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Abstract
The current COVID-19 pandemic has presented unprecedented challenges to the world community. No effective therapies or vaccines have yet been established. 
Upon the basis of homologies to similar coronaviruses, several potential drug targets have been identified and are the focus of both laboratory and clinical investigation. 
The rationale for several of these drug candidates is presented in this review. Emerging clinical data has revealed that severe COVID-19 disease is associated with 
heightened inflammatory responses and a procoagulant state, suggesting that patient treatment strategies must extend beyond antiviral agents. Effective approaches 
to the treatment of vulnerable patients with comorbidities will render COVID-19 substantially more manageable.
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Introduction
In December 2019, a novel virus was reported in Wuhan, China 

which caused severe respiratory distress and death in some patients 
[1,2]. The 2019 virus was identified as a novel coronavirus (CoV) 
named SARS-CoV-2 which causes COVID-19. By mid-March 2020, a 
world-wide pandemic was recognized with tens of thousands of people 
infected, and thousands of deaths reported. At this time, neither vaccines 
nor FDA-approved drugs are available for the treatment of COVID-19 
patients. Governments world-wide have instituted travel restrictions, 
quarantines, and limitations on business activities and public events. 
The public is responding with enhanced hygiene and social distancing. 
These efforts will hopefully slow the rate of the rise in numbers of 
infected individuals and those requiring critical care. The social and 
economic crises resulting from this pandemic are unprecedented, and 
the cost will be measured in the trillions of dollars.

This virus can be defeated. Scientific efforts are in progress 
worldwide for the development of vaccines and drugs. A substantial 
body of scientific information currently exists on the biological and 
biochemical properties of similar viruses. Several potential drug 
candidates are currently being investigated. Clinical trials have been 
initiated in China, the United States and elsewhere and anecdotal 
reports present some positive signs. 

Many of the drugs currently under consideration include those 
with FDA approval, but for diseases other than COVID-19. The 
pharmacology and potential side effects of these drugs in humans are 
known, and re-tasking these drugs to treat COVID-19 patients could 
be expedited. Additional FDA nonapproved drugs have been developed 
for similar viruses and tested in animals or in in vitro models, and these 
drugs will be advanced through the pipeline. SARS-CoV-2 is under 
intense scrutiny in several laboratories, and all vulnerabilities of the 
virus will be the focus of biochemical and structural studies. Assuming 
adequate funding to enhance the research infrastructure, targeted 

therapies will be developed. The purpose of this review is to outline a 
portion of the existing body of scientific information which ultimately 
might form the basis for a cure.

COVID-19, the clinical presentation
Coronaviruses (CoVs) with low pathogenicity infect the upper 

respiratory tract and cause mild cold-like symptoms. The CoVs can also 
cause intestinal tract infections. The highly pathogenic CoVs, including 
SARS-CoV (severe acute respiratory syndrome) and MERS-CoV 
(Middle East respiratory syndrome) cause predominantly lower airway 
disease, potentially including fatal pneumonia. The severe pneumonia 
is characterized by rapid virus replication, elevated cytokine and 
chemokine responses, infiltration of inflammatory cells and acute lung 
injury. 

Factors influencing disease severity include initial infectious 
dose, age and comorbid conditions including diabetes, obesity, heart 
failure, renal failure and immunosuppression. The clinical presentation 
can occur in three phases [1,2]. In the initial phase, there is rapid 
viral replication within the lungs, accompanied by fever, cough and 
other symptoms which can resolve within days. In the second phase, 
high fever and hypoxemia can progress to pneumonia symptoms. 
Approximately 20% of COVID-19 patients progress to the third 
phase which includes acute respiratory distress syndrome (ARDS) 
and frequently death [1,2]. In SARS patients with severe disease, high 
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serum levels of pro-inflammatory cytokines (IFN-γ, IL-1, IL-6, IL-
12 and TGFβ and chemokines (CCL2, CXCL10, CXCL9 and IL-8) 
accompanied by low levels of the anti-inflammatory cytokine IL-10 are 
found [3]. In human and animal studies, monocyte-macrophages and 
neutrophils accumulate in the lungs and these cells can be a source of 
inflammatory cytokines and chemokines.

One of the first clusters of COVID-19 patients was treated at Wuhan 
Jinyintan Hospital, China in January 2020 [1]. Of the 99 patients, 
most were older (average age 55.5), and more were male (67 men, 32 
women). Most patients presented with fever and cough. Some also 
presented with shortness of breath, sore throat, muscle ache, confusion, 
headache, and gastrointestinal distress. Imaging studies revealed most 
patients had bilateral pneumonia. Some developed ARDS (17%) and of 
these, several patients (11%) worsened and ultimately died of multiple 
organ failure.

About half of the treated patients had underlying chronic diseases 
including cardiovascular and cerebrovascular disease and diabetes. 
Among the first patients to die, the first two had a long history of 
cigarette smoking. Many of the severely ill patients had bacterial or 
fungal coinfections.

All patients in the Wuhan studies were treated in isolation, some with 
mechanical ventilation. Patients were provided standard antimicrobial 
therapy, but the impact of these medications on patient outcome was 
not studied systematically. Most received antiviral therapy consisting 
of oseltamivir, ganciclovir, lopinavir and ritonavir for 3 to 14 days. 
Most were also given antibiotics including cephalosporins, quinolones, 
carbapenems, tigecycline, linezolid and antifungal drugs. Some (19%) 
were also treated with methylprednisolone and dexamethasone.

A second cohort of 138 COVID-19 patients was treated at the 
Zhongnan Hospital in Wuhan also in January of 2020 [2]. In this 
study, the average age of the treated patients was 56 years, and 54.3% 
were men. As with the above group, 16% developed ARDS, but fewer 
died (4.3%). Patients were treated with oseltamivir, moxifloxacin, 
ceftriaxone, azithromycin and glucocorticoids. The median neutrophil 
count in patients who were treated in the ICU (4.6 × 109 /L) was 
significantly higher (p<0.001) than that of the non-ICU patients (2.7 × 
109 /L) which might suggest neutrophil count as a marker of potential 
disease progression.

The profiles of the patients in these two groups are similar, and fit 
the pattern identified in previous studies of MERS-CoV and SARS-
CoV. The subset of patients who progressed to respiratory distress 
likely suffered a “cytokine storm” which is fatal in a substantial number 
of patients. The potential benefits of the antimicrobial therapy which 
differed between the groups is as yet unknown. Due to the apparent 
three phases of the disease, the timing of therapy will be a critical factor.

Data obtained from those hospitalized with COVID-19 has 
yielded important observations regarding frequent laboratory 
abnormalities during infection. A systematic analysis of 43 separate 
studies, which combined data from 3,600 patients, revealed elevated 
C-reactive protein (CRP) in 69%, lymphopenia in 57%, and increased 
lactate dehydrogenase (LDH) in 52% [4]. Alteration of some clinical 
biomarkers may signal impending clinical decline or poor prognosis. It 
has been noted that lymphopenia and an increase in the neutrophil to 
lymphocyte ratio is associated with an increase in hospital mortality [5]. 
Both CD4+ and CD8+ lymphocyte subsets are decreased during severe 
infection [6]. CRP has also been suggested to help predict severity. In 
an analysis of 27 COVID-19 patients, receiver-operator characteristic 

analysis demonstrated that at a cut off of 20.4 mg/L, the CRP had an 83% 
sensitivity and 91% specificity for predicting severe disease [7]. A useful 
scoring model (termed “CALL” by investigators) uses the LDH and 
lymphocyte count in combination with patient age and comorbidities 
to estimate the 5- and 10-day risk of disease progression [8].

SARS-CoV-2, the virus 
SARS-CoV-2 RNA

SARS-CoV-2 is a coronavirus (CoV) and member of the 
Coronaviridae family and Orthocoronavirinae subfamily which 
includes the α, β, γ and δ-coronaviruses [9]. The β-coronavirus 
subfamily includes SARS-CoV which causes the severe acute respiratory 
syndrome (SARS), SARS-CoV-2, which causes COVID-19, and MERS-
CoV, which causes Middle East respiratory syndrome (MERS). 

Coronaviruses primarily cause infections in birds and some 
mammals, but occasionally can cross species barriers and infect 
humans as well. In December 2019, a novel coronavirus was identified 
in a cluster of patients with pneumonia in Wuhan, China. This novel 
coronavirus, SARS-CoV-2, was subsequently named 2019-nCoV by 
WHO. An alarming and unusual characteristic of this virus is that it 
spreads from human to human.

The viral genome of SARS-CoV-2 is an enveloped, single-stranded 
positive-sense RNA approximately 30 kb in length and it shares high 
sequence homology with SARS-CoV [10]. Upon the basis of its genome 
sequence, sensitive and specific clinical assays could be developed using 
real time-RT-PCR to measure viral RNA. 

SARS-CoV-2 proteins

Coronaviruses are large, about 100-120 nm in diameter (Figure 1). 
The spike proteins protruding from the envelope of the coronavirus 
resemble a crown accounting for the name. The β-coronaviruses SARS-
CoV and MERS-CoV share high sequence identity and similarity with 
SARS-CoV-2, and the overall gene organization is similar. All have 
a surface Spike glycoprotein (S) small envelope (E), matrix protein 
(M) and nucleocapsid protein (N). SARS-CoV-2 also has sixteen 
non-structural (nsp) accessory proteins including the leader protein 
(nsp1), the papain-like protease (PL-pro, nsp3), the 3-chymotrypsin, 
3C-like protease (3CL-Pro, nsp5), the RNA-directed RNA polymerase 
(RdRp, nsp12), the helicase (nsp13), the guanine N7-methyltransferase 
(nsp14) the uridylate-specific endoribonuclease (nsp15), the 
2’-O-methyltransferase (nsp16) and the ORFa protein [10]. Several of 
these proteins currently are targets for inhibitory drugs as described 
below, and all are potential targets.

SARS-CoV-2 life cycle

Understanding the events in the lifecycle of SARS-CoV-2 is 
essential to identify mechanism-based targets which can interfere 
with infection and propagation of the virus. The life cycle of SARS-
CoV-2 shares many common steps with other coronaviruses [11,12]. 
In the first step, the S-protein of the virus binds to hosts cells with the 
ACE2 protein on the host cell surface [13,14]. Proteases on the host-
cell membrane, such as the serine protease TMPRSS2, modify the 
viral spike protein. If this step is blocked, the virus cannot enter the 
cell. After host protease modification, the envelope of the virus fuses 
with the host cell membrane initiating endocytosis. Once the enveloped 
virus has entered the cell, an uncoating process occurs and the viral 
RNA is released into the host cell. Using host translational machinery, 
the viral RNA is translated into a large polyprotein containing the 
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Figure 1. (A) Schematic of the COVID-19 virus showing critical viral proteins and (B) its route towards host cell infection and propagation (This figure was generated with biorender.com)

sequences of multiple proteins. The polyprotein is then cleaved by viral 
proteases into individual, functional peptides. The virally encoded 
RNA polymerase then makes multiple copies of the viral RNA. Viral 
RNA is assembled with the nucleocapsid N and other viral proteins, 
and host cell membrane components provide the envelope of the new 
virus particles. The next, obligate step in the life cycle is the release of 
the newly formed virus particles by cleavage of glycoprotein bonds. 

Pharmacological considerations for the inhibition of SARS-
CoV-2

Systems to study anti-SARS-CoV-2 pharmacology: The 
development of antiviral drugs generally begins with in vitro studies. 
Initial studies of in vitro SARS-CoV-2 utilized an isolate from a January, 
2020 Washington State, U.S. patient after four passages in Vero (African 
green monkey) E6 cells [15]. Replication was examined several human 
cell lines including adenocarcinoma (A549), liver (HUH7.0), and 
embryonic kidney cells (HEK-293T), in addition to African green 
monkey kidney (Vero) E6 and Vero CCL81 cells. Cytopathic effects 
(CPE) were only observed in Vero cells, with replication titers >107 

plaque forming units (PFU) at 24 hours post infection, and slightly 
higher in Vero E6 cells. HUH7.0 and 293T cells showed only modest 
viral replication, and there was no evidence of SARS-CoV-2 replication 
in A549 cells [15].

For evaluation of antiviral drug activity, several strategies are 
employed. In silico screening has been used when the target of 
potential drugs is a viral protein of known atomic structure, such as 
viral polymerases or proteases essential for replication. Experimentally, 
biochemical assays for the activity of such viral enzymes has also been 
used to efficiently screen large libraries of compounds. However, initial 
efforts for emergency situations such as COVID-19 must also focus on 
repurposing drugs already used in clinical trials or licensed for other 
viral infections or diseases. In this case, assays generally involve testing 
the ability of drugs to either inhibit CPE in cell cultures, an indirect 
measure of antiviral activity, or measuring directly the inhibition of 
replication by assaying replication kinetics using RT-qPCR to measure 

viral RNA replication or plaque-forming units generated in treated 
versus sham (vehicle)-treated cells. 

For both of these approaches, Vero E6 cells are ideal because they 
support robust SARS-CoV-2 replication and undergo severe CPE [15]. 
Although human cells would be ideal to perfectly match the cellular 
factors essential for viral replication, African green monkeys are very 
close relatives. Their version of the Angiotensin converting enzyme 
2 (ACE2) cellular receptor for SARS-CoV-2 is presumably nearly 
identical to that of the human homolog [16].

The approaches for antiviral evaluation generally include beginning 
with pre-treatment of cells with a drug of interest, followed by infection 
and then continued treatment to maximize the sensitivity to measure 
an antiviral effect. Ideally, drugs should show some initial antiviral 
effect, usually measured in log10 orders of magnitude in viral titer 
reduction at doses that are not toxic to the cells. Drugs that also inhibit 
infection when applied only after infection of the cells, more realistically 
reflecting treatment of a recently diagnosed or exposed patient, are 
especially promising. Effective antiviral doses should of course result 
in physiologic levels with no known toxicity in human clinical trials. 
Viral doses used in antiviral assays can also vary but are generally large 
enough to produce robust and consistent replication.

A variation on the typical antiviral assay described above is to 
genetically engineer the virus of interest to express a reporter gene 
such as green fluorescent protein or luciferase during replication. This 
enables the readout of antiviral replication to be a simple, colorimetric 
assay instead of the more complex assays of viral RNA (RT-qPCR or 
plaque assay). Such viruses have recently been described for SARS-
CoV-2 [17].

Assays such as those described above with SARS-CoV-2 are 
currently recommended to be conducted in biosafety level 3 containment 
because they rely on wild-type virus. The development of attenuated 
virus strains will eventually reduce the containment requirement for 
these antiviral assays. Another approach is the development of viral 
replicons, truncated viral genomes that can replicate in cells after 
introduction of the RNA into the cytoplasm; this can be accomplished 
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packaging the replicons with viral proteins expressed from a different 
cDNA construct, and the resulting replication cannot produce 
infectious virus due to the absence of an essential viral gene. Replicons 
can also be combined with the expression of a reporter gene such as 
GFP or luciferase to simplify the readout of antiviral activity (reduction 
in reporter activity) combined with the lower biocontainment needs.

Drugs can potentially interfere with binding and entry of 
viruses into human cells: Upon the basis of the viral life cycle 
discussed above, several potential drug targets can be identified. The 
spike protein of SARS-CoV-2 utilizes the ACE2 protein present on the 
surface of host lung cells as a docking site. The spike protein would 
therefore likely be a good target for vaccine development. Patients who 
survived SARS infection have neutralizing antibody toward the SARS 
S protein [13]. However, the spike protein must be modified by host 
cell proteases prior to viral entry. The TMPRSS2 serine protease has 
been identified as the likely protease. Two drug candidates, camostat 
and nafamostat (Figure 2) are known inhibitors of TMPRSS2. In 
vitro studies show that nafamostat is a potent inhibitor of the serine 
protease which facilitates MERS-CoV infection [18]. In SARS-CoV-2 
infected Vero E6 cells, the half-maximal effective concentration (EC50) 
of nafamostat was shown to be 22.50 µM [19]. Camostat inhibits 
the serine protease important for influenza viral entry [20] and it is 
approved in Japan for the treatment of chronic pancreatitis [13]. 

Following engagement of the ACE2 receptor and protease cleavage 
of a portion of the spike protein, the envelope of the virus begins to 
merge with the host cell membrane, initiating endocytosis. Further 
processing of the viral proteins must occur within the endocytic vesicle, 
and such processing requires an acidic pH. Chloroquine (CQ) and 
hydroxychloroquine (HCQ) are 4-aminoquinolones (Figure 2) that 
concentrate within the vesicles and increase the pH due to their basic 
functional groups. 

In Vero E6 cells, HCQ (EC50=0.72 µM) is more potent than CQ (5.47 
µM) in inhibiting SARS-CoV-2 [21]. Wang and coworkers reported a 
lower EC50 value for chloroquine (1.13 µM) [19]. In a recent clinical 
study of 36 French COVID-19 patients (RT-PCR positive), the effect of 
HCQ on reducing SARS-CoV-2 RNA was measured. HCQ (200 mg × 
3 times per day × 10 days) was provided to 20 patients while 16 served 
as untreated controls. Among the HCQ treated group at day 6, only 

40% remained PCR-positive while 90% of the control group remained 
positive. Six patients received simultaneous azithromycin (500 mg day 
1, 250 mg/day 4 days) none of whom remained virus positive at day 6. 
No other clinical observations were reported [22].

Chloroquine is a widely used anti-malarial drug and is also used to 
treat autoimmune disease. The chloroquines change the number, size 
and morphology of endosomes and endolysosomes, explaining in part 
their anti-malarial activity [23]. Acidification is important for endosome 
maturation and function. Drug induced elevation of pH blocks the 
intracellular transport of the virus and release of new virus particles. 
In glioblastoma cells, HCQ inhibits acidification of lysosomes blocking 
autophagy [24]. The mechanism for the anti-inflammatory activity 
of CQ and HCQ is not well understood. HCQ and CQ are substrates 
for P450 enzymes and therefore can alter the pharmacology of other 
drugs modified by P450. CQ use can increase plasma concentrations of 
digoxin, and HCQ use can increase levels of metoprolol [23].

Chloroquine and hydroxychloroquine are not devoid of toxicity 
and both have a narrow therapeutic window. Patients with autoimmune 
disease treated with standard concentrations of CQ or HCQ for years 
have increased risk of developing macular retinopathy. The serum 
concentration of CQ and HQ can take several weeks to build up to 
therapeutic levels [25]. However, a bolus dose of either can be acutely 
toxic and result in cardiac arrest. The normal dose of HCQ is 500-600 
mg/day. The lethal dose is not well established; however, a fatal outcome 
is associated with ingestion of greater than 5 g. Chloroquine is 2-3 
times more toxic than HQ and a lethal dose is 30 mg/kg. Chloroquine 
intoxicated patients present with tachycardia and hypotension and a 
widening QRS interval. Diazepam is recommended for seizures and 
dysrhythmias in intoxicated patients and alkalinization with sodium 
bicarbonate is used for QRS widening and hypotension [26].

Drugs can interfere with the translation and proteolysis of 
the polyprotein complex: Nitazoxanide (NTZ) is an FDA approved 
antiprotozoal agent is (Alinia, 500 mg/day) used primarily for intestinal 
infections. It has been repurposed for the treatment of influenza [27]. 
Nitanoxanide is hydrolysed intracellularly to tianoxanide (Figure 3). 
NTZ has multiple modes of action in different virally infected cells [28]. 
In HCV infected cells, nitazoxanide induces the phosphorylation of the 
dsRNA-dependent protein kinase (PKR) which then phosphorylates 
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the eukaryotic transcription initiation factor 2 alpha (eIF2a) as part 
of an innate immune response which results in the inhibition of 
translation of the viral RNA [29,30]. In cells infected with influenza, 
NTZ blocks post-translational maturation of viral hemagglutinin [27]. 
In MERS-infected cells, NTZ inhibits processing of the viral N protein, 
needed for packaging RNA into the virus capsule [31]. In a screen for 
anti-coronavirus drugs, NTZ was identified as an agent that inhibited 
expression of the nucleocapsid N-protein, needed for the packaging of 
the viral RNA [32]. In COVID-19 infected Vero cells, NTZ was a potent 
inhibitor of virus replication with an EC50 of 2.12 µM [19].

Cleavage of the polyprotein into the component proteins is 
accomplished by virally encoded proteinases including the papain-like 
protease (PL-pro, nsp3), the 3-chymotrypsin, 3C-like protease (3CL-
Pro, MPro or main proteinase, nsp5). Two protease inhibitors were 
designed to inhibit HIV-encoded proteases lopinavir and ritonavir 
(Figure 3). Both drugs are usually administered as a combination 
(Kaletra). Ritonavir is added as a P450 inhibitor to reduce metabolism 
of and boost concentrations of lopinavir. This combination has been 
shown to inhibit SARS and was used in one of the Wuhan studies [1].

In a recent randomized clinical trial of 199 patients with confirmed 
SARS-CoV-2 infection, the combination lopinavir (400 mg) and 
ritonavir (100 mg) did not improve time to improvement or mortality. 
Gastrointestinal adverse events were more common in the lopinavir-
ritonavir group [33]. Li and DeClercq have questioned whether 
lopinavir and ritonavir, designed specifically as HIV protease inhibitors, 

would be appropriate inhibitors for the SARS-CoV-2 main protease 
[34]. More targeted inhibitors are undoubtedly in the pipeline.

Drugs can interfere with the replication of viral RNA: A single 
viral RNA molecule injected into a human cell can be replicated by the 
RNA-directed RNA polymerase (RdRp, nsp12), generating multiple 
copies. Nucleoside analogs represent the earliest class of antiviral drugs. 
Ellion et al. first developed acyclovir for the treatment of herpes simplex 
infections in the 1970’s [35]. Development of similar analogs led to 
successful treatments for cytomegalovirus in immunocompromised 
cancer patients. Nucleoside analogs including azidothymidine (AZT) 
dideoxycytidine (ddC) were then developed for the treatment of human 
immunodeficiency virus, HIV [36].

All nucleosides analogs undergo metabolic activation in infected 
cells to the corresponding 5’-triphosphates (NTP). In order to have 
antiviral activity, the NTP must be incorporated into the growing RNA 
chain, and once incorporated they act as chain-terminating substrates, 
induce lethal mutagenesis, or otherwise interfere with RNA function. 
Agents examined in vitro in Vero E6 cells infected with SARS-CoV-2 
include the following drugs and their corresponding EC50: favipiravir 
(61.88 µM), ribavirin (109.50 µM), penciclovir (95.96 µM) and 
remdesivir (0.77 µM) (Figure 4).

Favipiravir (6-fluoro-3-hydroxy-2-pyrazinecarboxamide) is a 
broad-spectrum antiviral agent and it is chemically the simplest of the 
group. Favipiravir has received FDA approval for treating influenza. 
Upon entry into a cell, it is converted to the nucleoside analog by the 
purine salvage pathway enzyme, hypoxanthine-guanine phosphoribosyl 
transferase (HGPRT) [37]. The nucleoside is then converted to the 
mono, di and triphosphate analog which is a substrate for the RNA 
polymerase. In vitro studies suggest that it can both act as a chain 
terminator and induce miscoding and lethal mutagenesis [38] (Table 
1). An additional mechanism of action could be related to the instability 
of the nucleoside analog which hydrolyzes in water with a half-life of 
15 h at neutral pH [39]. Hydrolysis after incorporation could similarly 
inactivate the RNA chain. At higher concentration, favipiravir inhibits 
RNA elongation, however, at lower concentration noninfectious virus 
particles are produced [40]. 

Ribavirin is a triazole-3-caboxamide ring connected to a 
ribofuranosyl sugar. Ribavirin is FDA approved for the treatment of 
chronic hepatitis C infection. Unlike favipiravir, ribavirin can be directly 
converted to the corresponding phosphates by host kinases. Ribavirin-
triphosphate (RTP) can then be then incorporated into the growing 
RNA chain, interfering with chain elongation. In influenza infected 
cells, ribavirin inhibits the host enzyme, inosine monophosphate 
dehydrogenase (IMPDH), the rate limiting enzyme for de novo purine 
synthesis. If the primary mechanism of ribavirin is inhibition of GTP 
synthesis, and favipiravir competes with GTP for incorporation into 
RNA, the combination of ribavirin and favipiravir might be synergistic.

Pencyclovir is a guanine analog, similar in structure to acyclovir, 
the first established antiviral drug for the treatment of herpes 
simplex infections, and ganciclovir, the acyclovir analog used to treat 
cytomegalovirus infection [36]. Pencyclovier is FDA approved for 
the topic treatment of cold sores. Pencyclovir, acyclovir, ganciclovir 
are all nucleoside analogs that must be converted intracellularly to 
the corresponding 5’-triphosphates (NTP). As the NTP, the analogs 
can be substrates for incorporation by RNA or DNA polymerases. All 
members of this family have an intact 5’-hydroxyl for conversion to 
the NTP, but all have defective 3’-hydroxyls which are either absent or 
structurally altered, preventing chain elongation.
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Remdesivir is the most chemically complicated and difficult to 
synthesize of the nucleoside analogs [41]. Remdesivir is in clinical 
trial as an HIV reverse transcriptase inhibitor. Remdesivir is a 
phosphoramidate prodrug resembling adenosine 5’-monophosphate. 
The rate limiting step in the biological activation of the nucleoside 
analogs such as penciclovir is the intracellular enzymatic conversion to 
the nucleotide. Nucleotides do not easily cross the cell membrane, and 
so the 5’-phosphate of remdesivir is protected as a phosphoramidate 
which allows entry into the cell. Once in the cell, the protecting groups 
are hydrolyzed generating the charged 5’-monophosphate. As with 

other drugs in this class, remdesivir is then further converted to the 
5’-triphosphate which interferes with RNA replication. 

A 34-year-old male COVID-19 patient in the United States was 
treated with intravenous remdesivir after 7-day hospitalization with 
persistent fever and the development of radiographic pneumonia. 
The patient’s clinical condition improved the following day [42]. 
Furthermore, observational data from a cohort of 53 patients 
receiving remdesivir through a compassionate use program reported 
improvement in 68%. Despite this cohort being quite ill (64% were 
receiving mechanical ventilation when remdesivir was initiated), the 

Drug EC50 (μM) Status Reference(s)

Remdesivir 0.77 Not FDA approved
In clinical trials 19

Hydroxychloroquine 0.72 FDA approved for malaria, rheumatoid arthritis, lupus erythematosus 21
Chloroquine 1.13, 5.47 Approved for malaria and amebiasis 19,21
Nitazoxanide 2.12 FDA approved for diarrhea caused by Giardia lambia 19

Nafamostat 22.5 Not FDA approved
In clinical trial 19

Favipiravir 61.88 Not FDA approved
In clinical trial 19

Penciclovir 95.96 FDA approved for topical treatment of cold sores 19
Ribavirin 109.50 FDA approved for chronic hepatitis C infection 19

Table 1. Drugs tested in Vero E6 cells infected with SARS-CoV-2. EC50 values µM
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case fatality rate was 13%. When juxtaposed to mortality rates of 17-78% 
in severe cases in China, the use of this drug appears promising [43]. 
Randomized controlled trials are currently underway to definitively 
assess the safety and effectiveness of remdesivir. 

Drugs can inhibit viral release.

Olsetamivir (OS) (Figure 3) is a neuraminidase inhibitor. 
Neuraminidase is a viral protein anchored in the viral envelope. The 
major function of neuraminidase is to cleave the chemical link between 
sialic acids and adjacent sugar residues. If the neuraminidase activity 
is blocked, the newly synthesized virus accumulates on the host cell 
surface and cannot spread to other cells [44]. Oseltamivir (Tamiflu) 
is approved by the FDA for the treatment of influenza infection. The 
combination of oseltamivir plus azithromycin was found to be more 
effective than oseltamivir alone in a cohort of high-risk influenza 
patients [45]. Oseltamivir was among the drugs used in both Wuhan 
studies discussed above. Efficacy for COVID-19 is as yet unknown.

Pharmacological considerations for COVID-19 patients not 
targeted against SAS-CoV-2: Most patients infected with SARS-
CoV-2 have mild symptoms and good prognosis. On the other hand, 
a subset of patients develops severe disease and some ultimately die. 
Currently, very little is known about the pathological manifestations 
of COVID-19. Identifying the characteristics of patients at higher 
risk for developing severe disease, as well as understanding the 
pathophysiological basis of severe disease could considerably reduce 
mortality from the COVID-19 pandemic. While advanced age and 
comorbidities including hypertension, immunosuppression and other 
coexisting disease are associated with severe COVID-19 disease and 
death, the underlying mechanisms for these associations are not well 
understood. Emerging studies suggest an overly exuberant immune 
response to viral infection can contribute to severe disease. Effective 
COVID-19 therapy will include not only antiviral therapy, but therapy 
targeted at potentially maladaptive immune responses. 

Treatment of severely ill COVID-19 patients will be a challenge. 
COVID-19 patients with comorbidities who develop more severe 
disease have frequently been managed with an array of agents prior to 
infection. Significant questions remain as to how prior therapy might 
alter susceptibility to SARS-Cov-2 infection, if prior therapies can be 
continued during COVID-19 therapy, and what drug-drug interactions 
might exist for commonly prescribed drugs and anti-SARS-CoV2 
drugs. Substantial further study will be required to answer these 
questions. Below, we discuss several areas which must be explored.

ACE2, the renin-angiotensin axis and COVID-19. The receptor 
for SARS-CoV-2 is the cell surface protein ACE2, or angiotensin-
converting enzyme 2. ACE2 is a component of the renin-angiotensin-
aldosterone system (RAAS) involved in regulating extracellular fluid 
volume [46]. The RAAS is the focus of multiple hypertension studies 
and several antihypertensive drugs have been developed to modify 
components of the system. ACE2 was discovered in 2000 [47,48] and 
in 2003, it was identified as the receptor for the SARS coronavirus 
[49]. The intersection of ACE2 and COVID-19 has led to considerable 
speculation on how the use of antihypertensive and other drugs might 
influence susceptibility and response to COVID-19.

The RAAS is comprised of a series of enzymes that cleave peptides, 
and a series of receptors for those peptides. Angiotensinogen is a 16 
amino acid peptide which is cleaved by renin to a 10 amino acid peptide, 
AngI. AngI can be cleaved by the angiotensin converting enzyme 
(ACE) to the 8-amino acid peptide, AngII. AngII the binds to the cell 

surface receptor AT1R. Alternatively, AngI can be cleaved by ACE2 to 
a 9 amino acid peptide (ANG 1-9), and AngII can be cleaved by ACE2 
to a 7 amino acid peptide (Ang 1-7). Ang 1-7 can bind to the receptor 
MasR. Activation of the ACE pathway can lead to vasoconstriction 
and hypertension whereas activation of the ACE2 pathway opposes 
the ACE pathway, resulting in vasodilation and lower blood pressure. 
Antihypertensive drugs are available to inhibit the protease activity of 
ACE (ACEIs, e.g., lisinopril), or to block the binding of AngII to AT1R 
(ARBs, e.g., losartan, valsartan).

Diaz has proposed that the use of ACEIs or ARBs increase the 
number of ACE2 receptors in the cardiopulmonary circulation, 
potentially increasing the risk of severe disease outcome from 
COVID-19 infection [50]. Diaz explains that the ACE2 connection 
might explain why patients with hypertension are overly represented 
among COVID19 patients with severe disease. The literature basis for 
the Diaz proposition is a study by Ferrario in 2005 [51]. In that study a 
series of 36 normotensive rats were given no drug, lisinopril, losartan, 
or both at levels slightly higher than normally used in humans. ACE2 
mRNA activity in cardiac membranes was measured after 12 days. 
Lisinopril increased cardiac ACE2 mRNA by a factor of 5, but not ACE2 
activity whereas losartan increased both by a factor of approximately 
3. The implication is that losartan increased the number of ACE2 
receptors, increasing chance or severity of infection. The potential 
extrapolation of this study to humans has not been studied. 

In animal models of ARDS, age related changes in the ratio of ACE 
to ACE2 are observed in the pulmonary RAAS [52] with a shift toward 
greater aggravating inflammation and increased lung damage with 
increased age, perhaps suggesting why age is a comorbidity for severe 
COVID-19 disease. In a prospective observational study in neonates, 
children and adults on ventilation for ARDS, examination of BAL 
fluid revealed increasing IL-6, IL-10 and neutrophil myeloperoxidase 
(MPO) with increasing age, but surprisingly no changes were seem in 
the relative activity of ACE and ACE2. Increased severity of COVID-19 
in older adults is unlikely related to age-related changes in the RAAS. 

In African Americans, RAAS inhibition and low renin states may be 
present given the higher prevalence of salt-sensitivity in this population 
[53]. Consumption of a high salt diet in a salt sensitive state is associated 
with reduced plasma renin activity and angiotensin concentration [54]. 
This state is accompanied by paradoxical elevation in renal angiotensin 
II and tissue angiotensin I receptor expression reflecting oxidative stress 
on cardiovascular tissues [55,56]. Angiotensin II stimulates expression 
of PAI-1 and with an increase in PAI-1 from endothelial cells [57]. PAI-
1 is a strong inhibitor of fibrinolysis. This pathway may partially explain 
the thrombogenic effects seen in COVID-19 patients, especially among 
African Americans [58].

A recent clinical study at the Shenzhen Third People’s Hospital 
in China examined the use of antihypertensive drugs in COVID-19 
patients [59]. Of the 417 hospitalized patients, 42 were on anti- 
hypertensive therapy. Of these, 17 were using ACE inhibitors (ACE-I) 
or angiotensin-II receptor blockers (ARBS). The remaining 25 were 
using calcium channel blockers, β-blockers or diuretics. Of the patients 
on ACE-I/ARB therapy 4 of 17 (23.5%) progressed to severe disease 
while 12/25 (48%) in the other group developed severe disease and 
one died. Upon the basis of these findings, the author suggest RAAS 
inhibition with ACE-I or ARBs can improve the clinical outcome of 
COVID-19 patients with hypertension.

Well-designed large-scale clinical studies to clarify the benefits 
versus risks that ACE-I and ARBS in those with COVID-19 are desired. 
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Although a definitive verdict has yet to be elucidated, the impact 
of withdrawing these agents, in those taking them for a variety of 
indications, is clearer. As outlined by Vaduganathan and colleagues, 
the benefits of maintaining ACEi and ARBS likely outweigh the 
risks of abruptly withdrawing them [60]. For example, those with 
myocardial infarction, initiation of ACEi reduces mortality (ACE 
Inhibitor Myocardial Infarction Collaborative Group, 1998). In those 
with congestive heart failure, withdrawal of treatments can lead to 
worsening clinical status [61,62] and decreased left ventricular ejection 
faction [63]. Therefore, in the setting of potential COVID-19 associated 
cardiac injury, it seems prudent to continue these cardioprotective 
medications. Guidance supporting the continuation of ACEi and 
ARBS is supported by several medical societies including the American 
College of Physicians [60].

Anti-inflammatory agents in COVID-19 patients
A subset of COVID-19 patients develops high fever and progress 

to pneumonia while a smaller subset progress to acute respiratory 
distress. An exaggerated immune response and “cytokine storm” appear 
to accompany or drive this progression to ARDS. The timing of anti-
inflammatory therapy is critical. Dampening the immune response 
early in the infection could allow more extensive viral spread. On the 
other hand, once the patient is in respiratory distress, attenuating the 
inflammatory response may be required to prevent irreparable lung 
damage. In SARS and MERS patients, the use of corticosteroids has 
not been shown to provide substantial benefit, and other options are 
needed.

NSAIDS (Non-steroidal anti-inflammatory drugs, Figure 5) 
are frequently used in patients with the flu to reduce fever and pain. 
Ibuprofen is a commonly used NSAID. However, Qiao and others 
reported that ibuprofen treatment for 8 weeks in rats could increase 
ACE2 levels in cardiac tissues, as with losartan above [64]. While this 
finding has not been replicated in humans, it has led some to suggest 
ibuprofen might be contraindicated in COVID-19 and, acetaminophen 
(paracetamol, Tylenol) might be more appropriate [65]. On the other 
hand, in a bovine model of respiratory syncytial virus (RSV) ibuprofen 

decreased disease severity possibly by decreasing the prostanoid surge 
that follows RSV infection [66].

Although clinical anecdotes during the early phases of the 
pandemic have led to potentially misguided statements regarding 
avoidance of cyclooxygenase inhibitors, there is no clinical evidence 
to support or refute their use in those with COVID-19 [67]. During 
mild disease, these agents may help to alleviate symptoms, while in 
those who are critically ill, the potential for acute kidney injury and 
gastrointestinal bleeding temper their use.

Indomethacin is another NSAID, available only by prescription. 
While ibuprofen and indomethacin have comparable efficacy for 
the short-term treatment of rheumatoid arthritis, indomethacin 
causes a greater incidence of gastric irritation. Indomethacin, but not 
aspirin, blocks SARS-CoV RNA synthesis in Vero cells (ID50=5 µM) 
and was more effective than ribavirin [68]. While the mechanism of 
this inhibition is not known, indomethacin is known to be a potent 
inhibitor of murine neutrophil peroxidase and so it may have a role in 
attenuating permanent lung damage [69].

Azithromycin (Figure 5) has both anti-bacterial and anti-
inflammatory effects. Azithromycin causes the degranulation of 
neutrophils which could facilitate an initial antimicrobial effect. 
However, following neutrophil degranulation, serum concentration 
of chemokines and IL-6 declined [70]. Macrolide antibiotics improve 
pulmonary function and decrease exacerbation of frequency for 
persons with diffuse panbronchiolitis or cystic fibrosis [71].

Immunomodulatory effects include decreasing production of 
reactive oxygen species, inhibiting neutrophil activation accelerating 
neutrophil apoptosis. Azithromycin has been used in the treatment 
of cystic fibrosis. Erythromycin and clarithromycin are widely 
used in Japan to treat COPD [71]. Azithromycin acutely stimulates 
PMN degranulation and phagocytosis-associated oxidative burst in 
humans, followed by inhibition of PMN oxidative burst for up to 28 
days after last dose. Acute PMN activation may facilitate the killing of 
microorganisms while the suppression of chronic inflammation may 
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limit airway damage [72]. Indomethacin and azithromycin may have 
benefit for COVID-19 patients, apart from any antiviral activity.

Tocilizumab is a humanized monoclonal antibody to target the 
IL-6 receptor. As previously mentioned, the exaggerated immune 
response and cytokine storm that occurs with COVID-19 is associated 
with the development of ARDS. IL-6 is believed to be an important 
proinflammatory cytokine in the development of ARDS. Blockade 
of the IL-6 signal transduction pathway with tocilizumab has been 
proposed to decrease the progression to severe lung disease. A case 
report [73] and an observational study of a small cohort of COVID-19 
patients treated with tocilizumab [74] demonstrated a decrease in CRP, 
but clinical outcomes were variable. Tocilizumab has been associated 
with gastrointestinal perforation and bacterial infections when used 
for the treatment of rheumatoid arthritis and giant cell arteritis [75]. 
In those with critical illness, it is unclear if the benefits of tocilizumab 
outweigh its potential risks. Data from clinical trials using tocilizumab 
are needed to detail its efficacy and safety in patients with COVID-19. 

COVID-19 and the coagulation cascade

Substantial prior literature has examined mechanisms associated 
with viral activation of immune responses and coagulation. Viruses 
activate the coagulation cascade by inducing tissue factor (TF) expression 
and by disrupting the endothelium [76] Activation of coagulation is 
beneficial for limiting pathogen dissemination, destroying pathogens 
and facilitating tissue repair. However, overactivation can lead to 
thrombosis, excessive inflammation and tissue damage [77]. Following 
viral infection, proteolysis of fibrin generates the fibrin degradation 
products (FDP) E-fragment, D-monomer and D-dimer. The FDP are 
potent chemotactic proteins that induce neutrophil migration. While 
neutrophils can function to eliminate infectious organisms, they can 
also cause substantial oxidative host injury [78].

With respect to coronavirus infections, severe disease is driven by 
inflammatory cell recruitment and damage to pneumocytes, suggesting 
a connectivity between virus infection, pro-inflammatory cytokine 
responses and coagulation cascade activation [79]. Excessive fibrin 
within alveoli, coupled with reduced surfactant proteins, can block 
normal gas exchange, and fibroblast adherence and collagen deposition 
can promote lung fibrosis which underlie the development of ARDS 
[80].

Results from a series of 94 COVID-19 patients in Renmin Hospital, 
Wuhan, China was recently reported [81]. Infected patients showed 
lower blood levels of antithrombin coupled with higher D-dimer, 
fibrin/fibrinogen degradation products (FDP), with the highest FDP 
and D-dimer levels in the more severely ill patients. These results 
indicated that the blood coagulation cascade has been activated in the 
COVID-19 patients. A retrospective analysis of 183 patients in Tongji 
Hospital, Wuhan China, revealed an overall mortality of 11.5% [82]. 
Upon admission, non-survivors had significantly higher D-dimer, FDP 
and longer prothrombin time compared with survivors. In a multicenter 
study of 191 COVID-19 patients in Wuhan, China, 44 of the 54 non-
survivors (81%) had a D-dimer level >1 ug/mL upon admission [83]. 
Activation of the coagulation cascade, as indicated by elevated D-dimer 
levels, is strongly associated with non-survival in COVID-19 patients.

While most studies to date have originated from China, reports from 
the growing pandemic in the United States are now emerging. A series 
of autopsies from New Orleans may shed light on disease progression 
in the American population [84]. In that series, four patients who died 
from COVID-19 were studied. The patient ages ranged from 44 to 76. 

Obesity, hypertension and type II diabetes were common comorbidities 
as with the Chinese patients. Surprisingly, all the New Orleans patients 
autopsied were African American. 

All four New Orleans patients presented with cough and fever 
and were hospitalized with respiratory distress. Radiographs indicated 
bilateral ground glass opacities consistent with ARDS. Laboratory 
findings included elevated ferritin, fibrinogen, increased prothrombin 
time, neutrophil count, lymphopenia. In two patients, D-dimer was 
significantly elevated. Pulmonary pathological findings described small 
vessels containing small thrombi, fibrin deposition and neutrophil 
extracellular traps. Thrombotic angiopathy was limited to the lungs. 

A similar profile of an extreme immune response coupled with 
an activated coagulation cascade is associated with non-survival in 
both the New Orleans and Chinese patients. However, an emerging 
trend in the United states is the disproportionate number of non-
survivors among African American COVID-19 patients. Hemostatic 
factors previously have been investigated to understand racial/ethnic 
differences in cardiovascular disease incidence [85]. Black men and 
women have higher levels of D-dimer than Caucasians, Hispanics 
or Chinese, whereas Black men have lower levels of plasminogen 
activator-inhibitor-1 (PAI-1, inhibits fibrinolysis) than other ethnic 
groups. The genetic basis for these associations is as yet unknown. The 
high D-dimer levels may indicate a procoagulant state in which the 
patient is primed for severe COVID-19 disease [86]. Other factors are 
independently linked to a procoagulant state including obesity [87] and 
cancer, especially with tumors that express TF [88].

If the formation of microscopic blood clots in the pulmonary 
microvasculature underlies the development of SARS-CoV-2-induced 
respiratory failure, and a preexisting procoagulant state promotes 
this process, anticoagulant therapy might play a role in the treatment 
of severely ill COVID-19 patients. Upon the basis of abnormal 
coagulation parameters in severely ill COVID-19 patients, some 
investigators have suggested that severely ill COVID-9 patients should 
receive low-molecular weight heparin (LMWH) anticoagulant therapy 
[89,90]. In a recent clinical study from Tongji Hospital, Wuhan, China, 
99 of 449 patients with severe COVID-9 were treated with heparin for 
at least 7 days [91]. The 28-day mortality for the treated patients was 
indistinguishable from the untreated patients. However, for patients 
with high D-dimer levels (> 3 µg/mL), heparin use was associated with 
increased survival. Immune response and the coagulation cascade have 
important antiviral activities, however, overactivation of these pathways 
can also increase disease severity. Future studies will be required to 
identify which patents should receive anticoagulant therapy and when. 
The measurement of D-dimer levels should be routine in COVID-19 
patients with comorbidities. Collection of this data will be essential for 
identifying the type and timing of anticoagulant therapy.

Future perspectives
The impact of the COVID-19 pandemic is unprecedented. 

Currently, no FDA approved drugs exist to attenuate the infection in 
patients, and no vaccine is currently available. Although the SARS-
CoV-2 virus was identified only months ago, its similarity to other 
human pathogenic viruses was immediately apparent. The SARS-CoV-2 
RNA sequence revealed several critical viral proteins that are targets for 
therapy. Substantial prior literature with structurally similar targets has 
revealed candidate drugs, many of which have been tested already in in 
vitro models with SARS-CoV-2. Many potential drugs have been used 
in humans to treat other diseases, and the efficacy of these drugs to treat 
COVID-19 can be rapidly evaluated.
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The clinical presentation of COVID-19 is complex and depends 
upon age and pre-existing illness. Some but not all patients will progress 
to life-threatening pneumonia. Identifying those most at risk of 
progression is necessary. The timing of drug therapy is also a critical and 
unresolved factor. Sorting out the benefits and toxicities of individual 
drugs and drug combinations from the numerous and growing clinical 
trials will be a challenge. As the number of surviving patients grows, 
it will be critical to understand some of the potentially permanent 
damage caused by the infection and to incorporate treatment strategies 
to minimize long term effects. Investments in efforts to answer these 
questions is essential and will make us more prepared for the next 
pandemic.
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