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1. Introduction  
The last two decades have seen the recurrent spillover of three highly pathogenic coronaviruses into 
human populations including Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-1) in 
2002/2003, Middle East Respiratory Syndrome Coronavirus (MERS-CoV) in 2012, and SARS-CoV-2 in 
2019, all targeting the respiratory track and responsible for fatal respiratory illnesses(1, 2). 
Coronaviruses of the order Nidovirales belong to the Coronaviridae family and are divided into four 
genera including alpha, beta, gamma, and delta viruses (Figure 1). Because of their high adaptive 
capacity, these enveloped, positive-sense single-stranded RNA viruses present a great zoonotic 
potential, causing significant concerns to both animal and human health. The immediate and global 
Coronavirus Disease 2019 (COVID-19) threat has stressed the importance of pandemic preparedness 
and the prompt development of vaccines and therapeutic interventions(1-3). 
 
Although vaccines are the cornerstone of controlling epidemics and saving lives, antivirals also have a 
key role to play in controlling the progression of diseases by reducing viral loads and could be used to 
break SARS-CoV-2 community transmission chains by limiting viral shedding levels and duration. In 
this chapter, we review the unprecedented international efforts and strategies, which took place over 
the last 12 months to screen and identify new antiviral treatments against SARS-CoV-2 replication for 
inclusion in COVID-19 clinical trials.  We discuss the importance of long-range planning and sustaining 
our translational research focus to deepen our understanding of human coronaviruses (hCoVs) 
molecular pathogenesis. The latter is crucial to identify and validate novel targets for therapeutic 
interventions, in particular those commonly shared by hCoVs, and expand the repertoire of Broad-
Spectrum Antiviral Agents (BSAA), enabling prompt deployment for current and future pandemics. 
 

2. Understanding the molecular virology and Zoonotic origins of emerging coronaviruses  
The first description of human coronavirus dates back to 1965, with the isolation of HCOV-229E from 
individuals with common cold(4).  Amongst the seven beta-coronaviruses currently described to infect 
humans, are four endemic hCoVs (HCOV-229E, HCOV-NL63, HCOV-OC43 and HCOV-HKU1) currently 
circulating throughout the world. These are associated with mild Upper Respiratory Tract (URT) 
infections and responsible for 20% of common cold during the winter season. The remaining three, 
SARS-CoV-1, SARS-CoV-2 and MERS-CoV recently emerged in the human population as a result of 
independent zoonotic transmissions and are thought to have originated from bats, which are the 
natural reservoirs of alphacoronaviruses and betacoronaviruses (Figure 1). However, they have likely 
been transmitted to humans via intermediate reservoirs such as palm civets in the case of SARS-CoV-
1, or dromedary camels for MERS-CoV(1, 5, 6) . 
 
These emerging coronaviruses are phylogenetically related, and SARS-CoV-2 shares 79% genome 
sequence identity with SARS-CoV-1 and 50% with MERS-CoV (Figure 1)(2). Their genome of 
approximately 30kb is the largest of RNA viruses and presents a highly conserved genomic 
organisation (Figure 2). It encodes four structural proteins. The nucleocapsid (N) protein multimerises 
to form a helical capsid that surrounds the viral genome and is essential for viral genome packaging, 
and viral particle assembly and release (7). The envelope (E), membrane (M) and Spike (S) proteins 
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are present at the viral envelope (8). The trimeric transmembrane glycoprotein S includes two 
subunits, S1 comprising the Receptor Binding domain (RBD) and S2, the fusion peptide. The S proteins 
mediate viral docking and entry into host target cells via membrane fusion at the cell surface or 
following viral entry via the endosomal pathway (Figure 2) (9, 10). MERS-CoV S protein recognises the 
human dipeptidyl peptidase 4 (DPP4) as a functional receptor, while SARS-CoV-1 and SARS-CoV-2 S 
proteins both recognise the human angiotensin-converting enzyme 2 (ACE2) protein. In addition, 
Neuropilin-I has been identified as an additional host factor for SARS-CoV-2 entry(11). All three 
coronaviruses infection are enhanced by the transmembrane serine protease 2 (TMPRSS2) 
expression(12). Interestingly, SARS-CoV-2 S protein displays a distinct feature compared to SARS-CoV-
1, as its sequence includes a polybasic cleavage site present at the S1-S2 boundary, which is thought 
to be cleaved by furin in order to prime SARS-CoV-2 S protein for TMPRSS2 processing, the latter event 
releasing the fusion peptide(10, 13). Genomes of hCoVs also include two large Open Reading Frames 
(ORF1a and ORF1b) encoding polyprotein precursors (pp1a and pp1ab) proteolytically cleaved into 
sixteen non-structural proteins (NSP1-16), including papain-like protease (PLpro) and 3C-like protease 
(3CLpro), and, form the RNA replicase–transcriptase complex comprising the RNA-dependent RNA 
polymerase (RdRp), helicase (Hel) and exonuclease (ExoN) (Figure 2). Finally, there are nine additional 
smaller ORFs for SARS-CoV-1 and SARS-CoV-2 and five for MERS-CoV encoding for accessory factors 
acting as mediators of the host-virus interface(8).  
 
Following viral Entry, viral genome replication and transcription take place in virus-induced double-
membrane vesicles (DMVs) derived from the endoplasmic reticulum (ER), where the RNA replicase–
transcriptase complex generates full-length viral genomic RNA and a set of subgenomic RNA copies 
encoding the viral structural proteins and accessory factors. The structural proteins and viral genome 
are assembled into the nucleocapsid and viral membrane at the ER–Golgi intermediate compartment 
(ERGIC), followed by the exocytosis and release of virions from the infected cell (Figure 2) ((14). 
 

3. Viral dynamics and COVID-19 disease trajectories are key to inform antiviral interventions  

Viral load dynamics are the result of an intricate balance between viral replication and host responses 
and can be used as a biomarker of clinical severity in COVID-19 as well as to monitor the impact of 
antiviral treatments (Figure 3).  Importantly, temporal viral load dynamics may differ between 
anatomical sites and according to disease progression(15, 16). Like MERS-CoV and SARS-CoV-1, SARS-
CoV-2 has a broad tissue tropism, determined by the expression and distribution of ACE-2 and 
TRMPSS2, and targets the respiratory tract where it infects type I and II pneumocytes and airway 
epithelial cells, and enterocytes in the intestinal tract(17) (Table 1). SARS-CoV-2 dynamics can be 
monitored by quantifying its genomic material in nasopharyngeal swabs, sputum, saliva, bronchial 
lavages, stool and serum samples with quantitative reverse transcriptase polymerase chain reaction 
(RT-qPCR) (Figure3) (18).  
 
Initial peak of nasopharyngeal viral loads for all three emerging hCoVs can be correlated to clinical 
severities(19, 20). While SARS-CoV-1 and MERS-CoV viral peaks occur 7-10 days after symptoms 
onset(21), SARS-CoV-2 peak is observed earlier, at or within 5 days of symptom onset (Figure 3). Initial 
infection triggers activation of intrinsic cellular and innate immune responses including the interferon 
pathway, which suppresses viral replication resulting in a lower viral peak, and supports the 
development of adaptative immune response. Over the next 14 days, nasopharyngeal viral loads 
decrease overtime until viral clearance(16). Of note, early infection with SARS-CoV-1, SARS-CoV-2 and 
MERS-CoV is associated with a delayed or suppressed interferon response (22). This phenotype is 
further accentuated in severe cases of COVID-19, where type-I IFN (IFN-I) response is highly impaired 
with low levels of IFN-I and/or interferon-stimulated genes (ISGs)(23).  In the absence of effective 
antiviral activities mediated by the host cell, the virus is able to replicate to high titres, resulting in a 
high viral peak in nasopharyngeal samples, which is associated with disease severity and mortality(24). 



Viral loads in the URT are maintained in COVID-19 patients with severe disease who experience 
sustained residual viral replication and delayed viral clearance. These persistent viral loads can drive 
a state of systemic inflammation with higher levels of pro-inflammatory cytokines and chemokines 
such as tumour necrosis factor (TNF), IL-6, IL-8, and IL-10, IL-18, CXCL10 and even the elevation of IFN-
I in late stage of disease(23, 25-27). Ultimately, this hyper-inflammation phenotype can then affect 
distal tissues and lead to increased COVID-19 clinical severity(28). 
 
While nasopharyngeal sampling has been the standard practice for diagnosis of COVID-19, monitoring 
saliva viral loads is now being considered as an alternative due to its high sensitivity and reproducibility 
(29). Indeed, saliva viral loads peak in the week following symptom onset before declining over 
time(16, 30). Similar to SARS and MERS, the progression of the infection to the LRT is critical for COVID-
19 pathology, and increased and sustained LRT viral loads are observed in severe COVID-19 cases (31-
34). 
The detection of SARS-CoV-2 RNA in plasma samples or ‘RNAaemia’ is distinct from viraemia, which 
indicates the presence of infectious viral particles(35).  RNAaemia is significantly associated with 
inflammatory markers CRP and IL-6, and inflammatory cytokines including IL-8, IP-10 and MCP-1, as 
well as with disease severity and mortality(36, 37). The source of viral RNA in the blood remains to be 
identified, but it could reflect a route of viral dissemination, leading to multi-system involvement, or 
may reflect breakdown of damaged lung tissue, allowing leakage of viral particles or viral RNA into the 
bloodstream(35-37). The association with inflammatory markers and clinical deterioration makes 
RNAaemia a valuable prognostic biomarker when monitoring the efficacy of antivirals.   
Development of gastrointestinal symptoms during the course of COVID-19 is associated with disease 
severity (38) and increased risk of ICU admission and requirement of ventilation support (39). 
Interestingly, the presence and levels of SARS-CoV-2 viral RNA in stool can be inconsistent and is not 
associated with gastrointestinal symptoms, or disease severity (40, 41). However, faecal shedding 
leads to SARS-CoV-1 and SARS-CoV-2 being detectable in sewage, which can prove useful for reflecting 
case load in the local population, providing early warning of outbreaks or peaks in transmission (42, 
43). Sequencing of sewage samples can also track emergence of genetic variants in a population (44), 
which is particularly relevant for the identification of potentially more transmissible variants (45). 

Overall, viral dynamics suggest that the therapeutic window for antiviral treatment is limited in COVID-
19 patients (Figure 3). Early treatment intervention, within 3-5 days of symptoms onset, could be 
aimed at controlling initial SARS-CoV-2 infection and flattening the viral peak in the URT to limit viral 
propagation to the LRT. Later antiviral treatments could target viral persistence and accelerate viral 
clearance in severe cases of COVID-19. Both strategies could contribute to reduce viral loads, limit 
systemic inflammation, shorten time to resolution and mitigate the risk of progression to severe 
disease for individuals at risk of developing severe symptoms. Other options include pre- or post-
exposure prophylactic administration of antiviral drugs to limit outbreaks and prevent transmission in 
particular settings with high-risk populations, such as residential care facilities.  

4. Clinical trials with repurposed Antiviral Drugs for COVID-19  
Pandemic preparedness should include the ability to promptly select and evaluate antivirals against 
emerging viruses in clinical trials with the goal of suppressing viral loads, and reducing transmission, 
time/duration of hospitalisation and/or mortality, so those with optimum clinical efficacy can be 
rapidly deployed globally. Despite the previous emergence of MERS-CoV and SARS-CoV-1, there were 
no antivirals available against hCoVs in early 2020. Initial strategies developed to select antiviral 
compounds for inclusion in COVID-19 clinical trials were based on repurposed antiviral drugs including 
BSAAs displaying antiviral activities across more than one group of viruses and/or Direct Acting 
Antivirals (DAAs) targeting common viral enzymatic functions essential for viral replication (Figure 2). 
Additional selection criteria included their safety profile and bioavailability, and previous records of 



good efficacy against SARS-CoV-1 or MERS-CoV in cell-based assays or animal models. In particular, 
priority was given to the following repurposed antivirals (Table 2): 

- Remdesivir (GS-5734™, Gilead Sciences), a pro-drug nucleoside analog developed for Ebola 
and shown to target and inhibit SARS-CoV-1 and MERS-CoV RdRp in vitro and in animal 
models(46-48); 

- Favipiravir also targeting RdRp, with a broad-spectrum activity against RNA viruses including 
influenza, norovirus and flaviviruses (49); 

- Lopinavir/ritonavir (LPV/r), a Protease inhibitor currently used in combination antiretroviral 
therapy (cART) against HIV. LPV/r was also tested in vitro against SARS-CoV, MERS, hCoV-229E 
and in animal models (ferrets) where combination of LPV/r with HCQ lowered overall clinical 
score, but did not affect viral load(50-54);  

- Hydroxychloroquine (HCQ), a widely used anti-malarial and autoimmune disease drug 
displaying BSAA activities against HIV-1, H5N1, and SARS-CoV-1 in vitro and believed to block 
virus-cell fusion by increasing endosomal pH. (55).  

 
4.1  Clinical Efficacy of Hydroxychloroquine  
Early small-scale clinical trials of HCQ in February and March 2020, showed promising data for its 
efficacy in treating COVID-19. A randomized, controlled, un-blinded trial including 62 COVID-19 PCR-
positive patients in Wuhan China reported that patients on 200mg  HCQ, twice daily, for 5 days had 
increased remission of fever (Avg. 2.2 days vs. 3.2 days) and improved pneumonia (80.6% vs. 54.8%) 
compared to standard of care (SOC) (antibiotics, corticosteroids, oxygen and immunoglobulin)(56). 
Subsequently, a single arm open-label study in France enrolled 36 patients positive for SARS-CoV-2 
including a majority of asymptomatic and symptomatic patients with mild COVID-19. This study 
showed that significantly more HCQ-treated patients tested negative for nasopharyngeal RT-qPCR by 
day 6 compared to control (70% vs. 12.5%, p= 0.0001). It also suggested that the combination therapy 
of HCQ (600mg/day for 10 days) and azithromycin (AZM) (500mg Day 1, then 250mg/day for 4 days) 
for 6 patients was beneficial(57)as 100% of patients on the combination therapy had a negative PCR-
test by day six of the study.  
 
An observational study (OS) of 1438 COVID-19 patients in New York City (NYC) identified no difference 
in mortality in patients treated with HCQ alone or in combination with AZM (HCQ + AZM: 25.7%, HCQ: 
19.9%, AZM: 10%)(58). Another OS of 1446 COVID-19 patients in NYC showed no association between 
HCQ (600mg twice day 1, 400mg/day for median of 5 days) and prevention of intubation (Hazard 
Ratio: 1.04, 95% confidence interval [CI])(59).  
 
Finally, HCQ did not show efficacy as a therapeutic treatment of COVID-19 in international large-scale 
multi-center RCT studies. The World Health Organization’s SOLIDARITY trial, which coordinated the 
testing of COVID-19 treatments in RCTs across 30 countries and 11,330 patients, showed no efficacy 
of HCQ in the treatment of COVID-19(60). The RCT compared the oral therapeutic administration of 
HCQ (800mg 0 hours-post-inclusion (hpi), 800mg 6hpi, from 12hpi onward 400mg twice daily for 10 
days). HCQ showed no effect on mortality (HCQ rate ratio: 1.19), initiation of ventilation or length of 
hospitalization when compared to patients receiving general SOC for COVID-19. Consequently, the 
HCQ arm of the trial was discontinued on June 17th 2020, shortly following the revoked Emergency 
Use Authorisation (EUA) of HCQ from the US FDA on June 15th, 2020(61, 62). Similarly, the RECOVERY 
RCT of HCQ (800mg at 0hpi and 6hpi, then 400mg at 12hpi and every 12 hours after for 9 days or until 
discharge) coordinated by the University of Oxford in the United Kingdom demonstrated no effect on 
mortality (HCQ: 26.8%, n=1561; Control: 25.0%, n=3155) or progression to mechanical ventilation(63).  
In a post-exposure prophylaxis treatment trial of HCQ including 1446 patients with a reported high-
risk exposure to a COVID-19 positive individual, HCQ (800mg loading-dose, 600mg 6-8hrs later, 
600mg/day for 4 days) showed no significant difference in the incidence of COVID-19 compared to 
placebo (11.8%, n=414 vs. 14.3%, n=407)(64).  



 
Collectively, these large OS and multi-center trials failed to show evidence of HCQ efficacy as a 
prophylactic or therapeutic in the treatment of COVID-19.   
 
4.2 Clinical Efficacy of Remdesivir 
Washington State 2019-nCoV Case Investigation Team reported the first USA confirmed case of 
COVID-19 (19th January 2020), a 35-year-old man who subsequently received treatment with 
intravenous RDV for compassionate use seven days following admission because of worsening clinical 
status. The team noted that the patient’s clinical condition improved the following day(65). In April 
2020, a Gilead study on the efficacy of compassionate use of RDV (200 mg intravenously on day 1 and 
100 mg daily for 9 days) in a small cohort of 53 patients showed that 68% of patients had clinical 
improvement including improvement in oxygen-support class or extubation, however the study did 
not measure viral load and had no control group(66). This was followed up in another Gilead study of 
596 patients treated with RDV (200mg day 0, 100mg/day) for 5-days and 10-days, where the 5-day 
group showed improved clinical status compared to the SOC, but unexpectedly the 10-day group did 
not(67).  
A randomized, double-blind, placebo-controlled study in Hubei China showed that patients on daily 
infusions of RDV (200mg day 0, 100mg/day for 10 days) were not associated with a difference in time 
to clinical improvement (hazard ratio 1.23; 95% CI 0.87 to 1.75)(68). Early (<10 days post symptom 
onset (PSO)) or late (>10 days PSO) treatment had no effect on clinical improvement or mortality 
compared to placebo. A similar double-blinded, placebo-controlled study of 1062 COVID-19 patients 
by the US National Institute of Health (NIH), given the same dosing regimen of RDV, showed a median 
recovery time of 10 days, compared to 15 in the placebo group, providing data that RDV may shorten 
the time to recovery(69). Another study showed that patients treated with RDV on a 5-day regimen 
(Intravenous 200mg Day 1, 100mg/day for 4 days) showed a higher chance of improved clinical status 
than those treated with the SOC by day 11(67).  
Finally, the benefit of decreased time to clinical recovery was not recapitulated by the SOLIDARITY 
trial results, where RDV (200mg day 0, 100mg/day for 9 days) showed no effect on mortality (RDV rate 
ratio: 0.95), initiation of ventilation or length of hospitalization when compared to patients receiving 
general standard of care for COVID-19 (Figure 4)(60). 
The US FDA issued an EUA for RDV use in non-severe patients on August 28th 2020(70), the WHO 
released a conditional recommendation against the use of RDV in COVID-19 patients on November 
20th, 2020, due to its lack of efficacy on reducing mortality, need for ventilation and recovery time. 
RDV continues to be tested in clinical trials globally(71).  
 
4.3 Clinical Efficacy of Lopinavir/Ritonavir 
Although LPV/r treatment was used in the first patients of the COVID-19 pandemic, LPV/r combination 
therapy in clinical trials was met with disappointing results. A randomized, controlled, open-label 
study showed no benefit in 28-day mortality of 199 LPV/r treated patients compared to control (19.2% 
vs. 25%)(72). The 1616 participant LPV/r arm of the SOLIDARITY trials shows no benefit in decreased 
time to discharge (median 11 days for all groups) or progression to mechanical ventilation(73). Dosage 
for LPV/r was based off of the EC50 for HIV, which is 200-1000-fold lower than the comparable EC50 in 
SARS-CoV-2(74). Thus, the dosage given clinically likely does not inhibit viral replication of SARS-CoV-
2 and the projected dosage from SARS-CoV-2 EC50 is not feasible. As of January 2021, there are dozens 
of trials recruiting to test LPV/r efficacy(71).  
4.4 Clinical Efficacy of Favipiravir 
Early clinical observations of FPV treatment showed evidence of efficacy, when FPV was used to treat 
patients in Wuhan China at the epicenter of the pandemic(75). A case series of eleven COVID-19 
patients in Japan suggested early efficacy of FPV in combination with methylprednisolone, where ten 
of the patients were removed from ventilation and supplemental oxygen(76). In an open-label, non-
randomized study, 80 COVID-19 patients who received 600mg FPV twice daily showed faster viral 



clearance (nasopharyngeal swab PCR-test) and chest CT improvement compared to patients on a 
400mg lopinavir/ 50mg ritonavir regimen of the same length(77). In two studies of 89 COVID-19 
patients, one a randomized, open-label study of FPV in combination with IFN β-1b, and another 
randomized, open-label trial of FPV early and late treatment in asymptomatic and mild COVID-19 
showed that FPV did not affect clinical outcome and inflammatory markers, or time to viral clearance 
(nasopharyngeal swab PCR-test), respectively(78, 79). In the second study it was shown that FPV 
treatment did decrease time to fever resolution, however neither study showed FPV reduced time to 
viral clearance. Large scale clinical trials that look at FPV as well as combination treatments in blinded 
RCT would be better suited to identify the efficacy of FPV as a treatment of COVID-19. FVP has failed 
to show any reduction in mortality in clinical trials, however there are ~30 ongoing trials to determine 
its clinical benefit(71).  
 

5. Expanding the repertoire of potential hCoVs antivirals with screening strategies 
To address the limited availability of antivirals, it is critical to fast track the development of novel 
antivirals using innovative high throughput strategies such as unbiased large-scale library screening. 
Alternatively, it is important to characterise SARS-CoV-2 molecular pathogenesis and dissect the host-
virus interface to identify new targets for therapeutic intervention. Such strategies rely on in vitro cell-
based and animal models of SARS-CoV-2 infection. Of note, the isolation and propagation of Risk 
Group 3 Biological Agents such as pathogenic hCoVs for research purpose require the use of a 
Biosafety Level 3 containment facility. 
 

5.1 Cell-based SARS-CoV-2 infection models 
There is a large collection of cellular systems permissive for SARS-CoV-2 replication including target 
cells from various tissues relevant to COVID-19 pathogenesis (Table 3) (80). The Vero E6 cell line 
(African green monkeys -Chlorocebus aethiops- kidney epithelial cells) is widely used for the isolation 
and propagation of viral clinical isolates. As they express high level of ACE-2 but low TMPRSS2, new 
clones (VeroE6/TRMPSS2) have been engineered to overexpress TMPRSS2, which is important for 
SARS-CoV-2 fusion at the plasma membrane and to maximise viral replication(12). Of note, when 
passaged in VeroE6 cells and in the absence of TMPRSS2, SARS-CoV-2 can adapt and acquire deletions 
or mutations into its polybasic cleavage motif located at the S1/S2 cleavage site, which can reduce its 
capacity to replicate in other cellular models and may attenuate virus pathogenicity in animal 
models)(81-84). These highlight the importance of the choice of cell lines and the importance of 
sequencing newly amplified viral stocks. Other cellular models of choice include Huh7, Calu-3, 
A549/ACE-2 293T/ACE-2 and support varying levels of SARS-CoV-2 replication (Table 3).  These 
monolayer cultures have high propagative capacity, are amenable to genetic manipulation and are 
well-adapted for high throughput screening.  
 
Other relevant and more complex systems include primary Human Bronchial Epithelial (HBE) cells, 
which when grown at Air-Liquid Interface (ALI) differentiate in pseudo-stratified epithelium, or airway 
organoids both including basal stem cells, ciliated cells and mucus producing goblet cells  (85-87). 
These ex vivo pre-clinical models express ACE-2 and TMPRSS2 and recapitulate well the three-
dimensional architecture of lungs structure and are better suited to characterise host responses and 
validate the efficacity of selected antiviral drugs. 
 
Target cells are plated into 96- or 384-well plates and incubated with antivirals before being infected 
with SARS-CoV-2 clinical isolates at low viral input with multiplicity of infection (MOI) ranging between 
0.01 to 1. These can be cultured between 8-72 hours after the viral challenge to enable one or multiple 
rounds of viral replication. To facilitate high throughput screening, readout strategies include high-
content screening technologies using microscopy or flow cytometry to monitor the percentage of 
infected cells with intracellular SARS-CoV-2 Nucleoprotein (N) immunofluorescent staining or virus-
induced Cytopathic Effect (CPE)(88-92). Alternatively, viral loads or viral particles released by the 



infected cells in the supernatant can be quantified using RT-qPCR. More classical approaches to 
measure infectious viral titres rely on serial dilution of viral supernatants and estimation of 50% tissue 
culture infectious doses (TCID50) or plaque forming unit (pfu), however these have limited throughput 
(Figure 5).  
 

5.2 Evaluating in vitro antivirals efficacy  
Activity of antiviral agents is measured as percentage of viral inhibition and should aim to achieve high 
potency at low micromolar or sub-micromolar concentration. Dose-response analysis of drugs 
antiviral activities provide half maximal effective concentration (EC50) which needs to be well outside 
the cytotoxic or cytostatic concentration (CC50), which can influence viral growth. The relationship 
between EC50 and CC50 are represented by the Selectivity Index (SI = EC50/CC50) where higher SI can 
support progression into pre-clinical testing. Although, the clinical relevance of these measures is 
unclear, they can suggest achievable concentration in patient according to pharmacokinetics data. Of 
note, observed EC50 can vary due to intrinsic differences in SARS-CoV-2 virus isolates, quantification 
methods, cellular models and assay conditions, such as incubation period and virus input. For 
reference, HCQ and RDV displayed potent SARS-CoV-2 antiviral activities in Vero E6 cells with reported 
EC50 values of 0.7-4uM(93) (94)  and 0.77-1uM(94) respectively, while FPV EC50 was higher 61.88-
>100uM(94, 95). Subsequent studies testing RDV antiviral activities against SARS-CoV-2 in primary 
Human Airway epithelial (HAE) cells showed a ~160-fold reduction of EC50 compared to VeroE6 
cells(96). These differences were attributed to cell-type specific metabolism of the prodrug RDV in its 
active form GS-441524 (96).  In contrast, another study showed no significant antiviral activities for 
HCQ when tested against SARS-CoV-2 in bronchial and nasal HEA cells (97). These studies underline 
the importance of validation of antiviral drugs across different cell models, including primary human 
cell models. 
 

5.3 Unbiased large-scale library drug screening to identify novel antiviral options against 
SARS-CoV-2 

Cell-based SARS-CoV-2 models are essential to facilitate high-throughput screening using unbiased 
libraries of approved repurposed drugs with known pharmacological and human safety profiles and 
identify of new classes of antiviral compounds for accelerated pre-clinical and clinical evaluation(92, 
98). A study by Riva et al, screened the REFRAME library including 12,000 clinical-stage or Food and 
Drug Administration (FDA)-approved small molecules to identify candidate therapeutic drugs for 
COVID-19(92). They first identified 100 molecules inhibiting SARS-CoV-2 and following a series of 
characterisation and validation studies, they focused on 13 compounds with sub-micromolar EC50 
and antiviral efficacy in primary human cell models and/or lung explant model including apilimob (a 
PIKfyve kinase inhibitor), and MDL-28170 and ONO5334, two cysteine proteases inhibitors. 
 

5.4 System-wide strategies to identify host-virus junctions as new therapeutic targets for 
antiviral intervention 

Strategies to dissect the host-virus interface include OMICs approaches enabling the comprehensive 
mapping of physical protein-protein interactions mediated by viral proteins or genetic screening with 
CRISPR genome-wide knockout to identify host factors and cellular pathway highjacked by SARS-CoV-
2 (88, 89, 91, 99). Such studies can identify essential virus-host junctions, which can then be targeted 
by drug repurposing strategies to accelerate their translation into the clinic. This approach is well 
illustrated by two consecutive studies, which generated the comparative interactome of SARS-CoV-1, 
SARS-CoV-2 and MERS-CoV and identified common pathways targeted by hCoVs including the 
eukaryotic translational machinery and revealed host-dependency factors essential for SARS-CoV-2 
replication. In a follow up study, they further explored the therapeutic potential of eukaryotic 
Elongation factor 1-alpha 1 (eEF1A) and characterised its inhibitor plitidepsin (aplidin) as a potent 
antiviral drug using primary human lung cells and mouse models(100). 
 



 
6. Pre-clinical evaluation of SARS-CoV-2 antivirals 

 
Animal models provide  essential in vivo systems to evaluate the efficacy, toxicity and 
pharmacokinetics of SARS-CoV-2 antivirals (Figure 5) (101). These pre-clinical models should 
recapitulate the main aspects of SARS-CoV-2 viral dynamics and pathogenesis (Table 4). Specific 
protocols can be designed to precisely control the viral strain and inoculum, and the mode of infection. 
Similarly, they are valuable tools for optimising the timing (prophylactic, early or late), dosing and 
schedule of treatments and also its mode of delivery (intranasal, intraperitoneal, intravenous). The 
impact of antiviral treatment can be evaluated by measuring viral loads, time to viral clearance, clinical 
score, time to recovery, or death, in parallel with other key biomarkers of inflammation and 
coagulation. Importantly, invasive sampling enables detailed analysis of the progression of SARS-CoV-
2 infection and pathogenesis to multiple anatomic compartments while monitoring differential drug 
penetration into various tissue compartments. Finally, they are clinically relevant transmission 
models. Below, we focus on animal models naturally susceptible to SARS-CoV-2 infection. 
 

6.1 Syrian hamsters (Mesocricetus auratus) and ferrets (Mustela putorius furo) models 
Both species are naturally susceptible to SARS-CoV-2 infection, are cost-effective disease models for 
SARS-CoV-2 infection and are suitable for larger sample sizes (102, 103). In ferrets, SARS-CoV-2 
infection is limited to the URT(103-105). Overall, ferrets react mildly to SARS-CoV-2 infection (lethargy, 
nasal discharge, wheezing and sneezing), and the majority of cases results in asymptomatic infection. 
Ferrets can spread SARS-CoV-2 to naïve animals, making them useful for transmission studies(102, 
103). Hamsters support high-titres of SARS-CoV-1 and SARS-CoV-2 and exhibit ground-glass opacities 
after inoculation. They are one of few animal model organisms to present with labored breathing and 
progressive weight loss upon SARS-CoV-2 inoculation. In hamsters, inflammation of upper and lower 
respiratory tracts occurs quickly after infection(106, 107).  
 
A study testing the antiviral efficacy of HCQ (12.5 mg/kg/day) and LPV/r (24 mg/kg/day) in Ferrets 
challenged with SARS-CoV-2 intranasally and treated 1 day post-infection (dpi) via oral gavage for 
14 days, reported marginally reduced clinical symptoms and no impact on viral titres in the lungs and 
nasal turbinate (108). Similarly, HCQ (6.5 mg and 50mg/kg/day) prophylactic (-1dpi) or therapeutic (1 
hour-post-infection (hpi) treatments did not have an impact on disease manifestation, progression, 
and viral load in Syrian hamsters infected with SARS-CoV-2 intranasally(109). Finally, a third study 
showed that HCQ (50 mg/kg/day) alone and in combination with AZM injected intraperitoneally 1 
hour before intranasal infection also failed to demonstrate an impact on viral replication in the lungs 
in hamsters infected with SARS-CoV-2. Similar results were obtained for transmission studies (110). In 
the same study, only high doses dose of FVP given orally (600 mg/kg/day) or injected intraperitoneally 
(1,200 mg/kg/d) significantly reduced SARS-CoV-2 RNA levels and infectious virus titres in the lungs 
and markedly improved lung histopathology but with some observed cytotoxicity. Of note, FVP also 
reduced transmission when give as a prophylactic treatment(110). Accordingly, high dose of FPV (700-
1400mg/kg/day) significantly reduced virus replication in the lungs accompanied by clinical alleviation 
of the disease, however this was associated with signs of toxicity associated with the treatment(111). 
Of note, both studies performed sequencing analysis of viral genomes in vivo and showed that 
favipiravir treatment was associated with increased variants and could induced a mutagenic effect.  
 

6.2  Non-human primate models 
Non-human primate (NHP) models including Rhesus macaques (Macaca mulatta), cynomolgus 
macaques (Macaca fascicularis) and African green monkeys (Chlorocebus aethiops) are naturally 
permissive to SARS-CoV-2, SARS-CoV-1 and MERS-CoV infection, although all exhibit mild-moderate 
clinical disease associated with SARS-CoV-2 infection(112, 113). However, they do show innate, 
humoral, and cellular immune responses to SARS-CoV-2 infection and signs of pneumonia such as 



ground-glass opacities and bilateral lung involvement. Viral load in macaques has been shown to peak 
within two days and become undetectable by ten, a contrast to the length of COVID-19 in humans (7-
14 days)(97, 114-116). Although there is variability in procedure between studies, most NHPs are 
inoculated intra-tracheally, orally, intranasally and ocularly at a total dose of ~2x106 TCID50 of SARS-
CoV-2(97, 109, 116, 117). While NHPs are the most relevant COVID-19 animal model, they are 
expensive to maintain and limited and thus result in small sample sizes (e.g. ~5 per group).  
 
Similar to studies in ferrets and hamsters, low (30mg/kg loading, 15mg/kg maintenance, n=5) and high 
(90mg/kg loading, 45mg/kg maintenance, n=5) doses of HCQ in intra-nasal and intra-tracheal infected 
macaques showed no effect on viral clearance when treated within one day of inoculation(97, 115). 
Another study showed that prophylactic (6.5mg/kg orally on days -9, -2 and 5 of infection) and 
therapeutic (6.5mg/kg orally 12hpi and roughly every 12 hours after) HCQ treatment of macaques 
infected with SARS-CoV-2 showed no significant mitigation of viral load or differences in inflammatory 
cytokines, despite the detection of HCQ in plasma (Prophylactic: 2-31nM, n=5, Therapeutic: 24-
292nM, n=5) and lung tissues (Prophylactic: 1.5-12.5nmol/g tissue, n=5, Therapeutic: 4.1-34.3nmol/g 
tissue, n=5) in all macaques(109).  
So far, RDV is the only repurposed antiviral that showed benefit in NHP models. Rhesus macaques 
infected with SARS-CoV-2 and treated with RDV therapeutically, saw reduced respiratory disease and 
pulmonary infiltrates(117). Viral load in bronchioalveolar lavages and the lungs were 100-fold lower 
by 12hpi (n=6) with RDV treatment (Loading: 10mg/kg, Maintenance: 5mg/kg for 6 days starting 
12hpi), however RDV could not reduce viral load in the upper respiratory tract(117). RDV resistant 
mutations in the RdRp of SARS-CoV-2 samples in RDV treated macaques were not detected in any 
samples. To date there have not been studies of FPV in NHPs for treatment of SARS-CoV-2 and the 
studies done with HCQ and RDV have been limited.  
 

7. Conclusions 
Thanks to extraordinary international collaborative efforts, large independent clinical trials using 
repurposed antiviral drugs against SARS-CoV-2 were implemented in real-time early in the COVID-19 
pandemic. Their outcomes so far have been disappointing as RDV was the only drug with relatively 
modest clinical efficacy although this was not consistent across independent studies.  
A deeper understanding of coronaviruses molecular pathogenesis is essential to validate specific 
antiviral activities and delineate their mode of action. The administration mode, timing, and 
pharmacokinetics of antiviral drugs, in particular their bioavailability in the lung are critical parameters 
for the success of antiviral intervention against COVID-19. Finally, monitoring the impact of treatment 
on viral load dynamics in different anatomical compartments is key to characterise drug efficacy. In 
this context, pre-clinical validation studies with ex vivo human cellular models and highly susceptible 
animal models are essential tools to select candidates with strong antiviral potential and safety to be 
included in clinical trials. 
Importantly, it remains essential, as part of pandemic preparedness, to sustain fundamental and 
translational research in pathogenic hCoVs to identify and validate new classes of antivirals and 
expand the repertoire of drugs available. In addition to providing multiple therapeutic options, the 
key benefit of having different classes of drugs is to block the virus at different steps of its replication 
cycle. Such drugs combination approach can lead to synergistic and more specific antiviral effects and 
has the added benefit to limit the potential emergence of drug resistant mutants. 
 
 
 
 
 
 
 



 
 
 
 
 
 
 

Cell Line Cell Description CPE ATCC # WT Expression Permissibility Ref. 

Vero E6 
VeroE6/TMPRSS2 

African green monkey kidney epithelial 
cells 
Continuous  

Y CRL-
1586 

ACE2+ 
TMPRSS2- 
IFN- 

SARS-CoV 
SARS-CoV-2 

(12, 
13) 

Caco-2 Human colorectal adenocarcinoma 
epithelial cells 
Cancer 

Y HTB-37 ACE2+ 
TMPRSS2+ 

SARS-CoV 
SARS-CoV-2 

(13, 
118) 

Calu-3 Human lung adenocarcinoma epithelial 
cells 
Cancer 

Y HTB-55 ACE2+ SARS-CoV 
SARS-CoV-2 

(13, 
96) 

HEK-293T 
HEK-293T/hACE2 

Human fetal kidney epithelial cells 
Immortalized 

Y CRL-
11268 

ACE2- 
TMPRSS2- 
CatB/L+ 

SARS-CoV* 
SARS-CoV-2* 

(13) 

Huh-7 Human liver carcinoma differentiated 
hepatocytes 
Cancer 

Y Thermo ACE2+ SARS-CoV 
SARS-CoV-2 

(13) 

HAE Human airway epithelial cells 
Primary 
 

Y N/A ACE2+ 
TMPRSS2+ 

SARS-CoV 
SARS-CoV-2 

(13, 
96) 

16HBE Human Bronchial Epithelial cells 
1-year old male patient 
Immortalized  

N Sigma-
Aldrich: 
SCC150 

ACE2+ 
TMPRSS2+ 

SARS-CoV 
SARS-CoV-2 

(119) 

H1299 Human lung carcinoma epithelial cells 
Cancer 
 

? CRL-
5803 

 SARS-CoV-2 (13) 

A549 
A549/hACE2 

Human lung carcinoma epithelial cells 
Cancer 
 

N CCL-185 ACE2+ 
TMPRSS2+ 

SARS-CoV* 
SARS-CoV-2* 

(13, 
105) 

Table 1: *HEK-293T must be transfected with ACE2 to support coronavirus infection, in A549 cells ACE2 must be overexpressed to support 
coronavirus infection. Terms: CPE: Cytopathic Effect; ATCC: American Type Culture Collection; WT: Wild Type; EC50: Effective Concentration 
50; TMPRSS2: Transmembrane Protease Serine 2; ACE2: Angiotensin Converting Enzyme 2; SARS-CoV: Severe Acute Respiratory Syndrome 
Coronavirus; SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 

Animal Model Type Symptoms/Traits Severity Length  Permissive Ref. 

Human 
Homo Sapiens 

N/A Fever 
Nasal Discharge 
Labored Breathing 
Seroconversion 
nAb 
T-Cell Response 
Inflammatory 
Cytokines 
ARDS 
Pneumonia 
Inflammation 

Asymptomatic-
Severe 
 
Respiratory Tract: 
Upper  
Lower 

7-14 Days 
Peak: 5-7dpi 

SARS-CoV-2 
SARS-CoV 
MERS-CoV 

(114) 

Mouse 
Mus musculus 

Transgenic 
Humanized 
Sensitized 

Seroconversion 
nAb 
T-cell immunity  
Inflammatory 
Cytokines 

Mild-Severe* 
 
Respiratory Tract: 
Upper  
Lower 

Varies SARS-CoV-2* 
SARS-CoV 
MERS-CoV 

(120-
126) 

Ferret 
Mustela putorius 
furo 
 

Therapeutic 
Transmission 

Fever 
Nasal Discharge 
Seroconversion 
nAb 
T-cell Immunity 
Pneumonia 
Inflammation 

Asymptomatic-Mild 
 
Respiratory Tract: 
Upper  
Lower 

6-14 Days 
Peak: 2-6dpi 

SARS-CoV-2 
SARS-CoV 

(103-
105, 
110, 
127) 

Syrian Hamster 
Mesocricetus 
auratus 

Therapeutic 
Transmission 

Labored Breathing 
Seroconversion 
nAb 
Pneumonia 
Inflammation  

Mild-Moderate 
 
Respiratory Tract: 
Upper  

2-14 Days 
Peak: 2-3dpi 
 

SARS-CoV-2 
SARS-CoV 

(102, 
111) 

Rhesus Macaques 
Macaca mulatta 
 
Cynomolgus 
Macaques 
Macaca Fascicularis 
 
African Green 
Monkey 
Chlorocebus 
aethiops 

Therapeutic Seroconversion 
nAb 
T-cell Immunity 
Inflammatory 
Cytokines 
Pneumonia 
Inflammation 

Mild-Moderate 
 
Respiratory Tract: 
Upper  
Lower 

7-14 Days 
 

SARS-CoV-2 
SARS-CoV 
MERS-CoV 

(112, 
113, 
116, 
128) 

Cat 
Felis catus 

Therapeutic 
Transmission 

Seroconversion 
Inflammation 

Asymptomatic-Mild ~3-7 Days 
Peak: ~2dpi 

SARS-CoV-2 
SARS-CoV 

(129) 

Dog 
Canis lups familiaris 

N/A N/A Asymptomatic Unknown SARS-CoV-2 
 

(129) 

Mink 
Neovison vison 

Therapeutic 
Transmission 

Labored Breathing 
 

Moderate-Severe Unknown SARS-CoV-2 
SARS-CoV 
MERS-CoV 

(130-
132) 

Fruit Bat 
Rousettus 
aegyptiacus 

Therapeutic 
Transmission 

Seroconversion Asymptomatic 2-12 Days 
Peak: ~2dpi 

SARS-CoV-2 
SARS-CoV 

(133) 

Table 2: *Severe disease only in certain transgenic mouse models. Mouse ACE2 does not support SARS-CoV-2 infection, transgenic models 
are necessary. Terms: nAb, Neutralizing Antibody; dpi: Days Post Infection; SARS-CoV: Severe Acute Respiratory Syndrome Coronavirus; 
SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus 2; MERS-CoV: Middle-Eastern Respiratory Syndrome Coronavirus.   

 
 
 
 
 



 
 
 
 
 
 
 

Organ/Region Cell/Structure Relative Infection/Expression Level Ref. 

  SARS-CoV-2 ACE2 TMPRSS2 (18, 
134, 
135) 

Upper Airway Mucus **** N/A N/A 

 Nasopharynx **** N/A + 

 Trachea Ciliated Epithelial Cells **** *** + 

 Mucosal Epithelial Cells N/A *** + 

 Olfactory Sustentacular Cells N/A *** N/A 

Mouth Sputum **** N/A N/A 

 Oropharynx **** N/A N/A 

 Mucosal Epithelial Cells N/A **** N/A 

 Tongue Keratinocytes N/A **** N/A 

Lungs Bronchoalveolar Lavage **** N/A N/A 

 Ciliated/Secretory Epithelial Cells **** *** + 

 Type I Pneumocytes **** *** - 

 Type II Pneumocytes **** N/A + 

 Alveolar Macrophages **** N/A + 

Cardiovascular System  Heart Interstitial Fibroblasts ** *** N/A 

 Vessel Endothelial Cells ** *** + 

 Cardiomyocytes N/A *** N/A 

Immune System Blood *** * N/A 

 Lymph Nodes *** * + 

 Spleen *** * N/A 

Liver/Gallbladder/Pancreas Liver Cholangiocytes * *** + 

 Gallbladder Epithelial Cells * *** N/A 

 Pancreas Acinar/Ductal Cells * *** N/A 

Gastrointestinal Tract Stool **** N/A N/A 

 Stomach **** N/A + 

 Enterocytes **** **** + 

Urinary System Urine *** N/A N/A 

 Kidney Tubular Epithelial/Podocyte Cells *** *** + 

Female Reproductive Tract N/A * ** N/A 

Male Reproductive Tract Testicular Spermatogenic/Sertoli/Leydig Cells ** **** + 

Nervous System Brain (non-neuronal) ** *** + 

 Cerebrospinal Fluid ** N/A N/A 

 Spinal Cord (non-neuronal) N/A *** N/A 

Eye Tears ** N/A N/A 

 Cornea/Conjunctiva/Retina Epithelial Cells ** *** N/A 

Mammary Glands Breast Milk ** N/A N/A 

 Mammary Epithelial Cells N/A *** N/A 

Skin/Adipose Tissue Skin Epithelial Cells * *** N/A 

Table 3: Comparison of relative SARS-CoV-2 infection and ACE2 expression, and TMPRSS2 expression positivity, in human 
tissues. Terms: SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus 2; ACE2: Angiotensin Converting Enzyme 2; 
TMPRSS2: Transmembrane Protease Serine 2. 

 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 

Author/Name Study Type Participants Antiviral(s) Dosage  Outcome Ref. 

Chen et al. RCT 
No-Blinding 

62 HCQ 400mg/day, 5 days Reduced Average 
Time to Fever 
Resolution 
(2.2 vs. 3.2 days) 
Improved 
Pneumonia 
(80.6% vs. 54.8%) 

(56) 

Gautret et al. Non-
Randomized 
Open-Label 
Controlled 

36 HCQ 
AZM 

HCQ: 600mg/day, 10 days 
AZM:  
L: 500mg, M: 250mg/day, 4 
days 

Increased Viral 
Clearance 
(70% vs. 12.5%) 

(57) 

Rosenberg et 
al. 

Observational 
Study 

1,438 HCQ 
HCQ + AZM 

N/A None (58) 

Geleris et al.  Observational 
Study 

1,446 HCQ L: 1200mg, M: 400mg/day, ~5 
days 

None (59) 

Boulware et 
al.  

Post-Exposure 
Placebo 

1,446 HCQ L: 1400mg, M: 600mg/day, 4 
days 

None (64) 

SOLIDARITY 
WHO 

RCT 
Multi-Center 

11,330 HCQ 
RDV 
 

HCQ: L: 1600mg, M: 
800mg/day, 10 days 
RDV: L: 200mg, M: 100mg/day, 
9 days 

None for All (60) 

RECOVERY 
Horby et al. 

RCT 
Multi-Center 

4,716 HCQ 
LPV/r 

HCQ: L: 1600mg, M: 
400mg/12hrs, 9 days 
LPV/r: 400mg/100mg/day, for 
10 days 

None for All (73, 
136) 

Grein et al.  Cohort 
No-Control 

53 RDV L: 200mg, M: 100/day, 9 days Clinical 
Improvement 
(68% Improved) 

(66) 

Spinner et al.  Controlled 596 RDV L: 200mg, M: 100mg/day, 5 or 
10 days 

Clinical 
Improvement  
 

(67) 

Wang et al.  RCT 
Placebo 
Double-Blind 

 RDV L: 200mg, M: 100mg/day, 10 
days 

None (68) 

NIH  
Beigel et al. 

RCT 
Placebo 
Double-Blind 

1,062 RDV L: 200mg, M: 100mg/day, 10 
days 

Decreased Median 
Time to Clinical 
Recovery 
(10 vs. 15 days) 

(69) 

Cao et al. RCT 
Open-Label 

199 LPV/r 800mg/200mg daily, 14 days None (72) 

Cai et al. Non-
Randomized 
Open-Label 
Controlled 

80 FPV 1200mg/daily Increased Viral 
Clearance 
Chest CT 
Improvement 

(77) 

Khamis et al. Randomized 
Open-Label 

89 FPV +IFNβ-1b FPV: L: 1600mg, M: 1200/day, 
10 days 
IFN: Nebulized, 16 million IU, 5 
days  

None (78) 

Doi et al. Randomized 
Open-Label 

89 FPV L: 1800mg, M: 1600mg, 10 days Reduced Fever (79) 

Table 4: Terms: RCT: Randomized Controlled Trial; HCQ: Hydroxychloroquine; AZM: Azithromycin; L: Loading Dose; M: 
Maintenance Dose; WHO: World Health Organization; RDV: Remdesivir; IFN: Interferon; LPV/r: Lopinavir/Ritonavir; NIH: 
National Institutes of Health; CT: Computerized Tomography; FPV: Favipiravir. 
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FIGURE LEGENDS 

Figure 1. Taxonomy of the family of coronaviridae. Shown are single virus representatives of 
thirteen species of the Betacoronavirus genus, with five representatives of the SARS-related 
coronavirus species, and their relative genetic distance (not drawn to scale). The human 
alphacoronaviruses HCoV-NL63 and HCoV-229E are also shown. Human coronaviruses are 
indicated by bold text.  Data sourced from: Coronaviridae Study Group of the International 
Committee on Taxonomy of Viruses (2020) doi: 10.1038/s41564-020-0695-z. Figure 
generated with BioRender. 
Figure 2. Potential antivirals target key steps of the SARS-CoV-2 replication cycle. A. 
Coronavirus virion structure. The main structural proteins are spike (S), nucleocapsid (N), 
membrane (M) and envelope (E).  B. Genomic structure of SARS-CoV-2. The genome 
comprises genes encoding the four main structural proteins. It also comprises two large open 
reading frames (ORF1a and ORF1b) that encode sixteen nonstructural proteins (NSP1-16) and 
six accessory genes (ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF10).  C. SARS-CoV-2 
replication cycle. Entry of SARS-CoV-2 into host cells involves attachment of the S glycoprotein 
receptor-binding domain (S1 subunit) to host cell angiotensin-converting enzyme 2 (ACE-2) 
receptors. Upon binding of the S protein to ACE-2, the receptor complex undergoes 
proteolytic cleavage by type 2 transmembrane protease TMPRSS2, allowing S2-mediated 
fusion of viral and cellular membranes. Upon entry, the SARS-CoV-2 uncoats and releases its 
RNA genome (gRNA) into the host cell cytoplasm. Positive sense viral RNA is translated by 
host translational machinery. ORF1a and ORF1b are translated into two polyproteins (pp1a 
and pp1ab) which are further processed into individual NSPs which form the RNA-dependent 
RNA polymerase complex. Remaining components of the genome are transcribed into 
subgenomic mRNAs (sgRNAs) for production of the structural and accessory proteins. 
Following translation, the four structural proteins enter the secretory pathway of the 
endoplasmic reticulum-golgi intermediate compartment (ERGIC). In the ERGIC, viral genomes 
are encapsidated by the N protein. Structural proteins subsequently interact with the 
encapsidated viral genomes and assemble into enveloped virions by budding. These mature 
progeny virions are released from the cell by exocytosis. Figure generated with BioRender. 
Figure 3. Viral dynamics and COVID-19 disease trajectories A. SARS-CoV-2 can be detected from 
the Upper and Lower Respiratory Tracts, plasma/serum, urine and stool across the course of 
infection. B. SARS-CoV-2 peaks early in the course of infection, at symptom onset or within 5 
days. By contrast, SARS-CoV-1 and MERS-CoV peak later in infection. C. SARS-CoV-2 viral load 
dynamics can vary according to disease severity, with asymptomatic and mild cases having 
lower peak viral load and shorter duration of shedding than severe cases. Severe cases may 

https://dx.doi.org/10.1038%2Fs41564-020-0695-z


display prolonged viral shedding (>28 days, dashed line). D. Timing of antiviral interventions 

include but not limited to Post-Exposure Prophylaxis (PEP), early in infection (<5 days post-
symptom onset) and late in infection (>5 days post-symptom onset).  Figure generated with 
BioRender. 
Figure 4. Remdesivir Evaluation and Approval Timeline. Remdesivir (RDV) was originally 
developed as an anti-Ebola therapeutic, but displayed pan-coronavirus efficacy in vitro and 
in pre-clinical models prior to 2020 (dashed timeline). RDV clinical trials began recruitment 
in Jan 2020 (blue arrows) and were first published in April 2020 (blue boxes). In vitro data on 
RDV and SARS-CoV-2 was published throughout 2020 (yellow boxes) showing efficacy in 
immortalised cell lines, Human Airway Epithelial cells (HAE) and organoids derived from 
human Pluripotent Stem Cells (hPSC). RDV was also found to be effective against SARS-CoV-
2 in rhesus macaques and ferret models (purple boxes).  Figure generated with BioRender. 
Figure 5. Screening, pre-clinical tools and clinical studies for SARS-CoV-2 Anti-Viral 
Therapeutics. A. Cell-based SARS-CoV-2 infection model and high-throughput screening 
platform before SARS-CoV-2 infection at a Multiplicity of Infection (MOI) of 0.05-1. Endpoint 
assays are performed at 8-72 hours post-infection to measure % of inhibition of viral infection. 
Dose-response assays can estimate 50% or 90% Effective Concentration of a drug (EC50/EC90) 
and the Cytotoxic Concentration (CC50). B. Preclinical animal models of SARS-CoV-2 include 
mice, ferrets and non-human primates. C. Study design of clinical trials. Figure generated with 
BioRender. 
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