Figure 2a showed that under control conditions, cAMP-activated CFTR chloride
channels could be detected, and could be specifically blocked by the CFTR channel inhibitor CFTR;,,-172.
Consistently, we found that when epithelial cultures were incubated with Wuhan-Hu-1 [S1S2] spike protein,
CFTR chloride channel activity was significantly and dose-dependently reduced. The inhibition constant (Ki) was
calculated to be 446 ng/ml (see Supplemental Fig. S2 and Table 1). To test for the specificity of the spike effect,
we next replaced the Wuhan-Hu-1 [S1S2] spike protein with the more potent B-1.351 [S1S2] spike protein®. As
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Figure 1. SARS-CoV-2 [S1S2] spike protein activates pro-Inflammatory TNFo/NF-kB signaling proteins and
IL-8 expression in differentiated BCi.NS1.1 (d-BCi) epithelia. The apical surfaces of the ALI differentiated dBCi
epithelia were treated with different concentrations of Wuhan-Hu-1 [S1S2] spike protein for 4 h, washed and
then incubated for an additional 20 h at the Air-Liquid-Interface (ALI) condition. (a) Representative western
blotting images showing the expression levels of TNFR1, TRADD, phospho-IKKa/{ (Ser 176/180), IKKa +f3,
phospho-IxBa (Ser 32/36), IkBa, phospho-NF-«B p65 (Ser 176), NF-kB p65, and -Actin. -actin was used for
equal loading of protein. (b-f) Quantification by densitometric analysis for the data in part (a) using BioRad
Image Lab software. The data are expressed as mean +SD (N =5). (g) IL-8 expression in the subphase of the ALI
cultures. Data are presented as means = SD (N =3). Statistical p values were determined with a one-way ANOVA,
followed by both Holm’s and Dunnett’s post-hoc tests comparing each mean to the medium control. For the
Holm test, ¥, p<0.05; and ¥, p<0.01. Dunnett’s tests were consistently significant (p <0.05), except as noted ().
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Figure 2. Wuhan-Hu-1 and -1.351 strain spike proteins dose-dependently reduce cAMP-activated CFTR
chloride channel activity in differentiated BCi.NS1.1 (d-BCi) epithelia. (a) ALI differentiated dBCi cells were
incubated apically with different concentrations of Wuhan-Hu-1 [S1S2] spike protein for 4 h, washed and then
incubated for additional 20 h under ALI conditions. CFTR-dependent short-circuit currents (I,.) were measured
in Ussing Chambers as the changes in response to Amiloride, IBMX/Forskolin, and CFTR;,-172. Representative
I, tracings (panel top) and summary of changes in I of four independent Ussing chamber experiments (bottom
panel) are shown. (b) dBCi cells were incubated with different concentrations of f-1.351 [S1S2] spike protein
and CFTR-dependent I, was analyzed as in part (a). The data are expressed as means+SD (N =4). Statistical

p values were determined with a one-way ANOVA, followed by both Holm’s and Dunnett’s post-hoc tests
comparing each mean to the medium control for the Holm test, *, p <0.05; and ¥, p<0.01. Dunnett’s tests were
consistently significant (p <0.05), except as noted (s).

Spike variant K;, CFTR channel (R?) spike, ng /ml | K;, CFTR protein (R?) spike, ng /ml
Wuhan-Hu-1, [S152] | 446 (0.9898) 399 (0.9842)

B-1.351 [S1S2] 210 ((0.9590) 193 (0.9590)

Ratio, %

Wuhan-Hu-1/p-1.351 | 47%) (48%)

Table 1. Inhibition constants for Wuhan-Hu-1 and p-1.351 [S1S2] spike effects on CFTR channels and CFTR
protein, and on binding constants for ACE2.

shown in Fig. 2b, the B-1.351 [S1S2] spike also reduced CFTR channel activity. However, the inhibition constant,
Kj, was 210 ng/ml, or 47% lower than for the Wuhan-1-Hu [S1S2] spike protein (see Supplemental Fig. S2 and
Table 1). To further test for the specificity of the spike effect, we treated epithelia with Wuhan-Hu-1 [S1S2] spike
protein in the presence of an anti-spike antibody. As shown in Supplemental Fig. S3a-c, the anti-spike antibody
completely neutralized the Spike inhibitory effect on both CFTR channel activity and CFTR protein expression.
These data thus directly support the concept that spike protein reduces CFTR function.

Spike protein reduces CFTR protein expression in differentiated airway epithelia

To determine if spike-dependent loss of CFTR chloride channel activity might be due to loss of CFTR protein
we incubated epithelia with increasing concentrations of Wuhan-Hu-1 [S1S2] spike and -1.351 [S1S2] spike
proteins, and quantified total epithelial CFTR protein. Figure 3a,b showed that both spike proteins reduced total
CFTR. However, the B-1.351 [S1S2] spike protein more potently reduced CFTR concentrations. We also noted
that the patterns of reduction in concentration of both Wuhan-Hu-1 and B spike proteins were remarkably
similar to those for suppression of the cAMP-activated CFTR chloride channel. The K; values for Wuhan-Hu-1
[S1S2] spike and B-1.351 [S1S2] spike proteins, respectively were 399 ng/ml and 193 ng/ml. The K; value for
B-1.351 [S1S2] spike protein was thus reduced relative to the original Wuhan-Hul-1 [S1S2] spike protein by
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Figure 3. Wuhan-Hu-1 [S1S2] spike and B-1.351 [S1S2] spike proteins suppress CFTR protein expression

in differentiated BCi.NS1.1 (d-BCi) epithelia. (a) ALI differentiated dBCi cells were incubated apically with
different concentrations of Wuhan-Hu-1 [S1S2] spike protein for 4 h, washed and then incubated for additional
20 h under ALI conditions. Representative Western blot images (left panel) and densitometric analysis of the
expression levels of CFTR (right panel) in treated dBCi cells after Ussing chamber analyses are shown. B-actin
was used for equal loading of protein. (b) dBCi cells were incubated with different concentrations of f-1.351
[S1S2] spike protein and analyzed as in part (a). The data are expressed as means+SD (N =4). Statistical p values
were determined with a one-way ANOVA, followed by both Holm’s and Dunnett’s post-hoc tests comparing
each mean to the medium control. For the Holm test, *, p <0.05; and ¥, p <0.01. Dunnett’s tests were consistently
significant (p <0.05), except as noted ().

48%. The measurements of the kinetic values for CFTR channel and protein are shown in Supplemental Fig. S2
and calculations are summarized in Table 1. The spike protein-dependent loss of CFTR channels may therefore
be due to primary loss of CFTR protein.

To test for the generality of spike effects on the BCi-NS1.1 epithelia we tested the two different spike protein
variants on primary human bronchial epithelial (HBE) cells. As shown in Supplemental Fig. S4, HBE cells were
differentiated at the ALI and treated with either Wuhan Hu-1 [S1S2] or B-1.351 [S1S2] spike protein. As first
observed with BCi-NS1.1 epithelia in Fig. 3, the p-1.351 [S1S2] spike protein was more potent than the Wuhan-
1-Hu [S1S2] spike protein at reducing cAMP-activated CFTR channel activity, and also more potent at reducing
total CFTR protein levels (Supplemental Fig. S4). These results show that differentiated hTERT-transformed
BCi-NS1.1 epithelia and primary HBE cells respond similarly to different spike proteins by parallel loss of CFTR
protein and CFTR chloride channel activity.

Cardiac glycoside drugs block spike-dependent loss of CFTR channel activity and CFTR protein
expression

Cardiac glycosides such as ouabain, digitoxin and digoxin have been shown to be potent competitive inhibitors
of ACE2 binding to the SARS-CoV-2 spike protein®. The proportional changes in CFTR channel inhibition
constants for Wuhan-Hu-1 [S1S2] spike and B-1.351 [S1S2] spike proteins suggest that CFTR channel reduction
may be initiated by binding of spike protein to ACE2. We therefore predicted that the cardiac glycosides would
block spike-induced reduction of CFTR channel activity. As anticipated, coincubation of Wuhan-Hu-1 [S1S2]
spike proteins with 30 nM ouabain, digitoxin or digoxin were found to prevent loss of CFTR activity in differen-
tiated epithelial cells (Fig. 4a). As shown in Fig. 4b prevention of channel activity loss by spike protein exposure
was significant for all three cardiac glycoside drugs. We also tested whether the cardiac glycoside drugs could
rescue spike-dependent loss of CFTR protein expression in human bronchial lung epithelial 16HBE140- cells.
As shown in Fig. 4c, [S1S2] spike protein from the B-1.351 SARS-CoV-2 virus significantly reduced expression
of CFTR protein in these cells. In addition, co-incubating spike-treated cells with either of the three cardiac
glycosides resulted in significant rescue of CFTR expression. By contrast, these drugs had little effect on control
levels of CFTR (Fig. 4c). Thus, based on both kinetic data and the use of cardiac glycosides as a tool to identify
spike:ACE2 binding, it is possible that a direct spike interaction with ACE2 might be initially responsible for
loss of CFTR channel activity.

Spike protein reduces transfected CFTR protein expression in non-lung cystic fibrosis cells

To further test for the possibility of spike effects on transfectionally rescued CFTR in a non-lung cell, we tested
spike protein effects on [wildtype] CFTR protein expression in pancreatic ductal CFPAC-1-(4.7/pL]6)*. CFPAC-1
cells are homozygous [F508del] CFTR, which have been subsequently transfected with the pLJ6 retrovirus bearing
[wildtype] CFTR®. Preliminary studies had shown that CFPAC-1 (4.7/pL]6) cells expressed ACE2. Supplemental
Fig. S5a, and the summary bar graphs in Supplemental Fig. S5¢, showed that [S1S2] spike proteins from the
Wuhan-Hu-1 and B-1.351 SARS-CoV-2 significantly reduced expression of recombinant CFTR protein in these
cells. In addition, co-incubating spike-treated cells with cardiac glycosides resulted in rescue of CFTR expression
by digitoxin, digoxin and ouabain. By contrast, these drugs had little effect on control levels of CFTR, as shown
in Supplemental Fig. S5b and summary bar graphs in Supplemental Fig. S5d. These results thus show that spike
protein-dependent loss of CFTR, and rescue of lost CFTR by cardiac glycoside drugs, can be detected in epithelial
cells other than lung, and in cells for which CFTR is recombinant rather than native.
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Figure 4. Cardiac glycosides block the inhibitory effect of SARS-CoV-2 [S1S2] spike on cAMP-activated CFTR
chloride channels in differentiated BCi.NS1.1 (d-BCi) epithelia and 16HBE140-cells. (a) ALI differentiated

dBCi cells were incubated apically with 400 ng/mL Wuhan-Hu-1 [S1S2] spike protein for 4 h in the presence

of 30 nM ouabain, digitoxin or digoxin, washed and then incubated for additional 20 h under ALI conditions.
CFTR-dependent short-circuit currents (I,.) were measured in Ussing Chambers as the changes in response

to Amiloride, IBMX/ Forskolin, and CFTRy,,-172. (a) Representative current I tracings and (b) summary of
changes in I of four independent Ussing chamber experiments are shown along with a representative image

of CFTR Western blot image of treated cells after Ussing chamber analyses (lower panel). (c) Submerged
16HBE14o- cell cultures were treated with 400 ng/ml -1.351 [S1S2] spike protein in the presence or absence of
50 nm digitoxin, digoxin or ouabain for 4 h in Serum-free «MEM medium, then washed out with the serum-
free «aMEM medium, incubated in the complete tMEM medium for additional 20 h. CFTR quantitative analyses
normalized with -Actin values (top panel) and a representative CFTR Western blot image (lower panel) are
shown. B-actin was used for equal loading of protein. The data are expressed as means+SD (N'=3-4). Statistical
p values were determined with a one-way ANOVA, followed by both Holm’s and Dunnett’s post-hoc tests
comparing each mean to the medium control. For the Holm test, *, p <0.05; and ¥, p <0.01. Dunnett’s tests were
consistently significant (p <0.05), except as noted (e).

CFTR co-immunoprecipitates with ACE2 in basal stem cells and differentiated epithelia

To further test whether ACE2 physically interacted with CFTR, we tested if CFTR and ACE2 could co-immu-
noprecipitate. Figure 5a showed that both BCi.NS1.1 basal cells and differentiated BCi.NS1.1 epithelia contain
ACE2 and CFTR. In native airways CFTR is present in secretory cells, followed by basal cells, and infrequently
by ionocytes®®. Consistently, Fig. 5b showed that when ACE2 was first immunoprecipitated from either basal
or epithelial cell lysates, both immunoprecipitates contained CFTR. Next, to test whether spike protein affected
CFTR in the ACE2:CFTR co-immunoprecipitate, we incubated the epithelia with the Wuhan-Hu-1 [S1S2] spike
protein, and then measured co-immunoprecipitation of ACE2 and CFTR with anti-ACE2 antibody. The total
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Figure 5. ACE2 and CFTR co-immunoprecipitate in both basal cells and differentiated BCi.NS1.1 (d-BCi)
epithelia. (a) A representative western blot image shows both untreated basal (b-BCi) cells and differentiated
(d-BCi) cells expressing CFTR and ACE2. B-actin was used for equal loading of protein. (b) A representative
western blot image showing CFTR co-immunoprecipitating with ACE2 from both basal (b-BCi) and
differentiated (d-BCi) epithelia lysates. Normal rabbit serum (NRS) was used as the control. Western blot data
represent the results of three independent experiments.
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lysate lanes in Supplemental Fig. S6a showed that increasing concentrations of the Wuhan-Hu-1 [S1S2] spike
protein caused a dose-dependent reduction in CFTR, but an increase in ACE2. These results are paralleled by
spike-dependent loss of CFTR in co-immunoprecipitated ACE2:CFTR (Supplemental Fig. S6b). Thus it is possible
that when [S1S2] spike protein binds ACE2, it causes release of bound CFTR from the ACE2:CFTR complex,
leaving CFTR to be destroyed by a subsequent process. Importantly, these data do not exclude the possibility
that ACE2 might be a physical bridge, direct or indirect, between spike protein and CFTR.

Spike protein inhibits CFTR recovery from endosomal recycling
Under normal conditions, CFTR on the plasma membrane is subject to constitutive endosomal recycling in which
misfolded or otherwise damaged CFTR is diverted towards destruction in the lysosome*’~*° (see Supplemental
Fig. S7*). By this mechanism ca. 33% damaged or misfolded CFTR can be lost to the lysosome in 10 min, while
the remaining 67% is returned to the apical plasma membrane. To test whether spike-induced loss of apical
CFTR was due to failure of recovery from endosomal recycling, we used an impermeant biotin labelling method
to ask how much CFTR from the apical surface was returned to the apical surface after exposure to progressively
increasing concentrations of spike protein. Figure 6a showed that when apical CFTR was labelled after exposure
to Wuhan-Hu-1 [S1S2] spike protein, there was a dose-dependent reduction in recovery of recycled CFTR over
a 24-h period. This mechanism for native CFTR loss due to exposure to spike protein may thus be consistent
with failure of endosomal recycling to return spike protein-treated apical CFTR to the apical plasma membrane.
Consistently, Fig. 6b showed that when apical CFTR was pre-labeled with impermeant biotin, and then
incubated for 4 h at 37 °C with either Wuhan-Hu-1 or p-1.351 [S1S2] spike protein, there was an increase in
glutathione (GSH)-resistant, intracellular biotinylated CFTR. The classical interpretation of this result is that
labeled CFTR is immobilized in endosomes, and that the biotin linked to endosomal CFTR by an S-S bond
is therefore not available for hydrolysis by GSH. It was therefore possible that when Spike protein binds to the
[ACE2:CFTR] complex, CFTR may become marked as "damaged " and thus directed to the lysosome. In further
support of this interpretation, we found that after an additional 20-h incubation at 37 °C, the GSH-resistant,
biotinylated CFTR that was initially in endosomes was now substantially destroyed (Fig. 6¢). Interestingly, there
was still a very small biotinylated CFTR signal from the epithelia treated with Wuhan-Hu-1 spike protein, but
much less of a signal from epithelia treated with -1.351 spike protein. By comparison, the 24-h time point for
the post-labeled experiment in Fig. 6a, indicated that there was substantially less apical CFTR after the 400 ng/
ml spike protein treatment (Fig. 6a). Consistently, the pre-labeled epithelia experiment also indicated that there
was substantially less endosomal CFTR left after the 400 ng/ml spike protein treatment (Fig. 6c). Together, these
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Figure 6. Spike proteins induce loss of cell surface CFTR expression by inhibiting endosomal recycling in
differentiated BCi.NS1.1 (d-BCi) epithelia. (a) ALI differentiated dBCi cells were incubated apically with
different concentrations of Wuhan-Hu-1 [S1S2] spike protein for 4 h, washed and then incubated for additional
20 h under ALI conditions. After completion of incubation, apical membrane expression of CFTR was
determined by cell surface biotinylation using cell impermeable Sulfo-NHS-SS-biotin. Representative Western
blot images of cell surface and total CFTR expression from three independent experiments are shown. B-actin
was used for equal loading of protein (b) Recycling assay of endogenous CFTR after 4-h incubation with

spike protein. ALI differentiated dBCi cells were first biotinylated at 4 °C with Sulfo-NHS-SS-biotin for 1 h,
followed by incubation at 37 °C for 4 h apically with media control or either 400 ng/mL Wuhan-Hu-1 [S1S2]

or B-1.351 [S1S2] spike proteins. After incubation, biotin molecules remaining at the cell surface were stripped
with glutathione (GSH). (c) Recycling assay of endogengous CFTR after a total 24-h incubation. Cell surface
biotinylation and treatments were carried out as described in part (b), except that after, 4-h incubation with
media or spike protein apically, dBCi cells were further incubated at 37 °C for additional 20 h, followed by GSH
stripping. Biotinylated and total CFTR pools in parts (b) and (c) were analyzed by Western blotting. Cell lysate
samples (lane 1) and samples treated with GSH (lane 2) were used as positive controls for biotinylation and GSH
stripping processes, respectively. B-actin was used for equal loading of protein. Western analyses represent the
results of three independent experiments.
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experiments indicate that by the 24 h time point there is substantially less CFTR left in either apical or endosomal
compartments after spike protein treatment. Thus, exposure to spike protein inhibits recovery of apical CFTR
from the endosomal recycling process.

Spike protein induces proteolytic activation of ENaC

Activation of ENaC occurs when the constitutive inhibitory activity of CFTR is lost, and sodium conductance
is activated by proteolytic cleavage of the a and y chains of the heterotrimeric ENaC channel®'*'*. TMPRSS2,
FURIN and possibly other serine proteases are responsible®®®!. To test whether spike protein treatment could
activate ENaC, we asked whether proteolytic fragments of activated ENaC subunits could be detected following
treatment of differentiated epithelial cells with Wuhan-Hu-1 [S1S2] spike protein. Figure 7a,b showed that over
the 20-h period following the 4-h exposure to spike proteins, specific proteolytic fragments were detected for
both y ENaC and a ENaC. Furthermore, additional y ENaC appears to have been both activated and continu-
ously synthesized. We conclude that spike-dependent loss of CFTR appears to be accompanied by proteolytic
activation of both a ENaC and y ENaC.

Cardiac glycoside drugs rescue CFTR from loss by authentic SARS-CoV-2 virus

We have previously reported that cardiac glycoside drugs such as digitoxin, ouabain and digoxin significantly
blocked entry of both Wuhan-Hu-1 spike-pseudotyped virus and of authentic virus into human lung A549 lung
epithelial cells?. We therefore exposed differentiated lung epithelia to an authentic beta strain of the SARS-CoV-2
virus, in the presence and absence of cardiac glycosides. These first experiments indicated that exposure to the
virus was causing too many bands to occur in the CFTR monomer region when analyzed by western blot. We
could not therefore be certain about identifying the intact CFTR monomer. However, CFTR exists physiologi-
cally as a dimer®*->, and the monomer on western blots that we and others detect is a useful artifact caused by
detergents, high temperature and especially reduction of disulfide bonds with DTT or -ME®. We reasoned that
keeping the dimeric structure intact might help us avoid all the extra bands in virus-treated cells that interfered
with determining exactly where the reduced monomer might be otherwise located. Therefore, to keep CFTR in its
dimeric state we did not boil the CFTR, and we did not add the reducing reagent DTT. Consistent with previous
reports®, we were able to detect the physiological ca. 340 kDa CFTR dimer in a relatively band-free background
(Fig. 8). As was the case for exposure of cells to spike proteins, Fig. 8 also showed that exposure of differenti-
ated human lung epithelia to SARS-CoV-2 virus led to significant loss of CFTR dimer expression (p =0.0169).
Importantly, digitoxin and ouabain alone had little effect on CFTR expression. However, preincubation of virus
with the cardiac glycoside drugs prevented SARS-CoV-2-dependent CFTR loss. These results underscore the
significance of spike-dependent CFTR reduction following authentic virus infection, and highlight the potential
of cardiac glycosides as possible treatments to prevent SARS-CoV-2 infection, CFTR loss and the subsequent
inflammatory response.

Discussion

The mechanism responsible for the proinflammatory phenotype of the COVID-19 airway remains to be fully
elucidated' ™. Here, we have used a model of normal human small airway epithelium to demonstrate that SARS-
CoV-2 spike-dependent loss of CFTR increases TNFa/NFkB signaling. Additionally, the spike protein-dependent
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Figure 7. SARS-CoV-2 [S1S2] spike induces proteolytic activation of a and y ENAC in differentiated
BCi-NS1.1 (d-BCi) epithelia. ALI differentiated dBCi cells were incubated apically with different concentrations
of Wuhan-Hu-1 [S1S2] spike protein for 4 h, washed and then incubated for additional 20 h under ALI
conditions. (a) A representative Western blot image showing the detecting levels of total y ENaC and two
proteolytic cleavage products (red arrowheads). (b) A representative Western blot image showing the detecting
levels of total a ENaC and its proteolytic cleavage product (red arrowhead). B-actin was used for equal loading
of protein. Western blots are representative of the results from three independent experiments.
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Figure 8. Cardiac glycoside drugs rescue CFTR from loss in differentiated BCi.NS1.1 (d-BCi) epithelia
following infection by authentic SARS-CoV-2 virus. (a) Representative Western blot of protein samples
collected from differentiated dBCi cells, cultured at the ALI for 28 days, and infected with SARS-CoV-2 (strain
B 1.315). Conditions included medium only, virus only, and virus with 50 nM of either digitoxin or ouabain.
Heating and disulfide bond breakage are omitted from the protein preparation, leaving the high molecular
weight CFTR dimer to be detected. -actin is used as a loading control. (b) Densitometry analysis was used to
determine CFTR/P-actin ratio. Averages + SD were calculated from N =4 independent experiments. P values
were determined with a one-way ANOVA, followed by a Dunnett’s post-hoc test comparing each mean to the
medium control. A significant difference from the medium control was determined only for treatment with
spike protein alone (p=0.0103).

loss of CFTR was accompanied by proteolytic activation of both a and y ENaC. These two affected pathways are
depicted schematically in Supplemental Fig. S1. Mechanistically, we found that ACE2 co-immunoprecipitated
with CFTR, suggesting that ACE2 may be the physical link between spike protein and CFTR protein. Consistently,
we found that the cardiac glycoside drugs ouabain, digitoxin and digoxin, which competitively inhibit binding
of spike protein to ACE2%, were able to rescue spike-induced loss of cAMP-activated CFTR channel activity and
CFTR protein expression. These results were recapitulated when differentiated lung epithelia were infected with
authentic SARS-CoV-2 rather than exposed to pure spike proteins alone. Furthermore, we also found that loss
of CFTR protein could be traced to inability to recover plasma membrane-localized CFTR from the endocytic
recycling process. Since the purpose of endocytic recycling is to eliminate damaged proteins, it is possible that
the spike protein, acting through ACE2, conferred some form of damage or instability on the CFTR. Finally,
co-immunoprecipitation analyses suggested that the mechanism for spike-dependent elimination of CFTR might
depend on spike first binding to ACE2. To our knowledge this is the first time COVID-19 airway inflammation
has been experimentally linked to SARS-CoV-2 spike-dependent inhibition of CFTR signaling and recycling.
This insight may have therapeutic implications since digitoxin is an inexpensive repurposed drug that has
anti-inflammatory properties***>**-%, neutralizes SARS-CoV-2 through competitive inhibition of spike:ACE2
binding®, and, rescues CFTR protein from virus or spike protein-induced loss.

In support of possible therapeutic implications of the findings summarized above, a reasonable question
might be to what extent a reduction in CFTR expression in the lung, or elsewhere in CF-affected tissues, might
relate in any way to COVID-19 disease. One approach would be to consider the parents of children with CE
Since CF is an autosomal recessive disease, these parents, also termed CF carriers, each carry one mutant CFTR
gene and one wildtype CFTR gene. The most common mutant CFTR genes, such as [F508del|CFTR, do not
contribute significant amounts of functional CFTR protein®, and the remaining wildtype gene in CF carriers
does not compensate for the loss of the mutant CFTR gene. Consequently, CF carriers suffer from reduction in
CFTR function by approximately 50%%-°%. Even under normal conditions these CF carriers have a high risk of
CF-related comorbidity®*%*. However, in data from the first pandemic wave in Italy, a cohort of hospitalized adult
CF carriers with COVID-19 were found to be more likely than non-CF carriers to develop a form of COVID-19
characterized by acute respiratory distress syndrome, high inflammatory response and early mortality by day
14%. The analysis included an adjustment for age, sex and comorbidities. These results from CF carriers with
COVID-19 have also been shown to have significant consequences on a global geographic scale of 37 countries,
where CF carrier frequency was found to be directly correlated with COVID-19 spread and fatality®. Finally, CF
carrier patients selected from the same first pandemic cohort in Italy, who had either Gain- or Loss-of-Function
CFTR alleles, were recently shown to be associated with either mild or severe COVID-19, respectively®’. These
in vivo epidemiological data were validated by parallel functional studies in cultured cells bearing the same

Scientific Reports |

(2024) 14:16895 |

https://doi.org/10.1038/s41598-024-66473-4 nature portfolio



www.nature.com/scientificreports/

mutations. Thus, a reduction of CFTR function due to loss of the one normal CFTR gene in CF carriers would
appear to be a potent risk factor for adverse outcomes in COVID-19 disease.

Nonetheless, early in the COVID-19 pandemic, it was widely noted that most CF patients, who lacked
functional CFTR altogether, appeared to suffer only a mild course of COVID-19%"%. One possible explanation
was that in the mutation-dependent absence of functional CFTR the spike protein receptor ACE2 was
downregulated®. However, these data also showed that the extent of ACE2 downregulation in primary CF cells
was not complete®. For example, analysis of primary cells from nasal and bronchial biopsies of CF patients left,
respectively, 25% and 38% of ACE still expressed®. It was thus possible that the remaining ACE2 expression may
contribute to the findings of a recent systematic review of nine observational studies that showed that thereis a
subgroup of people with CF that have a higher risk of severe outcome®. For this subgroup, risk factors included
FEV1 < 70%predicted, CF-related diabetes, age >40 Years, pancreatic insufficiency, underweight, previous
transplant and azithromycin use®. In addition to the remaining ACE2 expression, another possible explanation
for this heterogeneity in COVID-19 susceptibility could be that that independently of ACE2, the quality of life
for people with cystic fibrosis may depend on contributions from non-CFTR modifier or bystander genes®">.
For example, we recently reported that Tensin 1 (TNS1) is a modifier gene for low body mass index (BMI) in
homozygous [F508del] CFTR patients’. It is therefore possible that while CF carriers may not need the support
of modifier genes for their personal survival in normal times, they may not easily tolerate further losses of CFTR
expression following infection by SARS-CoV-2 virus. From this perspective, it may be that people with CF, who
have appropriate modifier genes, may have a genetic propensity to survive without CFTR, and thus to also have
lower risk of severe COVID-19. By contrast, CF carriers, who still express ACE2, but have only one normal
CFTR gene, may therefore be more likely to have severe COVID than normal subjects who begin infection with
normal levels of CFTR and ACE2.

The mechanisms remain to be fully determined by which (i) CFTR binds to ACE2 in non-CF lung epithelial
cells, and by which (ii) CFTR is subsequently lost by endocytic recycling when spike protein or authentic virus
binds to ACE2. The co-immunoprecipitation data presented here for differentiated BCi.NS1.1 cells, cultured
16HBE14o0- cells, and differentiated primary HBE cells appear to be consistent with previously reported proximity
ligation experiments on model non-CF lung epithelial cells such as CFBE41o- (WT) and 16HBE14o- cells®. By
contrast, mutational loss of CFTR, either in cultured CF lung epithelial cells or in differentiated lung epithelia
from CF patients, were associated with mislocalization of ACE2 away from the apical plasma membrane,
thereby compromising infection by SARS-CoV-2%. Thus, the baseline situation in people without CF, the focus
of this paper, may be fundamentally distinguished from the CF condition, in part, by the robust apical plasma
membrane complex of CFTR with ACE2. It has been suggested that PDZ-interacting domains in ACE2%*77-7
and in CFTR**"%, might contribute to these interactions, either directly or indirectly through bridging proteins
such as NHERF1 (sodium-hydrogen exchange regulatory factor 1)*. In ACE2, for example, elimination of the
C-terminal PDZ domain results in reduced ACE2 membrane residence and concomitantly reduced viral entry’®.
Yet, there may be as many as 14 other PDZ binding proteins that can also bind to ACE2”’, and the involvement
of other PDZ-based linking proteins besides NHERF1 therefore cannot be excluded. In CFTR, the PDZ domains
within CFTR itself have been known for decades to be critical for localization to the apical plasma membrane
via interaction with NHERF1*-%%. However, other PDZ-binding proteins are known to also regulate CFTR
localization and function, including NHERF2°>%4, CAL (CFTR-associated ligand)®°, and CAP70 (CFTR associated
protein)® Furthermore, other non-PDZ-dependent mechanisms may contribute, since the physiologic dimers
of CFTR are assembled independently of either NHERF1 or NHERF2, thus leaving PDZ-domains available for
other interactions®. Thus, it is possible that other interactions could include binding to ACE2%. Finally, based on
recent studies on the interaction of ACE2 and the SARS-CoV-2 virion, it is possible that the PDZ-based complex
of ACE2, BAT°1 and f-arrestin’’ may be mediated by NHERF1 to enable clathrin-assisted internalization into
endosomes”®. It is thus possible that such an endosomal recycling mechanism may also be responsible for the
loss of CFTR that occurs after the spike protein or the intact virion binds to ACE2. However, while PDZ-domain
interactions may contribute to CFTR-ACE2 binding and to spike protein- or virus- dependent loss of CFTR by
endosomal recycling, the responsible mechanisms for these interactions remain to be determined.

In spite of the strong safety data from the Phase I/ITa digitoxin clinical trial on CF patients®’, and the fact
that COVID-19 is a lethal disease, drug safety does remain an issue for consideration. Fortunately, cardiac
glycoside drugs have been in human use for centuries, and thus much is known about their pharmacokinetics
and cytotoxicity”. For example, there are upper concentration limits when treating cardiac patients with these
drugs who suffer from heart failure or arrhythmias®. However, for the “vast majority of patients with normal
hearts, ingesting large but not lethal amounts of digitalis (meaning digitoxin or digoxin) either by accident or
suicide attempt, seldom result in premature atrial contractions or irregular heartbeats”. Consistently, no drug-
related adverse events have been reported in trials on subjects with normal hearts who were given clinical doses
of ouabain®, digitoxin**%, or digoxin®'-**. During the COVID-19 pandemic in the U.S., where only digoxin is
available, we have recently reported that when heart failure patients with multiple comorbidities were treated with
digoxin instead of standard-of-care drugs, both groups fared equivalently when faced with infection or survival
with COVID-19%. Finally, a recent Phase I/Phase IIa clinical trial of digitoxin in adult people with cystic fibrosis
showed that administering 0.1 mg digitoxin for 28 days met all indices for safety®”. We therefore suggest that a
potential safety concern for those with normal hearts should not preclude testing cardiac glycoside drugs such
as digitoxin as a candidate therapeutic for COVID-19.

We can also consider whether data disclosed in this paper may also have importance for understanding and
possibly treating Post- Acute Sequelae of COVID-19 (PASC) or “Long COVID”. It is of substantial public health
concern is that up to 30% of acute COVID-19 patients may develop PASC, which can follow either a mild or
severe infection'>?. Equally troubling are recent reports from a large Danish cohort that PASC can last for
12-18 months in 57% of patients, independent of viral strain®. However, it is presently not understood how
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PASC symptoms can be similar to that of the acute infection, in spite of the active infection having apparently
terminated, and cryptic centers of infection being only infrequently found'®*®%. The problem is how such a
systems-wide set of symptoms can be manifest for such a long time in the apparent absence of a system-wide
cause. However, a possible solution may be found in reports of the occurrence of viral RNA and S1 spike
derived protein fragments in circulating exosomes during acute infection'*!?!, and of isolated S1 (RBD, receptor
binding domain) spike protein and nucleoprotein N in circulating PASC exosomes of neuronal origin'®%. Based
on these data, exosomal spike proteins have been proposed to contribute to the COVID-19 adaptive immune
response!®192, Thus, S1 spike protein, the part of the SARS-CoV-2 virus that directly contacts ACE2 in target
tissues, and that induces loss of CFTR, may remain in production and distribution to the rest of the body long
after the active infection phase has terminated!>!*. Consistently, monoclonal antibodies against Spike protein
have been suggested as possible therapeutics for long COVID'®. It is therefore possible that exosomal S1 proteins
in the circulation might contribute to system-wide PASC pathology. If this were the case, drugs like digitoxin,
that blocked spike:ACE2 binding, should also be therapeutic for long COVID. This possibility may especially
apply to those tissues in addition to lung, where ACE2 and CFTR are expressed, including heart'%, kidney'"”
and brain'®'%_ Importantly, clinical doses of digitoxin and digoxin have been shown to penetrate into the CSF
in normal humans'!?. It is therefore possible that cardiac glycosides such as digitoxin could also find a place for
testing as therapeutics for long COVID/PASC.

Finally, it is important to mention here that induced losses of CFTR by environmental or infectious agents
have been observed in the past. A widely described example is Chronic Obstructive Pulmonary Disease (COPD),
which is associated with smoke-induced, sustained reduction in CFTR expression''!"!!%. A second example is
infection of HEK-293 cells by influenza strain A/Udorn, which has been reported to reduce CFTR chloride
channel activity and CFTR protein''>!'®. The viral matrix protein M2 has been proposed to promote intracellular
lysosomal degradation of CFTR, although the biochemical mechanism remains to be fully understood. Digitoxin
has also been shown to block pulmonary inflammation, including TNFa and IFNy, in a cotton rat model of
Influenza A'"7. TNFa and IFNYy are of particular interest here because they may perpetuate cytokine storm in
COVID-19"8, An additional example is infection of BALB/c mice with mouse-adapted wildtype SARS-CoV
virus, in which CFTR mRNA in lung is reduced by ca 60% on day 4 after infection'". Finally, CFTR expression
in heart tissue has also been reported to be also downregulated in a mouse model of heart failure!**!?°. Thus
multiple disease states have been described in which the CFTR protein can be diminished by an external factor
rather than by a classical CFTR mutation.

This study has limitations. First, it is a limitation of our study that we do not yet understand how ACE2 binds
to CFTR. Nonetheless, we now know (i) close association between the two proteins, in situ, has been recently
described by others®; (ii) that the co-immunoprecipitation in normal lung epithelial cells is experimentally
reciprocal; and (iii) that spike-dependent loss of apical CFTR is reflected by a loss of CFTR in the anti-ACE2
immunoprecipitate. The mechanism for increased ACE2 expression following spike-dependent loss of CFTR
in normal lung epithelial cells is unknown, and thus remains a subject for future study. Second, it is a limitation
that we do not yet understand the nature of the apparent damage or instability inflicted on CFTR by the
[spike:ACE2:CFTR] interaction. Nonetheless, we do know that the exposure to spike protein enhances retention
of CFTR in the endosomal compartment, indicating that damage has occurred. Third, it is a limitation that we
have not proactively interrogated this mechanism using an in vivo model. However, we suggest that substantively
addressing these questions would be clearly beyond the experimental scope of the present study and look forward
to addressing them in future studies.

Conclusion

Based on these investigations with a model of normal small airway epithelia and other normal lung epithelial
cells, we predict that increased TNFa/NFkB- and ENaC- dependent inflammation in the COVID-19 airway is
due to inhibition of CFTR signaling by SARS-CoV-2 spike protein, thus inducing a pro-inflammatory clinical
phenotype in lung epithelia. Based on descriptions of more severe COVID-19 in adult CF carriers, who have
only one copy of wildtype CFTR, we suggest that this model-based conclusion may be consistent with otherwise
normal patient-based experience. To our knowledge this is the first time COVID-19 airway inflammation has
been experimentally linked in normal subjects to SARS-CoV-2 spike-dependent inhibition of CFTR signaling.
This insight may have therapeutic implications since digitoxin is an inexpensive repurposed drug that has
anti-inflammatory properties***>*-%8, neutralizes SARS-CoV-2 through competitive inhibition of spike:ACE2
binding®, and, rescues CFTR protein from virus or spike protein-induced loss.

Methods
Materials and reagents
Detailed materials and reagents are provided in the Supplemental Information S1.

Cell cultures and treatments

We thank Dr. R.G. Crystal (Cornell Medical College, New York City, NY) for the gift of the hTERT-transformed
BCi-NS1.1 basal stem cell. The basal cells were cultured, maintained, and differentiated on Transwell or Snapwell
inserts under Air-Liquid Interface (ALI) conditions according to the instructions from Dr. Crystal’s lab. For spike
protein treatment, differentiated BCi.NS1.1 (dBCi; ALI day 25-28) cells were exposed to different concentrations
of [S1S2] spike protein on the apical/air side for 4 h, washed with PBS, and then incubated for additional 20 h at
37 °C and 5% CO, under ALI conditions. For cardiac glycoside treatment, spike protein was preincubated with
cardiac glycosides for 1 h at 37 °C prior to addition to cells on the apical side, followed by washing and further
incubation for additional 20 h under ALI conditions. The human bronchial epithelial cell line 16HBE140- was
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purchased from Sigma-Aldrich (#SCC150) and cultured according to the manufacture instructions. Submerged
16HBE14o0- cell cultures were treated with spike protein in the presence or absence of cardiac glycoside drugs for
4 h in Serum-free MEM medium, washed out, and then incubated in the complete MEM medium for additional
20 h.

Authentic SARS-CoV-2 f virus was propagated in Vero E6 cells and used to infect dBCi cell monolayers. Prior
to infection, titrated virus (200,000 PFU/12-mm well) was mixed with ALI growth medium containing 50 nM
digitoxin or ouabain for 1 h at 37 °C. Cell monolayers were infected apically with medium, digitoxin, ouabain,
SARS-CoV-2, or SARS-CoV-2 + digitoxin or ouabain for 4 h. Cells were washed twice with PBS and incubated
for additional 20 h under ALI conditions (see Supplemental Information S1 for more details).

Ussing chamber analysis
Cyclic AMP-activated CFTR chloride channel activity of dBCi cell monolayers was measured using a Ussing
chamber as previously described*. The method is detailed in the Supplemental Information S1.

Cell surface biotinylation and endosomal recycling assay

Surface biotinylation and endosomal recycling was performed as described previously®. For surface biotinylation,
plasma membrane proteins of spike-treated dBCi cell monolayers were biotinylated at 4 °C using membrane-
impermeable and cleavable EZ-Link™ Sulfo-NHS-SS-Biotin. For the endosomal recycling assay, dBCi cell
monolayers were first biotinylated and then incubated at 37 °C for 4 h with spike protein apically, or additional
20 h without Spike protein under ALI conditions. Subsequently, the disulfide bonds on Sulfo-NHS-SS-
biotinylated proteins remaining at the plasma membrane were stripped with L-glutathione (GSH) at 4 °C. At
this point of the protocol, biotinylated proteins residing within the endosomal compartment were protected from
GSH. Biotinylated dBCi cell monolayers, either treated with or without GSH, were used as controls for both GSH
treatment and biotinylation processes, respectively. Biotinylated CFTR was isolated with streptavidin-agarose
beads and analyzed by western blotting.

Co-immunoprecipitation of ACE2 and CFTR

Total lysates of untreated basal or differentiated BCi.NS1.1 cells were precleared with Protein A Dynabeads,
followed by incubation for 24 h at 4 °C with 2 pg of normal rabbit serum or anti-ACE2 antibody, washing 3
times with RIPA buffer, and incubation for 4 h with Protein A Dynabeads. CFTR in the immunoprecipitated
complexes was analyzed by western blotting.

Western blotting

Treated cells were washed with PBS and lysed in RIPA buffer supplemented with the anti-protease/phosphatase
cocktail. Equivalent amounts of lysates (50 pg/sample) were electrophoresed on 4-12% or 4-20% gradient gels
(Invitrogen), transferred to PVDF membranes, and membranes were probed with B-Actin antibody (Sigma) or
CFTR antibody combo (UNC 450, UNC596 and UNC570) at 1:1000 dilution each. For Western blotting analyses
of proteins in the NFkB signaling pathway, including ENaC, TRADD or TNFR1, the antibodies were diluted and
used according to the manufacture’s recommended instructions. Immunoreactive bands were visualized using
BioRad ChemiDocTM Imaging System and quantified using the Imagelab software. A more detailed description
for Western blot with authentic SARS-CoV-2 virus is given in the Supplement.

Measurement of IL-8
Culture media from the basolateral compartments were collected and used to assay for IL-8 using a DuoSet®
ELISA kit obtained from R&D Systems, and performed according to the manufacturer’s instructions.

Statistics
Statistical p values were determined with a one-way ANOVA, followed either by Holm’s and/or Dunnett’s post-
hoc tests as specified in Figure legends.

Data availability

The datasets generated and/or analyzed during the current study are available from the corresponding author on
reasonable request. The opinions, interpretations, conclusions and recommendations are those of the authors and
are not necessarily endorsed by the U.S. Army, Department of Defense, the U.S. Government or the Uniformed
Services University of the Health Sciences. The use of trade names does not constitute an official endorsement
or approval of the use of such reagents or commercial hardware or software. This document may not be cited
for purposes of advertisement.
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