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ABSTRACT 

Background 

SARS-CoV-2 infections have resulted in a global pandemic, but an antiviral therapy for this 

novel strain of coronavirus does not currently exist. The objective of our study was to 

investigate the antiviral potential of the nicotinic acetylcholine receptor (nACHR) agonist 

varenicline tartrate against SARS-CoV-2. 

Methods 

We assessed antiviral activity using in vitro human cell assays and we assessed in vivo 

efficacy in a rhesus macaque model. 

Results 

In vitro studies found that varenicline tartrate, over a range of concentrations, reduced the 

infectivity of SARS-CoV-2 wildtype, alpha, and beta variants in Calu-3 cells and Caco-2 cells, 

with maintenance of cell viability. In vivo studies found that varenicline tartrate, administered 

as a nasal spray to rhesus macaques, reduced SARS-CoV-2 wildtype viral load and inhibited 

viral replication in the nasal mucosa and upper airway.  

Conclusion 

Although the study reported here was exploratory, we have confirmed that the nAChR 

agonist varenicline has the potential to interact with and inhibit SARS-CoV-2 infection and 

replication. 
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INTRODUCTION 

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is a novel strain 

of coronavirus that was first identified as an infectious agent in humans in 2019.1 The 

disease caused by the SARS-CoV-2 viral outbreak was termed coronavirus disease 2019 

(COVID-19); the major clinical manifestations include cough, shortness of breath or difficulty 

breathing, fever, chills, muscle pain, headache, sore throat and a new loss of taste or smell. 

This viral outbreak was recognized as a pandemic threat by the World Health Organization 

and began to rapidly overload health care systems, causing substantial morbidity and 

mortality worldwide.2,3 Recent evidence reports from 600,000-900,000 deaths in the United 

States, and from 3.9-7.1 million deaths worldwide.4,5 Importantly, an effective preventative 

antiviral treatment for SARS-CoV-2 has not yet emerged.6 Compounding the urgency for an 

effective treatment is the emergence of mutations (with changes in the spike protein) with 

increased rates of transmission and mortality.7,8 For example, the beta variant (first identified 

in South Africa) has 50% increased transmission and reduced neutralization by post-

vaccination antibodies compared with wildtype virus,9 and the alpha variant (first identified in 

the United Kingdom) is more transmissable than the wildtype and has a 62.8% increase in 

mortality after 28 days.10 

Many studies have shown one route that SARS-CoV-2 uses to enter the host cell is 

via binding to angiotensin-converting enzyme-2 (ACE2) and subsequent fusion with the cell 

membrane.11-13 Additional studies have shown that SARS-CoV-2 enters host cells mainly 

through ACE2-positive and transmembrane serine protease 2-positive nasal epithelial cells, 

which are specific ciliated and mucous secreting cells of the nasal mucosa.14,15 Therefore, 

the nasal cavity potentially represents the most susceptible mucosal surface for infection 

within the respiratory tree, although the ocular surface is also susceptible to infection.16 

Concurrently, based on early observations of low smoking prevalence among hospitalized 

COVID-19 patients in China and the USA, a role for the nicotinic cholinergic system in 

SARS-CoV-2 infection was postulated.17,18 However, more recent studies suggest the 

relationship between smoking and SARS-CoV-2 is complex, and that smoking may indeed 
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be a risk factor for severe disease,19 but the role of nicotine and the nicotinic cholinergic 

system remains pertinent, though unclear. 

Farsalinos et al. have identified a “toxin-like” amino acid in the receptor binding 

domain of the spike glycoprotein of SARS-CoV-2, that is homologous to a sequence found in 

snake venom known to interact with nicotinic acetylcholine receptors (nAChRs).20,21 Further, 

binding simulation studies have shown that SARS-CoV-2 has the ability to directly bind to 

nAChRs via its spike protein.22 Binding to the nAChRs may explain the immune-mediated 

flares or myasthenia gravis-like findings in patients with autoimmune disease infected with 

SARS-CoV-2, or those vaccinated with mRNA/DNA based vaccines.23,24 Receptor binding 

raises the possibility that cholinergic agonists may have the ability to block nAChR interaction 

with SARS-CoV-2, as well as other coronaviruses that share similar amino acid sequences in 

their receptor binding domain. To complicate this potential role, the nicotine cholinergic 

system may also interact with the ACE2 system.19 Overall, it is possible that nAChR agonists 

may have therapeutic value in SARS-CoV-2 infected patients, making them worthy of study. 

Varenicline tartrate is a highly selective small-molecule nAChR agonist with full 

agonist activity at the α7 receptor and partial agonist activity at the α3β4, α3α5β4, α4β2, and 

α6β2 receptors.25-28 Varenicline tartrate is FDA approved and indicated for use as an aid to 

smoking cessation treatment in oral tablet form29 and is currently under investigation as a 

preservative-free aqueous nasal spray formulation (OC-01) for dry eye disease. In this study, 

we hypothesized that varenicline may have antiviral activity against SARS-CoV-2 by 

inhibiting viral host cell entry and thereby disrupting the replication cycle. Of note, varenicline 

in particular has been shown, using computational strategies, to bind to the spike 

glycoprotein of SARS-CoV-2 at the hinge site with high affinity.30 By administering as a 

topical formulation, OC-01 (varenicline) nasal spray of offers a unique opportunity to target 

SARS-CoV-2 at the primary site of infection, binding, amplification, and transmission. Topical 

administration of varenicline as an aqueous nasal spray allows for the delivery of a high 

localized concentration to the mucosa that is unlikely to be achieved with systemic delivery. 

The aim of this initial exploratory study was to investigate the antiviral potential of varenicline 
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against SARS-CoV-2 using in vitro cell assays and an in vivo rhesus macaque model. Prior 

studies with SARS-CoV-2 wildtype using rhesus macaque model have found that infection 

results in mild to moderate clinical signs and high titers of virus in the upper and lower 

respiratory tract with multifocal lung inflammation.31 
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METHODS 

In vitro antiviral activity in Calu-3 and Caco-2 cells 

Reagents 

Antiviral activity assays were conducted in Calu-3 and Caco-2 cells. Calu-3 cells 

(ATCC ATB-55) are a line of epithelial cells derived from a lung adenocarcinoma and Caco-2 

cells (ATCC HTB-37) are a line of epithelial cells from a colorectal adenocarcinoma: both are 

anticipated to express both ACE2 and nAChR receptors.32,33 SARS-CoV-2 wild-type clinical 

isolate, USA WA1/2020, SARS-CoV-2 alpha (B.1.1.7 UK), and SARS-CoV-2 beta (B.1.351 

South Africa) clinical isolates were obtained from BEI Resources. All viruses were passaged 

in Vero E6 cells to create the virus working stock.  Varenicline tartrate was purchased from 

Tocris Biosciences (Minneapolis, MN). Varenicline tartrate was reconstituted in DMSO to 

yield stock solutions of 20 mM. Stocks were stored at -20 °C, thawed immediately before the 

experiment and residual compound was discarded. All the work with SARS-CoV-2 was 

performed in a BSL-3 laboratory at the Trudeau Institute following institutional approved 

biosafety protocols. 

Experimental procedure 

A 3-fold dilution series of varenicline tartrate was prepared starting at 100 μM. Cells 

were pre-treated with varying concentrations of varenicline tartrate for 1 hour. Separately, 

SARS-CoV-2 was diluted to generate a multiplicity of infection (MOI) of 3 (3 virions per cell) 

and was pre-treated with various concentrations of varenicline tartrate (control = DMSO) for 1 

hour at 37º C and under 5% CO2. Following the pre-treatment period, cells were exposed to 

the pre-treated SARS-CoV-2/varenicline tartrate for 2 hours and the plates were shaken 

every 15 minutes. Following this 2 hour incubation, the culture medium was removed and the 

cells were washed twice with PBS. Fresh culture medium containing various concentrations 

of varenicline tartrate (DMSO served as a negative) was then added to the cells. Cell culture 

supernatants were harvested at 24 hours post SARS-CoV-2/varenicline tartrate exposure 

and subjected to plaque titration. For plaque titration, confluent Vero-E6 cells were inoculated 

with 5-fold serial dilutions of cell culture supernatant and incubated for 1 hour at 37°C and 
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5% CO2. Following this incubation period, culture medium containing 2.4% (final 

concentration 0.6%) microcrystalline cellulose was added to the cultures. Plaques were 

counted 72 hours post-infection and titers determined as plaque forming units per ml 

(pfu/ml). The percent infection of cells was normalized against virus only control samples. 

Cell viability was determined at 72 hours using the CellTiter-Glo Luminescent Cell Viability 

Assay kit (Promega) and luminescence was recorded using a POLARstar OPTIMA plate 

reader (BMG Labtech). The percent cell viability was calculated by normalizing against 

DMSO only controls. 

Statistical analyses 

All statistical analyses were performed using GraphPad Prism (version 9, GraphPad 

Software, Inc.). For the calculation of 50% inhibitory concentration (IC50) and 50% cytotoxic 

concentration (CC50) of the compound, which indicate the inhibitor concentration leading to 

50% reduction of infection or cell viability respectively, non-linear fit regression models were 

used. 

 

In vivo SARS-CoV-2 challenge study in Rhesus Macaques 

Studies were conducted under the BIOQUAL Inc. Institute Institutional Animal Care 

and Use Committee (IACUC)-approved protocol 20-069P, which is in compliance with the 

Animal Welfare Act and other federal statutes and regulations relating to animals and 

experiments involving animals. BIOQUAL Inc. is accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care International and adheres to 

principles stated in the Guide for the Care and Use of Laboratory Animals, National 

Research Council. 

Experimental procedure 

To evaluate the ability of varenicline OC-01 nasal spray to prevent nasal infection and 

replication in rhesus macaques from SARS-CoV-2, we assessed the impact of varenicline 

administration prior to, and following virus challenge (Figure 1). Each animal (N = 2) was 

treated with 100 µL of 0.6 mg/ml varenicline OC-01 nasal spray into each nostril 4 times daily 
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for 5 days (Days 1-5). On Day 1, the first and second OC-01 doses were administered, then 

animals were challenged with 1x105 pfu of SARS-CoV-2 WA/1/2020 isolate through 

intranasal and intratracheal routes. Prior to inoculation, the same lot of isolate (Lot# 

70040665 NR-53872) was tested for infectivity in a titration experiment in the rhesus 

macaque (N = 3) control animals. Then the third and forth OC-01 doses were administered. 

On Days 2 to 5, 4 doses of OC-01 were given, and on Day 6, 2 doses of OC-01 were given, 

and then animals were euthanized (with an intravenous overdose of sodium pentobarbital) 

for necropsy and tissue collection. Based on the relatively transient nature of the SARS-CoV-

2 infection in rhesus macaques, the in-life portion of the study was limited to 6 days.  

Animals were given enrichment, including commercial toys and food supplements. All 

animals were monitored for clinical signs and body weight was assessed. To determine viral 

load in upper airway, nasopharyngeal swabs were collected on Days 2, 3, 5, and 6 for control 

animals and Days 2, 4, and 6 for OC-01-treated animals. Collected swabs were stored at -

80°C until viral load analysis. 

Determination of viral load 

Quantitative RT-PCR for SARS-CoV-2 genomic (g) RNA 

Samples were assayed for virus concentration by SARS-CoV-2-specific qRT-PCR, 

which estimated the number of RNA copies in the collected tissue samples. Viral RNA was 

isolated from collected tissue samples using the Qiagen MinElute virus spin kit and a control 

for the amplification reaction was isolated from the SARS-CoV-2 stock. qRT-PCR was 

performed with Applied Biosystems 7500 Sequence detector and amplified using the 

following program: 48°C for 30 minutes, 95°C for 10 minutes followed by 40 cycles of 95°C 

for 15 seconds, and 1 minute at 55°C using primers (2019-nCoV_N1-F :5’-

GACCCCAAAATCAGCGAAAT-3’; 2019-nCoV_N1-R: 5’-TCTGGTTACTGCCAG 

TTGAATCTG-3’) and a probe (2019-nCoV_N1-P: 5’-FAM-

ACCCCGCATTACGTTTGGTGGACC-BHQ1-3’) specifically designed to amplify and bind to 

a conserved region of nucleocapsid gene of coronavirus. The signal was compared to a 
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known standard curve and calculated to give copies per mL (in a practical range of 50 to 5 x 

108 RNA copies per mL for nasal washes). 

Quantitative RT-PCR for SARS-CoV-2 subgenomic (sg) RNA 

Prior to PCR, samples collected from animals were reverse-transcribed using 

Superscript III VILO (Invitrogen). A Taqman custom gene expression assay (ThermoFisher 

Scientific) was designed using the sequences targeting the E gene sgRNA20 (SG-F: 

CGATCTTGTAGATCTGTTCCTCAAACGAAC; SG-R: ATATTGCAGCAGTACGCACACACA; 

probe: FAM-ACACTAGCCATCCTTACTGCGCTTCG-BHQ) and PCR reactions were carried 

out on a QuantStudio 6 and 7 Flex Real-Time PCR System (Applied Biosystems). To 

generate a standard curve, the SARS-CoV-2E gene sgRNA was cloned into a pcDNA3.1 

expression plasmid; this insert was transcribed using an AmpliCap-Max T7 High Yield 

MessageMaker Kit (Cellscript) to obtain RNA for standards. Standard curves were used to 

calculate sgRNA in copies per swab (in a practical range of 50 to 5 x 107 RNA copies per mL 

for nasal washes). 
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RESULTS 

Varenicline tartrate inhibits SARS-CoV-2 in vitro  

We assessed the antiviral activity of varenicline tartrate against SARS-CoV-2 in Calu-

3 and Caco-2 cells. Varenicline tartrate reduced SARS-CoV-2 viral titers over a range of 

concentrations, with an IC50 of 0.3 μM and 0.5 μM in Calu-3 (Figure 2A) and Caco-2 cells 

(Figure 2B), respectively. In addition, varenicline tartrate reduced SARS-CoV-2 alpha variant 

viral titers with an IC50 of 0.13µM in Calu-3 cells (Figure 2C), and SARS-CoV-2-beta variant 

viral titers with an IC50 of 4µM in Calu-3 cells (Figure 2D). Importantly, these in vitro 

conditions were not toxic and cell viability was maintained. 

 

Varenicline tartrate inhibits SARS-CoV-2-wt in vivo 

We assessed the antiviral activity of varenicline against SARS-CoV-2 in rhesus 

macaques. During the study, there were only minor changes in body weight and rectal 

temperatures, and no changes in respiratory rate, respiratory effort, cough, and fecal 

consistency (data not shown). No adverse events were detected. 

Nasopharyngeal swabs were assessed for SARS-CoV-2 by qRT-PCR for gRNA, 

which indicates the presence of virus, and sgRNA (sgRNA), which indicates the presence of 

actively replicating virus. In control animals, following SARS-CoV-2 infection, copies of viral 

RNA peaked approximately 2 days post-challenge (Figure 3A and B). Varenicline OC-01 

nasal spray prevented significant SARS-CoV-2 infection in the nasal mucosa of the rhesus 

macaques (Figure 3C and D). Following treatment with OC-01, SARS-CoV-2 gRNA levels 

were decreased approximately 100-fold (Figure 3C), and sgRNA levels were decreased 

approximately 200-fold compared with controls. sgRNA levels were no longer detectable at 4 

days and 6 days post-challenge (Figure 3D).  
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DISCUSSION  

To our knowledge these are the first in vitro and in vivo studies to show that a nAChR 

agonist has antiviral activity against SARS-CoV-2. Our initial in vitro cell assays 

demonstrated that varenicline reduced viral titers over a range of doses, against wildtype, 

alpha, and beta variants, without a negative impact on cell viability. Our initial in vivo studies 

indicated that varenicline administered as an aqueous nasal spray (approximately 1mM at 

each administration based on airway surface liquid calculations) prevented SARS-CoV-2 

infection and replication in the nasal cavity of rhesus macques less than 24 hours after virus 

challenge. The results suggest a sound rationale for the use of OC-01 (varenicline) nasal 

spray as a therapeutic for pre-exposure/post-exposure prophylaxis to prevent infection, to 

decrease viral load, and/or to lessen severity and transmission of SARS-CoV-2. Additionally, 

in vitro results suggest that the mechanism for viral inhibition is conserved with the SARS-

CoV-2 alpha and SARS-CoV-2 beta variants. Moreover, the nasal spray formulation of 

varenicline enables administration of a therapeutic dose directly to the nasal mucosa, which 

represents the most likely route of virus entry, replication, and infection for SARS-CoV-

2.12,22,34-36 In addition , there is a significant population of nAChRs on the olfactory bulb within 

the nasal mucosa;37 this may help to understand the chemo-sensitive disorders seen with 

SARS-CoV-2 infection, such as loss or decline of taste and smell (ageusia and anosmia, 

respectively), which have been reported as unique clinical features of COVID-19.38,39 

Our results are consistent with data from in silico studies that suggested varenicline 

binds directly to the receptor binding domain of the spike glycoprotein of SARS-CoV-2 at the 

hinge site with high affinity. This binding may prevent a change in the spike protein to the 

“up-conformation” and inhibit subsequent binding by the ACE2 and/or nAChR binding site,30 

thus potentially preventing host cell infection. In addition, the spike glycoprotein of SARS-

CoV-2 may also directly bind with nAChRs, and binding studies have suggested that the 

Y674-R685 region of the protein adopts particular confirmations when binding to the α4β2 

and α7 nAChR subtypes,22 which also have the same high affinity for varenicline.25 

Therefore, unlike anti-SARS-CoV-2 vaccines and antibody therapeutics, the antiviral activity 

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted June 30, 2021. ; https://doi.org/10.1101/2021.06.29.450426doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.29.450426
http://creativecommons.org/licenses/by/4.0/


OC-01 and SARS-CoV-2 Page 12 of 18 

of varenicline is likely to be conserved for different SARS-CoV-2 variants as varenicline’s 

affinity for nAChRs or the Y674-R685 region of the spike protein is completely independent 

of virus mutations.25-28,30 

Although the studies reported here were exploratory, we have confirmed that the 

nAChR agonist varenicline, the active ingredient of OC-01 nasal spray, has the potential to 

interact with and inhibit SARS-CoV-2 infection and replication. Further, the nicotinic 

cholinergic system has been postulated to be involved in the pathophysiology of severe 

COVID-19 due to the immune dysregulation and cytokine storm, as the cholinergic anti-

inflammatory pathway may be an important regulator of the inflammatory response.17,40 

Given the in vitro and in vivo effectiveness seen in the studies, varenicline nasal spray 

warrants further investigation as an antiviral agent for pre-exposure/post-exposure 

prophylaxis, and/or prevention of transmission of SARS-CoV-2 wildtype and variants. 

  

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted June 30, 2021. ; https://doi.org/10.1101/2021.06.29.450426doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.29.450426
http://creativecommons.org/licenses/by/4.0/


OC-01 and SARS-CoV-2 Page 13 of 18 

ACKNOWLEDGMENTS  

Funding support 

This study was sponsored by Oyster Point Pharma, Inc., the manufacturer of investigational 

varenicline OC-01 nasal spray. The Viral Disease and Translational Science Program at 

Trudeau Institute (Saranac Lake, NY) was a vendor, paid to complete the in vitro work 

outlined in this manuscript. BIOQUAL Inc. (Rockville, MD) was a vendor, paid to complete 

the animal work outlined in this manuscript. Medical writing assistance was provided by 

Janelle Keys, PhD, CMPP of Envision Pharma Group, and was funded by Oyster Point 

Pharma, Inc. Envision’s services complied with international guidelines for Good Publication 

Practice (GPP3). 

Role of the sponsor  

Oyster Point Pharma, Inc., was involved in the study designs, data collection, data analysis, 

and preparation of the manuscript.  

Role of contributors 

EC and JN participated in the study design, interpretation of study results, and drafting of the 

manuscript. All authors participated in the critical revision and approval of the final version of 

the manuscript. PL, KL, FS and TC were involved in the in vitro study execution, data 

collection, and data analysis. 

Conflicts of interest 

The author(s) have made the following disclosure(s). PL: research grant support, Oyster 

Point Pharma, Inc.; employee of Viral Disease and Translational Science Program at 

Trudeau Institute. JN, EC: employee of and shareholder in Oyster Point Pharma, Inc. KL, FS, 

and TC: employees of the Viral Disease and Translational Science Program at Trudeau 

Institute. 

  

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted June 30, 2021. ; https://doi.org/10.1101/2021.06.29.450426doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.29.450426
http://creativecommons.org/licenses/by/4.0/


OC-01 and SARS-CoV-2 Page 14 of 18 

REFERENCES 
 

1. Collin J, Queen R, Zerti D, et al. Co-expression of SARS-CoV-2 entry genes in the 
superficial adult human conjunctival, limbal and corneal epithelium suggests an additional 
route of entry via the ocular surface. Ocul Surf 2021;19:190-200. 
2. Colavita F, Lapa D, Carletti F, et al. SARS-CoV-2 Isolation From Ocular Secretions of 
a Patient With COVID-19 in Italy With Prolonged Viral RNA Detection. Ann Intern Med 
2020;173:242-3. 
3. Zhu J, Kim J, Xiao X, et al. The immune vulnerability landscape of the 2019 Novel 
Coronavirus, SARS-CoV-2. bioRxiv 2020:doi: 10.1101/2020.02.08.939553. 
4. Johns Hopkins University & Medicine Coronavirus Resource Center. 
https://coronavirus.jhu.edu/. 
5. Institute for Health Metrics and Evaluation. Estimation of total mortality due to COVID-
19. http://wwwhealthdataorg/special-analysis/estimation-excess-mortality-due-covid-19-and-
scalars-reported-covid-19-deaths. 
6. Ismaila MS, Bande F, Ishaka A, Sani AA, Georges K. Therapeutic options for COVID-
19: a quick review. J Chemother 2021;33:67-84. 
7. Gobeil SM, Janowska K, McDowell S, et al. Effect of natural mutations of SARS-CoV-
2 on spike structure, conformation and antigenicity. bioRxiv 2021. 
8. Volz E, Hill V, McCrone JT, et al. Evaluating the Effects of SARS-CoV-2 Spike 
Mutation D614G on Transmissibility and Pathogenicity. Cell 2021;184:64-75 e11. 
9. Tegally H, Wilkinson E, Giovanetti M, et al. Detection of a SARS-CoV-2 variant of 
concern in South Africa. Nature 2021;592:438-43. 
10. Patone M, Thomas K, Hatch R, et al. Mortality and critical care unit admission 
associated with the SARS-CoV-2 lineage B.1.1.7 in England: an observational cohort study. 
Lancet Infect Dis 2021. 
11. Zhou B, Thao TTN, Hoffmann D, et al. SARS-CoV-2 spike D614G variant confers 
enhanced replication and transmissibility. bioRxiv 2020:doi: 10.1101/2020.10.27.357558. 
12. Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-CoV-2 Cell Entry Depends 
on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell 
2020;181:271-80 e8. 
13. Lukassen S, Chua RL, Trefzer T, et al. SARS-CoV-2 receptor ACE2 and TMPRSS2 
are primarily expressed in bronchial transient secretory cells. EMBO J 2020;39:e105114. 
14. Gallo O, Locatello LG, Mazzoni A, Novelli L, Annunziato F. The central role of the 
nasal microenvironment in the transmission, modulation, and clinical progression of SARS-
CoV-2 infection. Mucosal Immunol 2021;14:305-16. 
15. Sungnak W, Huang N, Becavin C, et al. SARS-CoV-2 entry factors are highly 
expressed in nasal epithelial cells together with innate immune genes. Nat Med 2020;26:681-
7. 
16. Bhaskar ME, Arun S. SARS-CoV-2 Infection Among Community Health Workers in 
India Before and After Use of Face Shields. JAMA 2020;324:1348-9. 
17. Farsalinos K, Niaura R, Le Houezec J, et al. Editorial: Nicotine and SARS-CoV-2: 
COVID-19 may be a disease of the nicotinic cholinergic system. Toxicol Rep 2020;7:658-63. 
18. Changeux JP, Amoura Z, Rey FA, Miyara M. A nicotinic hypothesis for Covid-19 with 
preventive and therapeutic implications. C R Biol 2020;343:33-9. 
19. Xie J, Zhong R, Wang W, Chen O, Zou Y. COVID-19 and Smoking: What Evidence 
Needs Our Attention? Front Physiol 2021;12:603850. 
20. Farsalinos K, Eliopoulos E, Leonidas DD, Papadopoulos GE, Tzartos S, Poulas K. 
Nicotinic Cholinergic System and COVID-19: In Silico Identification of an Interaction between 
SARS-CoV-2 and Nicotinic Receptors with Potential Therapeutic Targeting Implications. Int J 
Mol Sci 2020;21. 
21. Lagoumintzis G, Chasapis CT, Alexandris N, et al. Nicotinic cholinergic system and 
COVID-19: In silico identification of interactions between alpha7 nicotinic acetylcholine 
receptor and the cryptic epitopes of SARS-Co-V and SARS-CoV-2 Spike glycoproteins. Food 
Chem Toxicol 2021;149:112009. 

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted June 30, 2021. ; https://doi.org/10.1101/2021.06.29.450426doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.29.450426
http://creativecommons.org/licenses/by/4.0/


OC-01 and SARS-CoV-2 Page 15 of 18 

22. Oliveira ASF, Ibarra AA, Bermudez I, et al. Simulations support the interaction of the 
SARS-CoV-2 spike protein with nicotinic acetylcholine receptors and suggest subtype 
specificity. bioRxiv 2020:doi: 10.1101/2020.07.16.206680. 
23. Restivo DA, Centonze D, Alesina A, Marchese-Ragona R. Myasthenia Gravis 
Associated With SARS-CoV-2 Infection. Ann Intern Med 2020;173:1027-8. 
24. Watad A, De Marco G, Mahajna H, et al. Immune-Mediated Disease Flares or New-
Onset Disease in 27 Subjects Following mRNA/DNA SARS-CoV-2 Vaccination. Vaccines 
(Basel) 2021;9. 
25. Mihalak KB, Carroll FI, Luetje CW. Varenicline is a partial agonist at alpha4beta2 and 
a full agonist at alpha7 neuronal nicotinic receptors. Mol Pharmacol 2006;70:801-5. 
26. Bordia T, Hrachova M, Chin M, McIntosh JM, Quik M. Varenicline is a potent partial 
agonist at alpha6beta2* nicotinic acetylcholine receptors in rat and monkey striatum. J 
Pharmacol Exp Ther 2012;342:327-34. 
27. Bagdas D, Gurun MS, Flood P, Papke RL, Damaj MI. New Insights on Neuronal 
Nicotinic Acetylcholine Receptors as Targets for Pain and Inflammation: A Focus on alpha7 
nAChRs. Curr Neuropharmacol 2018;16:415-25. 
28. Arias HR, Feuerbach D, Targowska-Duda K, Kaczor AA, Poso A, Jozwiak K. 
Pharmacological and molecular studies on the interaction of varenicline with different 
nicotinic acetylcholine receptor subtypes. Potential mechanism underlying partial agonism at 
human alpha4beta2 and alpha3beta4 subtypes. Biochim Biophys Acta 2015;1848:731-41. 
29. Pfizer. CHANTIX (varenicline) tablets, for oral use. Highlights of prescribing 
information. 2016. 
30. Ramirez-Salinas GL, Martinez-Archundia M, Correa-Basurto J, Garcia-Machorro J. 
Repositioning of Ligands That Target the Spike Glycoprotein as Potential Drugs for SARS-
CoV-2 in an In Silico Study. Molecules 2020;25. 
31. Munoz-Fontela C, Dowling WE, Funnell SGP, et al. Animal models for COVID-19. 
Nature 2020;586:509-15. 
32. Bruses JL. Cell surface localization of alpha3beta4 nicotinic acetylcholine receptors is 
regulated by N-cadherin homotypic binding and actomyosin contractility. PLoS One 
2013;8:e62435. 
33. Rowell TR, Reeber SL, Lee SL, et al. Flavored e-cigarette liquids reduce proliferation 
and viability in the CALU3 airway epithelial cell line. Am J Physiol Lung Cell Mol Physiol 
2017;313:L52-L66. 
34. Zou L, Ruan F, Huang M, et al. SARS-CoV-2 Viral Load in Upper Respiratory 
Specimens of Infected Patients. N Engl J Med 2020;382:1177-9. 
35. Li L, Tan C, Zeng J, et al. Analysis of viral load in different specimen types and serum 
antibody levels of COVID-19 patients. J Transl Med 2021;19:30. 
36. Cevik M, Kuppalli K, Kindrachuk J, Peiris M. Virology, transmission, and 
pathogenesis of SARS-CoV-2. BMJ 2020;371:m3862. 
37. Mechawar N, Saghatelyan A, Grailhe R, et al. Nicotinic receptors regulate the survival 
of newborn neurons in the adult olfactory bulb. Proc Natl Acad Sci U S A 2004;101:9822-6. 
38. Vaira LA, Salzano G, Deiana G, De Riu G. Anosmia and Ageusia: Common Findings 
in COVID-19 Patients. Laryngoscope 2020;130:1787. 
39. Lechien JR, Radulesco T, Calvo-Henriquez C, et al. ACE2 & TMPRSS2 Expressions 
in Head & Neck Tissues: A Systematic Review. Head Neck Pathol 2021;15:225-35. 
40. Farsalinos K, Barbouni A, Niaura R. Systematic review of the prevalence of current 
smoking among hospitalized COVID-19 patients in China: could nicotine be a therapeutic 
option? Reply. Intern Emerg Med 2021;16:235-6. 
 
 

  

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted June 30, 2021. ; https://doi.org/10.1101/2021.06.29.450426doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.29.450426
http://creativecommons.org/licenses/by/4.0/


FIGURES 

 

Figure 1 

Study Design for SARS-CoV-2 Challenge in Rhesus Macaques 

Each animal (N = 2) was treated with varenicline OC-01 nasal spray into each nostril 4 times 

daily for 5 days. On Day 1, the first and second OC-01 doses were administered, then 

animals were challenged with 1x105 pfu of SARS-CoV-2 WA/1/2020 isolate, then the third 

and forth OC-01 doses were administered. On Days 2 to 5, 4 doses of OC-01 were given, 

and on Day 6, 2 doses of OC-01 were given, and then animals were euthanased. Nasal 

swabs were collected for viral load analysis by qRT-PCR. Control animals (N = 3) did not 

received OC-01 treatment. 
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Figure 2 

Antiviral activity of varenicline tartrate in Calu-3 and Caco-2 cells 

The target cells, Calu-3 and Caco-2, as well as SARS-CoV-2 (wildtype, alpha, and beta 

variants) were preincubated with different concentrations of varenicline tartrate for 1h at 

37°C. The cells were infected with pre-treated virus at an MOI of 3 and antiviral activity was 

assessed by using the cell supernatants 24h post-infection. Error bars represent mean and 

standard deviation of three independent replicates: the experiment was performed as two 

independent replicates. CC50 50% cytotoxic concentration; IC50, 50% inhibitory concentration. 
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Figure 3 

Effect of varenicline nasal spray on SARS-CoV-2 gRNA and sgRNA in rhesus 

macaques 

SARS-CoV-2 gRNA and sgRNA were measured by qRT-PCR in nasal swab samples taken 

at Day 2, Day 3, Day 5, and Day 6 of the study (equivalent to post-challenge days 1, 2, 4, 

and 5) for the control animals and Day 2, Day 4, and Day 6 of the study (equivalent to post-

challenge days 1, 3, and 5) for the OC-01-treated animals. Animals were challenged with 

SARS-CoV-2 on Day 1 of the study, which is equivalent to 0 days post challenge in the 

figure. Dotted lines represent lowest level of detection for the assay.  
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