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Abstract

The coronavirus disease (COVID-19) pandemic, caused by SARS-CoV-2 coronavirus, is
devastatingly impacting human health. A prominent component of COVID-19 is the infection
and destruction of the ciliated respiratory cells, which perpetuates dissemination and disrupts
protective mucociliary transport (MCT) function, an innate defense of the respiratory tract.
Thus, drugs that augment MCT could improve barrier function of the airway epithelium, reduce
viral replication and, ultimately, COVID-19 outcomes. We tested five agents known to increase
MCT through distinct mechanisms for activity against SARS-CoV-2 infection using a model of
human respiratory epithelial cells terminally differentiated in an air/liquid interphase. Three of
the five mucoactive compounds tested showed significant inhibitory activity against SARS-
CoV-2 replication. An archetype mucoactive agent, ARINA-1, blocked viral replication and
therefore epithelial cell injury, thus, it was further studied using biochemical, genetic and
biophysical methods to ascertain mechanism of action via improvement of MCT. ARINA-1
antiviral activity was dependent on enhancing the MCT cellular response, since terminal
differentiation, intact ciliary expression and motion was required for ARINA-1-mediated anti-
SARS-CoV2 protection. Ultimately, we showed that improvement of cilia movement was
caused by ARINA-1-mediated regulation of the redox state of the intracellular environment,
which benefited MCT. Our study indicates that Intact MCT reduces SARS-CoV-2 infection, and

its pharmacologic activation may be effective as an anti-COVID-19 treatment.
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Introduction

The SARS-CoV-2 coronavirus is the causal agent of the coronavirus disease (COVID-19)
pandemic, posing a devastating impact on human health and, consequentially, in almost every
aspect of society. Although vaccination has improved the incidence and severity of the disease,
severe respiratory illness affects a substantial portion of the population and has been worsened
by the emergence of more contagious variants of SARS-CoV-2. Still, specific
immunocompromised populations, such as those suffering cancer, HIV or organ transplant
recipients cannot sustain a good vaccine response (1, 2), and even people with adequate
responses may still succumb to a continuum of long-term COVID-19 manifestations (3)
Antiviral treatments such as monoclonal antibodies (e.g., sotrovimab; bebtelovimab) and small
molecule antivirals (e.g., remdesivir, paxlovid, molnupiravir) have reduced disease severity (3).
However, many of those monoclonals are not effective for more recent emerged Omicron
lineages, a trend that is expected for other emerging variants (4). Additionally, corticosteroid
treatment has reduced mortality in individuals with severe forms of the disease (5).
Nevertheless, global morbidity and mortality remain unacceptably high in both the general
population and in people with one or more risk factors for severe infection, with global daily
incidence and death counts at 640,182 and 2,436, respectively on December 28, 2022 (6).
Therefore, therapeutic interventions are strongly needed as alternative tools when vaccination

or available treatments fail or are not an option.

A hallmark of COVID-19 respiratory disease is abnormal or absent ciliation of the respiratory
epithelium, which disrupts the protection of the mucociliary transport (MCT) apparatus, an
innate defense of the lung (7, 8). The reduction or loss of MCT by SARS-CoV-2 is expected to
have consequential effects on COVID-19 illness, including accelerating or worsening
descending infection of the airways, prolonged illness due to mucus plugging, and risk for
secondary infections. As viral particles accumulate and spread within the deep lung, they
contribute to mucus plugging, a prominent finding in severe cases of COVID-19. Mucus

plugging increases the risk of secondary infections, which are commonly reported in influenza
3
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and COVID-19 (9, 10). Together, disrupted MCT and mucus plugging can lead to dysregulated
inflammatory processes and lung damage, as well as long-term complications from COVID-19
(11). Considering these findings, re-establishing or augmenting MCT may have a direct effect
on viral transmission to ciliated airway epithelial cells and may, in turn, have long-term
implications on the prognosis and development of pulmonary complications from COVID-19,
including long COVID, that could be precipitated by secondary consequences of altered mucus

clearance.

We hypothesized that drugs that can augment MCT could block or reduce viral infection or cell
damage to the respiratory epithelium. To evaluate this hypothesis, we tested a panel of agents
that directly or indirectly improve MCT for their activity against SARS-CoV-2 in vitro. To assess
the functional and mechanistic aspects of these drugs, we used terminally differentiated human
bronchial epithelial cells (HBEC) grown in an air-liquid interface (ALI), an established model of
SARS-CoV-2 infection. ALI cultures closely recapitulate key characteristics of the airway in
vivo. Therefore, this model can be used to interrogate the mechanisms of tissue damage and
cell death, as well as aspects of host response to infection (12, 13). Importantly, human airway
cultures grown in an ALl system is a physiologically relevant model for investigating anti-
COVID-19 interventions because the cells express angiotensin-converting enzyme 2 (ACE2),
the host cell receptor of SARS-CoV-2, and the serine protease TMPRSS2 that is required for

the viral glycoprotein (protein S) priming (14, 15).

We initially tested a panel of five pharmacotherapies that augment MCT but have distinct
mechanisms of action, as proven by previous evidence of bioactivity in respiratory disorders.
Three of the tested mucoactive compounds showed a significant inhibitory activity against
SARS-CoV-2 replication in the HBE-ALI antiviral assay. Based on bioactivity, we then
examined the agent with the greatest efficacy, ARINA-1, in more detail. This inhaled
investigational drug is a combination of glutathione, ascorbic acid, and sodium bicarbonate

that has also been shown to improve MCT in HBEC (16, 17). Here we showed that ARINA-1
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antiviral activity is dependent on improvement of MCT, since the drug is not active in the
absence of terminal differentiation or ciliary motility. Our findings suggest that MCT-activating
drugs may be effective as anti-COVID-19 treatment, deserving further exploration. Our study
emphasizes the importance of a properly functioning mucociliary escalator to protect the
airways from SARS-CoV-2 or other viral pathogens that replicate within respiratory epithelial

cells.

Materials and Methods

Procurement and growth of human primary airway epithelial cells

The UAB Institutional Review Board approved the use of human cells and tissues. Primary
HBEC were derived from lung explants after written informed consent was obtained from donor
subjects using methods described previously (18, 19) [see details in data supplement]. Briefly,
tissues were debrided immediately after surgical resection, washed twice in Minimum Essential
Media with 0.5 mg/mI DTT (Sigma-Aldrich, St. Louis, MO) and 25 U/ml DNAse | (Roche, Basel,
Switzerland), and then placed in dissociation media containing MEM, 2.5 U/ml DNAse |, 100
mg/ml ceftazidime, 80 mg/ml tobramycin, 1.25 mg/ml amphotericin B, and 4.4 U/ml pronase
(Sigma-Aldrich) for 24—36 h at 4°C. Loosened airway epithelial cells were then expanded using
BEGM medium (LONZA, Basel, Switzerland) supplemented with an additional 10 nM all-trans-
retinoic acid (Sigma-Aldrich) that was exchanged every 24 h. Following expansion, first or
second passage cells at 80-90% confluency were dissociated and seeded at a density of 0.5
x 10° on Costar® Transwell 24-well filter inserts (cat. # 3470, Corning Inc.) after coating with
NIH 3T3 fibroblast conditioned media. Cells were differentiated at ALI for at least five weeks,
at least otherwise is specified, using medium PneumaCult™/heparin/hydrocortisone

(Stemcell™

Technologies) plus pen/strep antibiotics (exchanged three times a week) before
further use. Cells from five different donors were used in this study: WT128, WT148, WT152,

WT158 and WT210 cell lines.
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99 Nasal cells from two healthy and two PCD patients [patient 1 genotype: CCDC39
100 ¢.2586+1G>A (splice donor) heterozygous pathogenic and CCDC39 ¢.830_831del
101 (p.Thr277Argfs*3) heterozygous pathogenic; patient 2: DNAI1 exon 5, c¢.370C>T
102 (p.Arg124Cys) heterozygous pathogenic and intron 1, c.48+2dup heterozygous pathogenic]
103  were obtained from nasal brushes after written informed consent was obtained from donors
104  and grown as co-culture with 3T3 J2 cells. When the cells become 80-90% confluent the cells
105  were detached using 0.05% trypsin. A total of 1.25 x 10° cells were plated in FNC coated
106  Costar® Transwell 24-well filter inserts (cat. # 3470, Corning Inc.). After three days medium
107  from the apical compartments was removed and differentiation medium (Pneumacult ALI
108 maintenance medium) maintained at the basolateral side only. Medium was changed every
109  other day until terminal differentiation (two and a half to three weeks) and then used for the
110  experiments.

111  Culture of 16HBE at the ALI

112 16HBEC140- were grown using EMEM medium (ATCC, cat. # 30-2003™) supplemented with
113 10% FBS and were dissociated at 80-90% confluence and seeded at a density of 0.5 x 10°
114  on Costar® Transwell 24-well filter inserts (cat. # 3470, Corning Inc.) after coating with FNC
115  (Athena ES 0407H) and using EMEM medium. Upon reaching confluence, the medium was
116  removed from the apical side, and the cells were grown at the ALI for no longer than two weeks
117  to avoid differentiation.

118 Compounds used in this study and their sources

119 The compounds used throughout this study and their sources (in parentheses) were the
120 following: ARINA-1 (kindly donated by Renovion, Inc.); camostat mesylate (Millipore Sigma
121 Cas # 59721-29-8); poly-N (acetyl, arginyl) glucosamine (PAAG, kindly donated by Synedgen,
122 Inc.); allopurinol (TCI, Cat. # A0907); ascorbic acid (LETCO Medical, Cat. # 684471); reduced
123 glutathione (Sigma, Cat. # G6013); sodium bicarbonate (LETCO Medical, Cat. # 685940); N-
124  acetylcysteine (EMD Millipore, Cat. # 106425); L-; BAPTA/AM (EMD Millipore, Cat. # 196419);

125  sulforaphane (Medkoo Biosciences Inc. Cat. # 202713250MG). Hydrosoluble and hydrophobic

6


https://doi.org/10.1101/2023.01.30.526308
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.30.526308; this version posted February 1, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

126 compounds were dissolved in sterile milli-Q water and dimethyl sulfoxide (DMSO),
127  respectively. They were used at the indicated concentration depending on the experiment.
128 HBEC/ALI-based antiviral assay

129  All the antiviral assays performed using the following method were done using fully
130 differentiated primary HBEC from several human donors, unless stated otherwise. For the
131  antiviral assay, the HBEC were washed two times to eliminate the mucus excess by adding
132 100 pl of PBS1X, incubating for 30 min at 37°C under 5% CO,, and aspirating the liquid without
133 touching the cells. Subsequently, the vehicle (DMSO or saline, depending on the compound
134  used) and test compounds were added at the specified concentrations to the basolateral or
135 apical side of the cell layers as desired, and incubated for one hour at 37°C in a 5% CO;
136  incubator (only one microliter of the compounds tested apically was added per well). Cells were
137  exposed for an additional hour to SARS-CoV-2 (Washington strain WA-1/USA ancestral clade
138 A, obtained from BEI Resources) at an MOI=0.24. That is, a 30 pl aliquot of a viral stock at
139 1.37 x 107 infectious virus/mL was added to each well, which contained an average of 1.7 x
140  10° HBEC). Excess unattached viral particles were aspirated from the filters and washed with
141 100 pl of PBS. Since this washing step removed the apical compounds, they were added again
142 at this point (1 pL). Control cells treated with vehicle and exposed to the virus for one hour
143  were scraped from the transwell filters, collected in 100 pl of PBS, and frozen at -80°C for
144  further analysis. These served as our t=0 baseline virus controls, i.e., initial virus amount
145  attached orinternalized before viral replication started. The rest of the filters, treated with either
146  the vehicle or the test compounds, were incubated at 37°C under 5% CO. for 72 hours. During
147  this time, 1 uL of the apically tested compounds were added again at 24 and 48 h. That is,
148  apical compounds were added four times: one hour before infecting the cells (which was
149  washed out at the step of excess virus removal), then three times at 0, 24 and 48 h post
150 infection (which were never removed from cell layer surface), unless stated otherwise.
151  Compounds tested basolaterally were dissolved into the medium underneath the transwell
152  filters one hour before virus exposure and kept for the duration of the experiment (i.e. the

7
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153  medium was never changed). At the end of the 72-h incubation period of the assay, cells were
154  scraped and collected in 100 ul of PBS from each filter and frozen at -80°C for further analysis
155  of the viral load together with the baseline controls collected at t=0.

156  Measurement of viral load by RT-qPCR

157  The effect of the drugs on blocking SARS-CoV-2 infection of HBE was assessed by measuring
158 the viral load through the quantification ofby quantifying the SARS-CoV-2 genomic RNA copy
159  number by RT-gPCR. Total RNA was purified from all the samples, including the baseline
160 controls collected at t=0, using the QlAamp Viral RNA Mini Kit (QiagenCat. # 52906). Purified
161 RNA samples were diluted 1/50, and 5 yl of each dilution used to perform RT-gPCR to
162  determine viral load (viral RNA copy number). The RT-gPCR was performed using the 2019-
163 nCov CDC EUA kit (probe and oligos, IDT cat. # 10006776) and Promega® GoTaq® 1 Step
164 RT PCR (Cat. # A6020) in a QuantStudio 3 thermocycler (Applied Biosystems) and following
165 the recommendations of the CDC (https://www.cdc.gov/coronavirus/2019-ncov/lab/virus-
166  requests.html). The standard curve of the assay was done using the 2019-nCoV_N_Positive
167  Control plasmid (Cat. # 10006625, IDT). This plasmid was linearized with Scal restriction
168 enzyme to improve the dynamic range and assay-to-assay reproducibility of the standard
169  curve. After cleaning the plasmid digestion using the Monarch DNA Cleanup Kit (NEB,
170  #T1030), the DNA concentration of the linearized plasmid was measured to determine the
171 number of DNA molecules in the stock solution, which was calculated using SnapGene
172 software version 5.0.8. Six concentrations were prepared at 10%, 10°, 10%, 107, 10® and 10°
173  DNA molecules/mL for the standard curve, which was included in every PCR amplification of
174  the antiviral assays. To avoid variability, enough of each point solution was prepared for all the
175 assays performed in this study. Thus, PCR efficiency was consistent between PCR
176  amplification (between 95 and 105% efficiency).

177  Measurement of infectious virus by TCIDs

178  ARINA-1-treated or untreated primary fully differentiated HBEC cells were infected with SARS-

179  CoV-2 as described above for the HBEC/ALI-based antiviral assay. After 72 h of incubation
8
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180 the apical side of the cell layers were washed with 100 yl of PBS 1X to collect the virus
181  particles. Collected virus suspensions were serially diluted (5-fold series) in EMEM medium
182  (ATCC, cat. # 30-2003™) in sextuplicate and then 30 L of viral dilution were added to a 30
183 L volume of freshly plated Vero E6 cells (ATCC, cat. # CRL-1586") at 5,000 cells/well in 384-
184  well white plate (Corning, cat. # 3570). The plates were incubated at 37°C under 5% CO- for
185 144 hour and virus cytopathic effect was measured using the CellTiter-Glo® 2.0 Cell Viability
186  Assay (Promega, Cat. # G9241) following the manufacturer instructions. The luminescence
187  values were used to calculate the TCID50 of each virus sample using the Viral ToxGlo™ Assay

188 (https://www.promega.com/resources/protocols/technical-manuals/101/viral-toxglo-assay-

189  protocol/).

190 Cytotoxicity of compounds

191 The cytotoxicity of all compounds (except ARINA-1 that interferes with the assay) was
192 measured using the CytoTox 96° Non-Radioactive Cytotoxicity Assay (Promega, Cat. #
193  G1780), which measures LDH enzyme release. ARINA-1 cytotoxicity was measured using the
194  CellTiter-Glo® 2.0 Cell Viability Assay (Promega, Cat. # G9241), which measures intracellular
195  ATP. All assays were done in 16HBE cells cultured at the ALI in EMEM medium as described
196  above. The cells were exposed to the compounds either basolaterally or apically, depending
197  on their mechanism of action for 72 hours at the highest concentrations used in the antiviral
198 assays. For the LDH kit the basolateral medium was directly assayed following the
199  manufacturer instructions. For the ATP kit, the cells were scraped from the transwell filters and
200 recovered in 100 pl of PBS 1X, transferred to a white opaque 96-well plate, then mixed with
201 100 pl of CellTiter-Glo reagents, and continued following manufacturer instructions. Toxicity of
202  the compounds were reported as percent of the maximum toxicity of control cells that were

203 treated with a lysis reagent supplied by the kits.

204  Assessment of SARS-CoV-2 cytopathic effect through immunohistochemistry
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205 ARINA-1 cytoprotective activity of the HBEC was evaluated through immunohistochemistry
206 using cilia and apoptosis markers (acetylated B-tubulin and caspase-3, respectively). The
207  unstained slides of 5 um paraffin sections of the HBEC were baked overnight at 60°C then
208 deparaffinized by dissolving with three changes of xylene and hydrated using graded
209 concentrations of ethanol to deionized water. The tissue sections were subjected to antigen
210 retrieval by 0.01 M sodium citrate buffer (pH 6) in a pressure cooker for 5 min (buffer
211  preheated). Following antigen retrieval, all sections were washed gently in deionized water,
212 then transferred into 0.05 M Tris-based solution in 0.15 M NaCl with 0.1% v/v Triton-X-100, pH
213 7.6 (TBST). Endogenous peroxidase was blocked with 3% hydrogen peroxide for 15 min. To
214  reduce further nonspecific background staining, slides were incubated with 5% normal goat
215  serum (Sigma, G9023) for 45 min at RT. Slides were then incubated at 4°C overnight with the
216  corresponding primary antibody (anti-acetylated tubulin, Sigma T7451, mouse monoclonal,
217  1/60,000 dilution; anti-cleaved caspase 3, Cell Signaling 9579, rabbit monoclonal, 1/500
218  dilution; or anti-SARS-CoV-2 glycoprotein S, Invitrogen PA141165, rabbit polyclonal, 1/500
219  dilution). After washing with TBST, sections corresponding to tubulin staining were incubated
220  with a goat anti-mouse IgG secondary antibody conjugated with HRP (Abcam ab6789, 1:500),
221  while sections of caspase and protein S staining were incubated with goat anti-rabbit IgG
222 secondary antibody conjugated with HRP (Abcam ab6721, 1:1,000). ImmPACT DAB
223  Peroxidase (HRP) Substrate Kit (Vector Laboratories SK4105) was used as the chromogen
224 and hematoxylin (no. 7221, Richard-Allen Scientific, Kalamazoo, MI) as the counterstain. To
225 validate the specificity of the antibodies, control slides were used following the protocol
226  described above, but at the step of primary antibody incubation PBS buffer was used instead

227  of the primary antibody.

228  Cilia length measurement

229  Image processing and analysis were implemented using ImageJ v1.53a (Bethesda, MD). An

230 RGB histologic photograph was opened, and each cilium was traced using the draw (pencil)

10
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231  tool from the ciliated columnar epithelial cell surface to the tip of the cilium. After tracing all cilia
232 in the photograph, the data type was converted from RGB to 8 bits, and the cilia images were
233 segmented using a thresholding technique. Then the binary images of cilia were skeletonized,
234 and the total number of cilia and their lengths were measured using the “Analyze Skeleton

235  2D/3D” function.
236  Testing direct antiviral activity of ARINA-1 on SARS-CoV-2 virion

237 A 100 pl volume of ARINA-1 or saline was added to 100 pul of SARS-CoV-2 suspension (5.52
238  x 108 viral particles/mL) and incubated for 1 hour at 100 ul 37°C. After incubation, the mixtures
239  were added to 3K MWCO 0.5 mL filter (Pierce, Cat. No. 88512) and centrifuged at maximum
240  speed to concentrate the virus 10 times (to a volume of 20 ul). Then, 300 ul of PBS 1X were
241  added to the filter, and the virus was concentrated again by centrifugation to 20 ul volume. This
242  PBS wash was repeated two times to eliminate the rest of the ARINA-1 components, and the
243 recovered viral suspension was adjusted to the original volume of 100 ul to keep the same
244  viral concentration as the original suspension. A 30 ul volume of this processed viral

245  suspension was used to infect Vero E6 cells plated at the confluence in a 96 well plate or
246 HBEC in ALl filters. The viral load was measured by qRT-PCR as described above. Controls

247  were run in parallel using saline instead of ARINA-1.
248  MOCT Image acquisition and analysis

249  Measurements of functional microanatomic parameters in cultured primary HBEC were
250 performed using HOCT as previously described (20, 21). Specifically, MCT rate was
251  determined using the time elapsed, and distance traveled of native particulates in the mucus
252  over multiple frames. Four videos were randomly acquired at standard distances from the
253 center of the wells (mid-way between the center and the border circle) for each well. MCT rates
254  were normalized against the MCT average of baseline controls (uninfected cells treated with

255  saline).

11


https://doi.org/10.1101/2023.01.30.526308
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.30.526308; this version posted February 1, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

256  Results

257 HBEC/ALI-based antiviral assay validation.

258  The antiviral assays were performed as depicted in a simplified scheme of the assay (Fig. 1A)
259  and further detailed in the Methods section. To validate the assay, camostat mesylate was
260 utilized because it has the dual action of blocking SARS-CoV-2 entry through TMPRSS-2
261  mediated priming of viral S protein (22) in addition to mucoactive properties. The mucoactive
262  effect of camostat mesylate is via the inhibition of the epithelium sodium channel (ENaC)-
263  activating protease, which enhances MCT by reducing ENaC mediated fluid resorption(23). As
264  anticipated, camostat mesylate inhibited the replication of SARS-CoV-2 in HBEC in a dose-
265  dependent manner (Fig. 1B). Camostat mesylate inhibited SARS-CoV-2 infection greater than
266 99% at concentrations higher than 16.62 uM compared with the DMSO vehicle (Fig. 1C). The
267 compound was not cytotoxic at the maximum concentration tested in the antiviral assays as
268 measured by lactate dehydrogenase (LDH) release (125 uM, Fig. S1 from data supplement),
269  ruling out the observed decrease in viral load was due to cell death caused by the drug. These

270  results validated the antiviral assay in our experimental conditions.

271  Effect of mucoactive compounds on SARS-CoV-2 infection of HBEC

272 We evaluated four additional mucociliary active drugs for potential antiviral activity: ivacaftor,
273  poly-N (acetyl, arginyl) glucosamine (PAAG), high molecular weight hyaluronic acid (HA), and
274  ARINA-1. Ivacaftor is a potentiator of the chloride ion transporter cystic fibrosis transmembrane
275  conductance regulator (CFTR) that works by improving the function of the CFTR protein in
276  cystic fibrosis (CF) patients with a gating defect 9,20. By restoring the flow of chloride ions
277  through the cell membrane via CFTR, ivacaftor improves MCT, which reduces CF symptoms,
278  such as the build-up of thick mucus in the lungs (24, 25). We and others have shown it has
279  some bioactivity in wild type epithelia (26). The synthetic glycopolymer PAAG decreases the
280  viscoelasticity of mucus in the airway and has been shown to be effective at reducing mucus

281  viscosity and restoring MCT in CF cell culture models (27). The biopolymer HA, particularly its
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282 high molecular weight form, is a constituent of the extracellular matrix of the lungs with anti-
283 inflammatory and water-retaining properties. Thus, HA plays a significant role in regulating fluid
284  balance in the lung and airway interstitium and has favorable effects on MCT(28-31). Finally,
285  we tested ARINA-1, a nebulized formulation comprised of glutathione (488 mM) and ascorbate
286 (400 mM), as well as sodium bicarbonate (1000 mM). ARINA-1 is currently in development for
287  patients with non-CF bronchiectasis and related chronic inflammatory lung diseases and has
288  also been shown to improve MCT in HBEC models of CF (16, 17). Our rationale for testing
289  Camostat and ivacaftor basolaterally was that this approximates their use as systemic agents.
290  The other compounds tested (PAAG, HA and ARINA 1) are hydrophilic, were used in very low
291  volumes (1 ul) and have been used previously directly on the apical side of airway epithelia.
292  This also mimics their use as inhaled agents.

293 As an initial screen, we tested the effects of mucoactive agents in primary terminally
294  differentiated epithelial cells at concentrations they are known to affect MCT(16, 26—28). Each
295  compound tested showed some degree of inhibition of SARS-CoV-2 replication in the HBEC
296  (Fig. 2). Ivacaftor was administered to the basolateral compartment and had a moderate effect
297  on SARS-CoV-2 replication. Although some efficacy was observed at 10 pM, its maximum
298  effect was observed at concentrations close to its maximum solubility (30 uM), which is unlikely
299  to be relevant in vivo (Fig. 2A). PAAG also showed a moderate effect, with a peak of antiviral
300 activity at 500 ug/ml (in 1 pl volume, applied apically) that decreased at higher concentrations
301 (Fig. 2B). However, both ivacaftor and PAAG showed an increase in cytotoxicity measured by
302 LDH release at the concentrations required to exhibit an effect (Fig. S1, data supplement),
303  which made it difficult to deconvolute whether the observed reduction in viral load was due to
304 the antiviral effects of augmented MCT or reduced replication through cytotoxicity. Due to an
305 inability to rigorously assess these agents under these conditions, they were deprioritized from
306 further evaluation. HA exhibited higher antiviral activity, reaching more than 90% inhibition at
307 a concentration of 0.7% (1 ul, apical) (Fig. 2C). Notably, ARINA-1 exhibited the most

308 efficacious effects on viral replication in epithelial cells, achieving greater than 99% inhibition
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309 atthe highest concentrations tested. (Fig. 1D). Neither HA nor ARINA-1 caused cytotoxicity at
310 their tested maximum concentrations (0.7% and 100%, respectively, Fig. S1, data
311  supplement). Particularly, high-molecular-weight HA has been evaluated in clinical trials for its
312  potential protection against progression of COVID-19-induced respiratory failure; however, the
313  outcomes of this study have not yet been published(32). On the other hand, ARINA-1 has not
314  been evaluated for its potential benefits in COVID-19 disease. Therefore, due to its novelty,
315  anti-SARS-CoV-2 effectiveness in vitro, and emerging clinical safety profile, we further focused
316  our studies on ARINA-1 as a mucoactive agent with potential anti-SARS-CoV-2 activity in

317  respiratory epithelia and evaluated the mechanistic link to ciliary function.

318  ARINA-1 inhibits the shedding of infectious virus by primary HBEC

319  To ascertain that ARINA-1-caused reduction of SARS-CoV-2 RNA amounts (measured by RT-
320 gPCR) correlated with the blocking of viral replication, we quantified the amount of infectious
321  virus shed by the primary HBEC cells using a median tissue culture infection dose (TCIDso)
322  determination assay. For this, we washed the apical side of the HBEC to collect virus from
323  ARINA-1-treated or untreated samples and used serial dilutions of the recovered virus to infect
324  Vero EB6 cells for its quantification. Thus, we compared the amounts of virus shed by ARINA-
325  1-treated primary HBEC with the mock treated cells (saline) and showed that ARINA-1 blocked
326  the production of infectious virus by two orders of magnitude in HBEC when compared to
327  saline-treated controls (TCID50=1 vs 131-fold dilution, respectively, Fig. 3). This result
328 indicated that the amounts of viral RNA measured by RT-gPCR correlated with the amounts
329  of infectious virus in our HBEC/ALI-based antiviral assay and further validated it as a method

330 for the search of anti-SARS-CoV-2 drugs.

331  ARINA-1 protects HBEC from SARS-CoV-2-driven cytopathogenicity
332  Ithas been well documented that SARS-CoV-2 causes extensive plaque-like cytopathic effects
333  in HBECs, including cell fusion, apoptosis, destruction of epithelium integrity, cilium shrinkage,

334  and granular formation on cilia (7, 33, 34). In this study, we observed that well-differentiated
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335 primary HBECs from two different donors treated with the vehicle (saline) and infected with
336 SARS-CoV-2 showed the characteristic cytopathic effects caused by this virus (Fig. 4B, F) that
337  were not seen in mock-infected (saline only) controls (Fig. 4A, E). However, the same cells
338 treated with ARINA-1 were protected from the cytopathic effects caused by SARS-CoV-2.
339  Specifically, we observed that ARINA-1 protected the ciliated cells from cilia shrinkage and
340 loss and SARS-CoV-2-induced apoptosis (Fig. 4D, H) Cells treated with ARINA-1 that were
341 infected appeared morphologically similar compared to control cells that were uninfected and
342  treated with ARINA-1 (Fig. 4C, G). In addition, the sections of the mock-treated epithelial layer
343  that showed more cell damage and apoptosis corresponded with higher infection, which was
344  demonstrated by higher immunostaining for a specific viral marker, the S glycoprotein of
345 SARS-CoV-2 (Fig. 4J). However, ARINA-1-treated cells did not show any specific S
346  glycoprotein immunostaining, which strongly indicated that cells were protected from SARS-
347  CoV-2infection (Fig. 4L) in contrast to the controls (Fig. 4K), suggesting augmented MCT was

348  diminishing cell entry.

349  ARINA-1 induces a supernormal MCT in HBEC and protects from cilia shortening

350 Previous studies have demonstrated ARINA-1 has beneficial effects on MCT in CF bronchial
351 epithelial cells due to the effects of ascorbic acid, glutathione, and sodium bicarbonate(16). To
352  establish if ARINA-1 beneficially impacts MCT in normal epithelia in the context of SARS-CoV-
353 2 infection, we used micro-optical coherence tomography (uOCT) imaging. pnOCT imaging of
354 SARS-CoV-2 infected HBECs with and without treatment of ARINA-1 allowed functional
355 interrogation of the MCT apparatus at the microscopic level to confirm the activation of MCT
356  and the antiviral mechanism of action of ARINA-1. Measurement of cilia beating frequency
357 (CBF) by uOCT showed that in ARINA-1-treated cells, even after infection with SARS-CoV-2,
358 cilia CBF was significantly higher than in the saline-treated controls (Fig. 5A). Correspondingly,
359  MCT was significantly augmented in ARINA-1-treated cells compared to those treated with

360 saline (Fig. 5B), even in SARS-CoV-2 infected cells compared to mock controls (Fig. 5C to F),
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361  which indicates that the drug ameliorated the deleterious effect of SARS-CoV-2 on mucociliary
362  function.

363 The reduction in cilia length, i.e. cilia shrinkage, observed in histology preparations was
364 quantified following the algorithm described in the supplementary Materials and Methods
365 section using Image J software. A significant reduction in cilia length was observed in SARS-
366  CoV-2-infected compared to uninfected HBECs (Fig. S2). In contrast, when ARINA-1 was
367 administered 1 hour prior to infecting the cells, cilia shrinkage was not observed (Fig. S2).
368  Together, these results indicated beneficial effects on ciliary structure and function that

369 imparted improved MCT.

370  ARINA-1 blocks SARS-CoV-2 replication even when administered after viral infection

371  Given that ARINA-1 significantly reduced SARS-CoV-2 infection of HBECs when administered
372 one hour prior to introduction of virus, we next determined whether ARINA-1 treatment of cells
373  after initiation of infection would also confer benefit by limiting the spread of infection between
374  cells and ultimately ameliorate total viral load. To test this, we infected HBEC for 1 hour and
375 then washed off excess viral particles, limiting infection of the epithelial cells to endogenous
376  virus. We then treated the cells with ARINA-1 at 3 and 24 hours after infection onset and
377  assessed viral load at 72 hours after exposure to the virus. We observed that ARINA-1 added
378  3- and 24-hours post-infection both significantly reduced the viral load, albeit to a lower extent
379 than when the cells were pre-treated with the drug immediately before infection (Fig. S3A, data
380 supplement), suggesting its beneficial effect on viral replication could be conferred through

381 diminishing cell-to-cell spread through apical transmission.

382 The combination of buffered antioxidants provides antiviral effect of ARINA-1

383  Given ARINA-1 is a fixed dose combination of ascorbic acid, glutathione, and bicarbonate, we
384  were interested in the contribution of each of these components to the observed antiviral
385  activity, as we have examined previously in its effects on CF mucus viscoelasticity(16).To

386  evaluate this, we tested the antiviral activity of ascorbic acid plus bicarbonate, glutathione plus
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387  bicarbonate, and bicarbonate alone, each at the same concentrations in ARINA-1. Bicarbonate
388 was required to buffer glutathione and ascorbic acid because glutathione and ascorbic acid
389  alone have been shown to be cytotoxic due to the low pH of each antioxidant when used alone
390 (16). We found that both ascorbic acid plus bicarbonate and glutathione plus bicarbonate each
391 have a significant antiviral effect in respiratory epithelial cells, and the three-drug combination
392  was most effective. However, bicarbonate alone did not show significant antiviral activity (Fig.
393  S3B, data supplement). These results suggest that the antioxidant components in ARINA-1,
394  ascorbic acid and glutathione, are each important to conferring protection to respiratory
395 epithelial cells and have previously been shown to confer improved MCT in epithelial cells
396 when used in combination with bicarbonate (16). However, a contribution by bicarbonate,
397  beyond its acid buffering capacity such as its indirect influence on MCT (16, 35, 36), cannot

398  be fully discarded because glutathione and ascorbic acid cannot be tested without bicarbonate.

399  ARINA-1 is not directly deleterious to SARS-CoV-2 virions

400 To assess if ARINA-1 affected SARS-CoV-2 virion directly versus augmenting epithelial
401 function, we tested the direct antiviral activity on the SARS-CoV-2 viral particles. We exposed
402 a suspension of the SARS-CoV-2 virus to ARINA-1 and then removed ARINA-1 by
403  ultrafiltration using a pore size that allows only ARINA-1 components to be removed but not
404  the virus particles (Fig. 6A). The virus particles exposed to ARINA-1 were as infective as those
405  exposed to saline solution in Vero E6 cells (Fig. 6B) and in HBEC grown in an ALI (Fig. 6C).
406  These data demonstrate that ARINA-1 is not deleterious to SARS-CoV-2 virion. Instead, these

407  data support that improved epithelial function is the principal mechanism of its antiviral effects.

408 MCT accounts for the anti-SARS-CoV-2 protection conferred by ARINA-1

409  Given the efficacy of ARINA-1 in blocking SARS-CoV-2 infection, we further investigated if its
410  antiviral activity can be explained by MCT improvement alone or if there may be another
411 ARINA-1-triggered cellular mechanism of protection involved or interference with the viral entry

412  and post-entry pathaways. To answer this question, we devised a viral replication assay in
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413  which MCT was blocked in the primary HBECs using an inhibitor of cilia beating or by using
414  undifferentiated HBEC where cilia have not developed yet, and then evaluated if ARINA-1 still
415  conferred protection from infection. For the first approach, MCT was blocked using BAPTA/AM,
416 a membrane-permeable selective calcium chelator that inhibits cilia motility(37). Since calcium
417  is required for cilia motility, sequestering it by BAPTA/AM immobilizes the cilium beating. In
418  the presence of BAPTA/AM (20 uM), ARINA-1 did not exhibit antiviral activity (Fig. 7A), and
419 BAPTA/AM was not cytotoxic at the concentration used (Fig. S1, data supplement). For the
420 second approach and to discard possible off-target effects of BAPTA/AM, we used
421  immortalized 16HBE140- cells and primary HBECs grown at ALI for only one week, before
422  mucociliary differentiation is achieved, so cilia were not present in either of these conditions
423  and MCT was therefore absent (38, 39). Each cell line was treated with ARINA-1 or saline and
424  then infected with SARS-CoV-2 (Fig. 7B and C). Under these conditions, ARINA-1 did not
425  inhibit SARS-CoV-2 infection, indicating MCT must be present to exhibit its inhibitory properties
426  on SARS-CoV-2 replication.

427 As a final test, we evaluated ARINA-1 in human nasal epithelial cells (hNEs) from two
428 patients affected by primary ciliary dyskinesia (PCD) syndrome, a genetic condition
429  characterized by defective cilia expression or function (40). Similar to the HBEC, hNE cells
430  from healthy donors (WT-hNE cells) and from the PCD donors (PCD-hNE cells) were terminally
431  differentiated at ALI, and then the effect on SARS-CoV-2 replication assessed. ARINA-1 did
432 not protect against SARS-CoV-2 infection in the PCD-hNE cells; however, it remained
433  inhibitory in the WT-hNE cells (Fig. 7D and E, respectively). Taken together, these results
434 indicate that ciliary motility is required for ARINA-1-dependent antiviral protection and that MCT
435 is the primary mechanism of action of the antiviral effect of ARINA-1 seen in the ALI-primary

436 HBEC infection model.

437  The oxidative state of the cells influences antiviral protection
438  Proper cilia functioning requires a balanced redox environment, which is maintained by redox

439  regulatory proteins and thioredoxin domain-containing proteins (41). Dynein ATPases, which
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440  are the ciliary protein motors, as well as several cilia-localized proteins that modulate dynein
441  activity (e.g. Protein Kinase A, Protein Kinase C, and Protein Phosphatase 1), are sensitive to
442  thelocal redox environment within each cilium (41). As noted, the active constituents of ARINA-
443 1 are ascorbic acid and glutathione, with bicarbonate acting as a buffering agent. Since both
444  ascorbic acid and glutathione are known for their antioxidant capacity, we next investigated
445  whether the antioxidant aspect of the molecules is responsible for the improvement of the MCT
446  and consequent antiviral activity. We hypothesized that decreasing the endogenous production
447  of reactive oxygen species (ROS) by HBECs can simulate anti-SARS-CoV-2 protection
448  conferred by ARINA-1. To reduce endogenous ROS production, we inhibited xanthine oxidase.
449  Xanthine oxidase catalyzes the oxidation of hypoxanthine to xanthine and can further catalyze
450 the oxidation of xanthine to uric acid, generating ROS in the process. Hypoxanthine is derived
451  from the catabolism of ATP via AMP. Thus, energy-demanding activities that consume ATP,
452  such as cilia beating, generate ROS through the xanthine oxidase pathway (42—44). Inhibition
453  of xanthine oxidase with allopurinol significantly protected the HBEC from SARS-CoV-2
454  infection (Fig. 8A).

455 We also tested if antioxidants other than ascorbic acid and glutathione could also confer
456  antiviral protection. We used N-Acetyl-L-cysteine (NAC) and sulforaphane (SFN) to test this
457  hypothesis (45). As expected, both compounds caused a reduction in the viral load when
458  tested in the HBEC/ALI antiviral assay (Fig. 8B), and neither compound showed cytotoxicity at
459  the higher concentrations tested (400 uM, 100 mM, and 10 uM, respectively (Fig. S1B, data
460  supplement). These results suggest that antioxidants may benefit epithelial cell resistance to
461  SARS-CoV-2 by imposing a redox state favorable to MCT and may explain, at least in part,

462  the beneficial effects of ARINA-1.

463  Discussion/Conclusion
464  Using a model of terminally differentiated HBEC grown in an ALI, we demonstrated that
465  mucoactive agents have the capacity to block SARS-CoV-2 infection in vitro. Of the five agents

466  tested, each selected based on their capacity to augment MCT in differentiated respiratory
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467  epithelia, HA, Camostat mesylate and ARINA-1 demonstrated the most significant SARS-CoV-
468 2 inhibition (Fig. 1 and 2). We further studied ARINA-1 based on its safety profile and novelty
469 as a potential anti-COVID drug and showed that its inhibitory effect on SARS-CoV-2
470  replications was dependent on ciliary function. These results provide an important advance:
471  targeting MCT may block SARS-CoV-2 replication, in addition to its potential effects protecting

472  against SARS-CoV-2 induced mucus stasis and secondary infections (46—48).

473 As an initial control, we evaluated camostat mesylate, which provided almost complete
474  inhibition of viral replication at concentrations higher than 16.6 uM (Fig. 1). This drug has been
475  previously shown to have partial anti-SARS activity in Vero E6 cells by inhibiting TMPRSS2
476  (22). However, we observed complete inhibition of SARS-CoV-2 replication in our HBEC/ALI
477  model, which may be explained by its additional mucoactive properties via ENaC inhibition.
478  The mucoactive action of camostat could not be evaluated in Vero E6 cells (monkey kidney

479  epithelial cells), which are not specialized airway epithelial cells.

480 These results suggested evaluation of other mucoactive agents with mechanisms of
481  action that do not alter viral replication per se was warranted. Among these, ARINA-1, a
482  formulation comprised of a combination of glutathione, bicarbonate and ascorbate, that is in
483  development for chronic inflammatory airways diseases such as non-CF bronchiectasis,
484  exhibited a complete inhibition of SARS-CoV-2 replication (Fig. 2). ARINA-1 is known to
485 augment MCT through its properties on mucus viscoelasticity and ciliary function (16).
486  Likewise, HA showed dose-dependent antiviral activity with a half-maximal inhibitory
487 concentration of around 0.2% and achieved up to 92% inhibition at 0.7%, which is within the
488 range of HA concentrations used in clinical studies for respiratory diseases (31). In contrast
489 to the other agents tested, ivacaftor and PAAG showed some SARS-CoV-2 inhibition in
490 respiratory epithelia but were associated with cytotoxicity at the conditions required to impart
491  benefit (Fig. 2E), which made discerning what portion of the reduced viral load is due to the

492  direct antiviral activity of the drugs or to cytotoxicity challenging.
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493 Given the potential for use of ARINA-1 in SARS-CoV-2 infection, we further
494  characterized this drug. We showed that ARINA-1-mediated inhibition of SARS-CoV-2
495  replication correlated with full protection of the HBECs from the characteristic SARS-CoV-2
496  cytopathic effect that was observed in the saline-treated cells (Fig. 4). Using unOCT, we
497  observed that ARINA-1 increased the MCT to a level significantly higher than the normal rate
498 in HBEC (Fig. 5B). Although this experiment did not show an effect of the virus on cilia beating
499  or mucociliary clearance, this does not mean there is not a deleterious effect of the virus on
500 these parameters, but that the technique did not have the power to resolve differences in cilia
501 beating or MCT values between infected and uninfected cells of the mock controls (baseline
502  values using saline instead of ARINA-1, Fig. 5). Unlike our work using similar techniques in
503 hamsters (49), the reduction of MCT by virus in primary HBE cells was not evident. We think
504 this is because the MCT values of HBEC mock controls (i.e. those treated with saline and not
505 infected) measured by nOCT were very low at baseline, and thus, to measure an additional
506  reduction in MCT by the virus is difficult to detect. In our experience, HBEC from some donors
507 show low MCT values by micro-OCT at baseline, perhaps due to dehydrating conditions of
508 incubator growth, despite the attempt to humidify them in that scenario; this was intrinsically
509  more difficuilt to control in the BSL3 environment.

510 We propose a model for the ARINA-1 protection mechanism in which the hyper-normal
511  MCT phenotype caused by the drug hinders virus attachment to the cell receptor, preventing
512  the cell from viral infection. In our in vitro assay conditions, the viral particles are constantly
513  moving in the airway surface liquid at a rate that does not allow their access to the cell surface
514  and engagement with the host cell receptor. Even when ARINA-1 was administered 24 h after
515 viral infection, the drug showed significant antiviral protection (Fig. S3A, data supplement).
516 SARS-CoV-2 infection of HBECs has been shown to occur in a plaque-like manner (7, 33, 34).
517  The virus undergoes cycles of replication in which the virus particles produced in one plaque
518 are released and disperse to infect distant cells, forming new plaques or infection foci. It is

519  possible that ARINA-1 administered post-infection can prevent the spread of infection from
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520 initial foci of infection to new cells in the vicinity by improving MCT in the uninfected cells

521  surrounding the plaques.

522 As none of the components of ARINA-1 are known to have a direct antiviral effect, our
523 initial results suggested that the inhibition of SARS-CoV-2 infection was likely due to the

1?7, To confirm, we studied if factors other than MCT could

524  mucoactive properties of ARINA-
525  account for the antiviral effect observed in the HBEC model grown at ALI. First, we tested if
526  ARINA-1 had a direct antiviral activity against SARS-CoV-2 virion. After exposing SARS-CoV-
527 2 viral particles to ARINA-1 for an hour, the virions remained fully infectious to Vero or HBE
528 cells (Fig. 6B and C), indicating that ARINA-1 has no deleterious effect on the virus itself.
529  Second, we investigated if ARINA-1 interferes with viral entry or post-entry mechanisms or
530 activates another cellular mechanism that accounts for some of its antiviral activity. After
531  removing the contribution of MCT from the antiviral assays by blocking the cilia movement with
532  BAPTA/AM (Fig. 7A), using undifferentiated HBEC that are devoid of cilia (Fig. 7B and C), and
533 by evaluating its effects in hNE cells from PCD-suffering donors , where cilia are present but
534  dysfunctional (Fig. 7E), the cells were not protected from SARS-CoV-2 infection in the
535 presence of ARINA-1 as occurred in cells from WT hNE donors (Fig. 7D) . Furthermore,
536  ARINA-1 did not alter the cellular entry or post-entry pathways of SARS-CoV-2 infection since
537 the virus was able to strongly infect HBE and PCD-hNE cells that did not exhibit ciliary
538  expression or function in the presence of ARINA-1 (Fig. 7). Taken together, these results
539 indicate that ARINA-1-mediated improvement of MCT is the primary mechanism of ARINA-1

540  antiviral activity in the airway epithelial cells tested.

541 It is known that SARS-CoV-2 and other viral and bacterial infections cause oxidative
542  stress in infected cells (50-52). In addition, there is a redox regulation of cilia motility in the
543  airway’s epithelium through various mechanisms (41). Therefore, we hypothesize that SARS-
544  CoV-2 increases ROS to a level that is detrimental to cilia movement, which prevents viral

545 clearance and favors the attachment of newly formed virus. We also propose that the

22


https://doi.org/10.1101/2023.01.30.526308
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.30.526308; this version posted February 1, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

546  antioxidant capacity of ARINA-1 reduces the excess ROS induced by SARS-CoV-2 to a level
547  that not only neutralizes the deleterious effect of the virus on cilia movement, but also improves
548 the antioxidant capacity to supranormal levels with consequential improvements in cilia motility
549  and MCT. Our studies on allopurinol inhibition support this hypothesis. We demonstrated that
550 allopurinol inhibition of endogenous ROS generation by xanthine oxidase blocked SARS-CoV-
551 2 infection (Fig. 8), Additionally, the use of the other antioxidants NAC and SFN also blocked
552  SARS-CoV-2 infection (Fig. 8). It is plausible that antioxidant agents act on unknown
553  components, in addition to the known ones, of the cilium machinery and its regulatory network,

554  each one providing an additive effect on cilia movement that is beneficial for MCC.

555 In summary, we demonstrate that augmenting MCT can have beneficial effects on
556  SARS-CoV-2 replication in respiratory epithelia, and that several agents that are clinically
557 available or are in late-stage development can confer these beneficial properties. These
558  studies emphasize the importance of mucociliary clearance as a barrier against SARS-CoV-2
559  replication and severity and demonstrates the significant potential impact that improved ciliary
560 function in the airway epithelia may impart, deserving further exploration in COVID-19 and

561  potentially other respiratory infectious diseases.
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Fig. 1. HBEC-ALI-based antiviral assay and validation. A) Schematic representation of the antiviral
assay. Differentiated HBE cells grown at the ALI on transwells microporous filters are washed with PBS
to remove mucus. Test compounds are added basolaterally (camostat, ivacaftor) or apically (PAAG,
HA, ARINA-1). After one hour of incubation, SARS-CoV-2 virus is added at an MOI=0.24. Unattached
viral particles are removed after an hour of incubation. At this point, the transwell data corresponding
to time zero (before viral replication) was collected. The remainder of the transwells are incubated for
72 h with additional administrations of the apically delivered compounds (PAAG, HA, ARINA-1) at T=0,
24 and 48 h. Cells from each time point (O and 72 h) are collected from the filters and used for RNA
purification. Finally, the collected RNA is used to measure the viral load by RT-qgPCR. B) Validation of
the assay using camostat mesylate compound. A graph of the viral copy number measured by the RT-
gPCR is shown for a representative experiment with three filter replicates per condition. Camostat and
vehicle control were added basolaterally. DMSO was used as the diluent for camostat and the vehicle
control. Data was logarithmically transformed. C) Data from two independent experiments, as the one
shown in B, were converted to percent of viral inhibition, averaged (3 replicates/experiment) and

compared using an ordinary one-way ANOVA (****p<0.0001).
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Fig. 2. Anti-SARS-CoV-2 activity of the mucoactive agents tested in well-differentiated primary
HBE cells. A) Effect on the viral copy number measured by the RT-qPCR caused by ivacaftor at the
concentrations shown on the graph. B) Data from graph in A) were converted to percent of viral
inhibition. C-D), E-F) and G-H) As in (A-B), but using the compounds PAAG, HA and ARINA-1,
respectively. DMSO was the vehicle used for ivacaftor (hydrophobic compound) and saline for PAAG,
HA and ARINA-1 (hydrophilic compounds). All experiments were performed at least in duplicate
independent assays, each with at least three transwell filter replicates per condition. Treatments were
compared using ordinary one-way ANOVA statistical analysis. Hydrophobic compounds (added
basolaterally) and hydrophilic (added apically) are shown in green and red, respectively. For each

compound, each independent experiment was done with primary HBEC from a different donor.
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Fig. 3. ARINA-1 inhibits the production of infectious virus by primary HBEC. Quantification of
SARS-CQOV-2 virus using a luminescence TCIDso assay showed that ARINA-1-treated cells produced
two order of magnitude less infectious virus that the saline-treated controls (TCIDso=1 vs 131-fold
dilution, respectively). Values are averages and SD of three independent experiments, each using
primary HBEC from a different donor. For each experiment, every dilution of the virus was assessed in
sextuplicate using Vero EG6 cells as indicators of cytotoxicity using a luminescence assay that measures
ATP as a proxy for cell viability.
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Fig. 4. Histopathology studies showed that ARINA-1 protects primary HBE cells from SARS-
CoV-2-mediated cytopathology. A-L) Representative photo micrographs of HBEC cross-sections with
the immunohistochemistry and treatments. Each row corresponds to the immunohistochemistry using
the antibody against the cell marker shown at the left, and each column corresponds to the treatment
shown above the upper pictures. SARS-CoV-2 caused cilia shortening and loss in saline-treated cells
(panel B). However, ARINA-1 protected cilia from damage (panel D). Similarly, the virus induced
significant apoptosis in the mock-treated HBE cells (panel F, apoptotic cells indicated with arrows),
which was not observed in those treated with ARINA-1 (panel H). In addition, mock-treated cells showed
significant immunostaining using an antibody against the viral S glycoprotein (panel J), which again was
not observed in the ARINA-1 treated cells (panel L). Scale bars represent 100 um. Fully differentiated
primary HBEC from two donors were used for the histopathology study. N > 10 pictures per donor and

condition were taken and analyzed.
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Fig. 5. ARINA-1 induces a hypernormal MCT in well-differentiated primary HBEC. A) and B) Cilia
beating frequency (CBF) and mucociliary transport (MCT) measurements using pOCT, respectively, in
SARS-CoV-2-infected or uninfected, ARINA-1-treated or untreated HBEC Comparisons were
performed using an ordinary one-way ANOVA. MCT values were normalized against the MCT average
of saline treated baseline controls. C-F) Resliced images of puOCT captured videos (videos S1 to S4 of
data supplement) in which the slope of the diagonal streak (yellow arrow) indicates the vectorial
transport of mucus particles over time. This allows visualization of MCT rate on still images, in which

higher slope angles with respect to time vectors are indicative of faster MCT rates.

36


https://doi.org/10.1101/2023.01.30.526308
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.30.526308; this version posted February 1, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

A B Vero cells
. . 10 ns ns
+
Virus + ARINA or Saline . ]
2 9 o o
s ®le
o
37°C,1h S s
(74
T .4
S
- 6
’ S 4
Filter through 3K Da filter S
5 T T T
A bate, @ @
o Glitathione & &
Bicarbonate L
NaCl & &
v.
1
R hadvi 0h 48 h post infection
ecover washed virus
C HBEJ/ALI cells
124
ns ns

N

10+

Infect Vero EG6 cells or

log of viral RNA copies
©
L

HBE cells ]

16

6 1 T 1

& ¢ & ¢

'\x o\ex
é‘\v &
. \a
Viral load by RT-qPCR Ll )

0h 48 h post infection

Fig. 6. ARINA-1 has no direct antiviral effect on SARS-CoV-2 virus. A) Flow diagram showing the
procedure followed to test the direct antiviral activity of ARINA-1 on the virus. Briefly, a suspension of
SARS-CoV-2 virus was exposed to ARINA-1 and then filtered through a 3,000 Da pore size membrane
to remove the ARINA-1 components. The ARINA-1-free virus suspension was used to infect Vero E6
or HBE/ALI cells, and the viral load determined after 48 h post infection. Virus particles were treated in
parallel with saline as control. B) Viral load of the ARINA-1-treated virus compared to the saline treated
virus measured in Vero EB6 cells or in C) the HBEC/ALI assay. RNA copy numbers were logarithmically

transformed and compared using ordinary one-way ANOVA statistical analysis. ns: non-significant.
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Fig. 7. ARINA-1 is not protective when cilia beating is inhibited with BAPTA/AM or cilia are not
active or present in cells. A) Viral loads in HBEC treated with ARINA-1, BAPTA/AM or ARINA-1 plus
BAPTA/AM. Two independent experiments with 3 technical replicates for BAPTA/AM and BAPTA/AM
plus ARINA-1 were performed. B) Viral loads of undifferentiated 16HBE and C) primary HBEC, which
lack cilia, were treated with ARINA-1 or saline as control. Two independent experiments with 3 technical
replicates for 16HBE and one experiment with 3 replicates for HBEC were performed. D) Viral loads of
ALl differentiated hNE cells from two WT donors and E) from two PCD suffering human donors with
mutations in genes CCDC39 and DNAI1, which encode proteins essential for the assembly of dynein
arm complexes and for dynein protein itself, respectively, treated with ARINA-1 or saline as control.
Two experiments with at least two technical replicates for PCD-hNE cells and one experiment with four
replicates for each WT-hNE cell donor were performed. Data were logarithmically transformed and

compared using ordinary one-way ANOVA.
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Fig. 8. A proper redox state of the cell is essential for the antiviral protection conferred by
mucociliary transport. A) Viral load in the presence of allopurinol (400 uM) compared to vehicle
(DMSO) in the HBEC/ALI assay. B) Viral load in the presence of the antioxidant agents N-acetylcysteine
(NAC) and sulforaphane (SFN) at the specified concentrations.
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