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ABSTRACT

The coronavirus disease 2019 (COVID-19) pandemic is one of the most consequential global 
health crises in over a century. Since its discovery in 2019, severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) continues to mutate into different variants and sublineages, 
rendering previously potent treatments and vaccines ineffective. With significant strides 
in clinical and pharmaceutical research, different therapeutic strategies continue to be 
developed. The currently available treatments can be broadly classified based on their 
potential targets and molecular mechanisms. Antiviral agents function by disrupting 
different stages of SARS-CoV-2 infection, while immune-based treatments mainly act on the 
human inflammatory response responsible for disease severity. In this review, we discuss 
some of the current treatments for COVID-19, their mode of actions, and their efficacy 
against variants of concern. This review highlights the need to constantly evaluate COVID-19 
treatment strategies to protect high risk populations and fill in the gaps left by vaccination.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a highly contagious respiratory disease that affected 
more than 600 million people worldwide, with over 6.5 million deaths to date (1). It was 
declared a global pandemic on March 11, 2020 by the World Health Organization (WHO), 
marking the first ever pandemic caused by a coronavirus (2). Its causative agent, severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), belongs to the genus Betacoronavirus of the 
family Coronaviridae and is closely related to SARS-CoV (up to 79% nucleotide identity) that 
caused the 2002–2003 SARS epidemic and to Middle East respiratory syndrome coronavirus 
(MERS-CoV; up to 50% nucleotide identity) that has been causing sporadic outbreaks in the 
Arabian peninsula since 2012 (3,4). COVID-19 is one of the most consequential global health 
crises since the 1,918 influenza pandemic, resulting in dramatic loss of livelihood and human 
life worldwide. Although significant strides in clinical research are continuously made, 
limiting further spread of the virus through treatment and immunization remains a priority. 
In this review, we provide an update on the currently used treatments against COVID-19, 
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discuss their mode of actions, and examine the clinical trials done to evaluate the safety and 
efficacy of these treatments against the currently circulating SARS-CoV-2 sublineages.

Similar to other coronaviruses, SARS-CoV-2 is an enveloped, single-stranded, positive-
sense RNA virus composed of 4 main structural proteins: spike, envelope, membrane, and 
nucleocapsid; 16 non-structural proteins (nsp); and 5–8 accessory proteins (5). The spike 
protein (S protein) plays a critical role in attachment, fusion, entry, and transmission of the 
virus. SARS-CoV-2 initiates entry with the cleavage of its S protein into S1 and S2 subunits. 
The receptor binding domain (RBD) of the S1 subunit then binds the host angiotensin-
converting enzyme 2 (ACE2), while the S2 subunit anchors the S protein to the host 
membrane (Fig. 1) (6). ACE2 is a cell surface receptor broadly expressed in epithelial cells 
of the lungs and the small intestine, as well as in other organs such as the heart, kidney, 
and esophagus (6,7). Upon binding of the RBD to ACE2, both S protein subunits undergo 
dramatic conformational changes, exposing an additional site within the S2 subunit, termed 
the S2’ site or the priming site (8). The cleavage of this site facilitates membrane fusion and 
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Figure 1. Targets of antiviral and immune-based therapies and their modes of action. Currently used treatments 
against SARS-CoV-2 infection can be divided into 1) direct-acting antivirals, which inhibit certain steps in the 
SARS-CoV-2 replication cycle; and 2) immune-based therapeutics, which modulate the immune response 
(cytokine and JAK inhibitors) or have direct immune effector functions (neutralizing antibodies).
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eventual release of the viral genome into the host cell cytoplasm (8). SARS-CoV-2 typically 
employs the transmembrane protease serine 2 (TMPRSS2) to cleave the S2’ site (8). In the 
absence of TMPRSS2, the SARS-CoV-2–ACE2 complex enters the cell via clathrin-mediated 
endocytosis where the S2’ site is instead cleaved by cathepsin L (8,9).

The release of SARS-CoV-2 RNA in the host cell cytoplasm marks the onset of viral gene 
expression (10). As in other coronaviruses, more than two-thirds of the SARS-CoV-2 genome 
capacity is occupied by 2 large open reading frames (ORF1a and ORF1b) that constitute the 
replicase gene (11). Translation of these ORFs produces 2 polyproteins, pp1a and pp1ab, that 
mediate all the functions required for infection (12). ORF1a-encoded proteases then initiate 
the proteolytic cleavage of pp1a and pp1ab to release 16 nsp: nsp1–11 from pp1a and nsp1–10, 
nsp12–16 from pp1ab, which are crucial to viral replication (10). Certain nsp, specifically, 
nsp5 or the 3-chymotrypsin-like protease (3CL-pro) and nsp12 or the viral RNA-dependent 
RNA polymerase (RdRp), are considered promising antiviral targets (13).

Most mutations in the SARS-CoV-2 genome have no apparent effects on the virus 
(14). However, some mutations may alter certain aspects of the SARS-CoV-2 biology 
(pathogenicity, infectivity, and transmissibility), giving rise to SARS-CoV-2 variants that 
are significantly different from the ancestral strains (15,16). Owing to the breadth and 
persistence of the spread of SARS-CoV-2 in the human population, several notable SARS-
CoV-2 variants have emerged throughout the course of the pandemic. Based on the risk they 
pose to global public health, five variants of concern (VOC) were declared: Alpha (B.1.1.7), 
Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529) variants (17). To date, 
the Omicron variant, including its sublineages (BA.1, BA.2, BA.3, BA.4, BA.5, and descendent 
lineages) is still circulating worldwide (17). The changes in biology of these variants may 
render the currently available vaccines and treatments against SARS-CoV-2 ineffective (18). 
It is therefore important to continuously examine the efficacy of the different COVID-19 
treatments against these variants.

Currently available therapeutic options against COVID-19 can be broadly classified into 
antiviral agents and immune-based treatments. Antiviral agents are virus-specific treatments 
targeting different stages of SARS-CoV-2 life cycle, while immune-based treatments 
neutralize SARS-CoV-2 infection or modulate host inflammatory responses. Information 
about the efficacy of these treatments is mostly inconsistent, especially with the emergence 
of various SARS-CoV-2 variants and their sublineages. In this context, this review discusses 
several therapeutic options for COVID-19 based on their potential targets, molecular 
mechanisms, and efficacy against currently circulating VOCs.

ANTIVIRAL AGENTS

Remdesivir (RDV)
RDV (GS-5734, Veklury®; Gilead Sciences, Foster City, CA, USA) is a nucleotide analogue 
prodrug first developed in search of therapeutic agents against RNA viruses with pandemic 
potential (Table 1) (19). Its active form, RDV triphosphate, interacts with the viral RdRp 
which causes delayed chain termination during viral RNA replication (20). In multiple in 
vitro systems, RDV inhibited several coronaviruses (SARS-CoV, MERS-CoV, human CoV, 
and bat CoV), indicating broad-spectrum antiviral activity and potential utility against other 
coronaviruses that may emerge in the future (21).
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Several in vitro studies have shown the effectivity of RDV against SARS-CoV-2 (22-24). In a 
non-human primate model, early treatment with RDV produced no evidence of SARS-CoV-2-
related respiratory disease (25). Similarly, prophylactic RDV treatment inhibited MERS-CoV 
replication in respiratory tissues of rhesus macaques (26).

To evaluate the clinical efficacy and safety of RDV, the Adaptive Covid-19 Treatment 
Trial (ACTT1, NCT04280705), a phase 3, double-blind, randomized, placebo-controlled 
study, randomly assigned 1,062 adult COVID-19 patients to receive either intravenously 
administered RDV (n=541) or placebo (n=521) (27). This study reported that patients who 
received RDV had a shorter time of recovery compared to those who received placebo 
(median, 10 vs. 15 days). By day 15, the Kaplan–Meier estimates of mortality with RDV is 
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Table 1. Summary of clinical studies and approvals for COVID-19 antiviral treatments
Antiviral agents Target FDA/EMA approval Findings
Remdesivir 
(RDV)

Viral RdRp FDA approval for treatment 
(October 2020): Patients requiring 
hospitalization (age: ≥12 years; 
weight: ≥40 kg)

EMA approval for treatment (July 
2020): Patients with pneumonia 
requiring supplemental oxygen (age: 
≥12 years; weight: ≥40 kg)

•  RDV treatment prevented the development of a more severe disease, reduced disease 
burden, and decreased the need for health care resources (Phase 3, ACTT1, NCT04280705) 
(27)

•  No significant difference in efficacy between a 5-day and a 10-day course of RDV (Phase 3, 
NCT04292899) (28)

•  Patients in 5-day treatment group had significantly higher odds of having better clinical 
distribution (Phase 3, NCT04292730) (29)

•  RDV treatment produced no significant impact on patients who were already receiving 
ventilation, and had minimal effects on disease progression (Phase 3, NCT04315948) (31)

•  Early treatment with RDV resulted in 87% lower risk of hospitalization or death (Phase 3, 
NCT04501952) (32)

• Early treatment with RDV significantly reduced the rate of hospitalization (33)
Molnupiravir 
(MOV)

Viral RdRp FDA EUA (December 2021): Patients 
with mild-to-moderate COVID-19 at 
high risk for progression to severe 
COVID-19 (age: ≥18 years)

EMA: Under evaluation

•  MOV is well tolerated and has good dose-proportional pharmacokinetics among healthy 
individuals (Phase 1, NCT04392219) (53)

• MOV accelerated viral RNA clearance (Phase 2, NCT04405570) (54)

•  MOV is effective in disrupting COVID-19 progression when given early into disease course 
(Phase 3, MOVe-OUT, NCT04575597) (55)

Nirmatrelvir + 
ritonavir

3CL-pro FDA EUA (December 2021): Patients 
with mild-to-moderate COVID-19 at 
high risk for progression to severe 
COVID-19 (age: ≥18 years)

EMA conditional approval (January 
2022): Adults who do not require 
supplemental oxygen and who are 
at increased risk for progressing to 
severe COVID-19

•  Treatment with nirmatrelvir plus ritonavir reduced the risk of progression to severe 
COVID-19 by 89% against placebo (Phase 2-3, EPIC-HR trial, NCT04960202) (68)

•  Treatment with nirmatrelvir reduced the risk of long COVID, post-acute hospitalization, 
and post-acute death regardless of vaccination status and history of prior infection of the 
participants (70)

•  SARS-CoV-2 clearance was observed in 92.5% of participants in the nirmatrelvir group 
(Phase 3, NCT05341609) (71)

Sofosbuvir (SOF) Viral RdRp No FDA/EMA approval •  SOF/DCV did not cause significant symptom alleviation. SOF/DCV significantly reduced the 
number of patients with fatigue and dyspnea after 30 days (IRCT20200403046926N1) (86)

• SOF/DCV provided no significant protective effect (COVER trial) (88)

•  SOF/VEL treatment resulted in SARS-CoV-2 clearance in 50% and 80% of cases within 7 and 
14 days, respectively (84)

•  SOF/VEL treatment in patients with moderate to severe COVID-19 resulted in no 
improvement in clinical status nor mortality rates (85)

Camostat 
mesylate/
Nafamostat 
mesylate

TMPRSS2 No FDA/EMA approval •  Camostat mesylate treatment significantly lowered hospital mortality rate and need for 
invasive mechanical ventilation (92)

•  Treatment with camostat mesylate did not significantly improve clinical outcomes (Phase 
2) (93)

•  Time to clinical improvement of patients treated with camostat mesylate was not 
significantly different compared to placebo (Phase 2) (89)

•  Treatment with nafamostat mesylate was poorly tolerated and had additional adverse 
effects compared to SOC (Phase 1b/2a, NCT04473053) (97)

•  Nafamostat treatment in hospitalized patients with moderate to severe COVID-19 did 
not result in significant difference in time to clinical improvement compared to SOC 
(NCT04623021) (98)

http://clinicaltrials.gov/ct2/show/NCT04280705
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http://clinicaltrials.gov/ct2/show/NCT04405570
http://clinicaltrials.gov/ct2/show/NCT04575597
http://clinicaltrials.gov/ct2/show/NCT04960202
http://clinicaltrials.gov/ct2/show/NCT05341609
http://clinicaltrials.gov/ct2/show/NCT04473053
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lower than with placebo (6.7% vs. 11.9%). Patients who received RDV treatment were also 
more likely to have clinical improvement compared to those who received placebo within 
the same timeframe. Overall, the results imply that treatment with RDV prevented the 
development of a more severe disease, reduced disease burden, and decreased the need for 
health care resources (i.e., ventilator) among adults who were hospitalized with COVID-19.

Gilead Sciences, the makers of RDV, also initiated two clinical trials to determine the efficacy 
of RDV treatment in patients with moderate and severe COVID-19. NCT04292899, a phase 
3, randomized, open label clinical trial compared 5- and 10-day courses of intravenous RDV 
to severe COVID-19 patients (28). Based on the results, there was no significant difference 
in efficacy between a 5- and a 10-day course of RDV. Besides, the trial was not placebo-
controlled, hence the effectivity of RDV itself was not assessed. Similarly, in a phase 3, 
randomized, open label study (NCT04292730), patients with moderate COVID-19 were 
subjected to 5 or 10 days of RDV treatment or standard of care (SOC) (29). No statistically 
significant difference in clinical status between the 10-day RDV treatment and SOC was 
observed. On the other hand, patients in the 5-day treatment group had significantly higher 
odds of having better clinical distribution 11 days after treatment initiation. The open-label 
study design of both trials may be unsuitable for examining the efficacy and safety of RDV as 
such study designs can be prone to biases, particularly in decisions involving patient care and 
data reporting (30).

The WHO Solidarity trials (NCT04315948; phase 3, randomized, open label) evaluated 
the clinical efficacy and safety of various repurposed antiviral drugs including RDV. Based 
on the results, RDV treatment produced no significant impact on COVID-19 patients who 
were already receiving ventilation, and had minimal effects on disease progression of other 
hospitalized patients (31).

A phase 3, randomized, double-blind, placebo-controlled clinical trial (NCT04501952) 
recruited non-hospitalized COVID-19 patients with symptom onset within the past week 
and at least one risk factor for disease progression (32). Patients were randomly assigned to 
receive either intravenous RDV (n=279) or placebo (n=283). The primary efficacy endpoint 
of the study was hospitalization due to COVID-19 or death by day 28. A 3-day course of RDV 
exhibited a good safety profile. Interestingly, the study revealed that early treatment with 
RDV yielded an 87% lower risk of hospitalization or death among non-hospitalized patients 
compared to placebo.

RDV also showed efficacy against certain sublineages of the Omicron variant. In a prospective 
observational study, the impact of RDV to the rate of hospitalization was assessed among 
outpatient solid organ transplant recipients (SOTr) (33). The study was conducted in April to 
May 2022 during the Omicron BA.2 wave in Ontario, Canada. Of the 192 SOTr participants, 
86 (44.8%) received RDV within 7 days of symptom onset. The results showed that early 
treatment with RDV significantly reduced the rate of hospitalization. Also, no patient who 
received RDV required intensive care unit (ICU) admission or passed away. In another study, 
Takashita et al. (34) tested the efficacy of RDV and other antiviral agents against Omicron 
BA.2.12.1, BA.4, and BA.5 subvariants. The in vitro evaluation of the authors revealed that the 
BA.2.12.1, BA.4, and BA.5 sublineages are susceptible to RDV treatment (34). Similarly, Imai 
et al. (35) showed that RDV is efficacious against a more recent rapidly spreading Omicron 
subvariants, BQ.1.1 and XBB.
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RDV treatment shows a lot of promise for preventing the progression of COVID-19 when used 
early despite having mixed clinical trial results. Currently, it is the only antiviral with full approval 
for treatment against COVID-19 from both the U.S. Food and Drug Administration (FDA) and the 
European Medicines Agency (EMA) (36,37). However, it is not without its own caveats. For one, 
a full course of RDV is difficult to administer, making prescription of RDV impractical to some 
since other more promising and more accessible treatments are available (38).

More studies are still needed to further verify the efficacy and safety of RDV. Several trials 
involving RDV are yet to be completed (NCT04321616, NCT04314817, and NCT04315948).

Molnupiravir
Molnupiravir (EIDD-2801, MK-4482, and MOV [Lagrevio™]; Merck, Rahway, NJ, USA) is 
an orally bioavailable prodrug of the ribonucleoside analogue β-D-N4-hydroxycytidine 
(NHC) (39). Upon distribution to cells, NHC is phosphorylated to its active compound 
NHC 5’-triphosphate (NHC-TP) which acts as a competitive substrate for the RdRp (40). 
The antiviral effect of MOV is based on the incorporation of NHC-TP by RdRp into the 
nascent viral RNA chain, resulting in the accumulation of errors in the viral genome and the 
inhibition of viral replication (41,42).

Before the COVID-19 pandemic, MOV was initially recommended as a clinical candidate 
for treating seasonal influenza virus infection (43). Pre-clinical studies also highlighted 
its antiviral activity against a broad-spectrum of RNA viruses, including flaviviruses (e.g., 
hepatitis C virus [HCV] and bovine viral diarrhea virus); alphaviruses (e.g., chikungunya virus 
and Venezuelan equine encephalitis virus); filoviruses (e.g., Ebola virus and Marburg virus); 
and coronaviruses (e.g., SARS-CoV and MERS-CoV) (44-49). In a cell-based assay, Zhao et 
al. (50) revealed the inhibitory effects of MOV on the SARS-CoV-2 RdRp with a half-maximal 
effective concentration of 0.22 µM. In animal models, MOV significantly reduced the SARS-
CoV-2 load in the upper respiratory tract of ferrets, while treatment in Syrian hamsters 
reduced viral RNA copy numbers and infectious virus titers in the lungs (51,52).

Presently, results for three completed clinical trials for MOV have been posted (Table 1). One 
of these studies, a phase 1 double-blind, placebo-controlled, first-in-human, randomized 
trial (NCT04392219) evaluated the safety, tolerability, and pharmacokinetics of MOV after 
oral administration to healthy volunteers (53). The results suggest that MOV is well tolerated 
and has a good dose-proportional pharmacokinetics among healthy individuals. Following 
this study, a phase 2a double-blind, placebo-controlled, randomized trial (NCT04405570) 
measured the time of SARS-CoV-2 viral RNA clearance to evaluate the antiviral efficacy of 
MOV in unvaccinated participants with symptomatic COVID-19 infection (54). In this trial, 
participants administered with 800 mg of MOV exhibited accelerated viral RNA clearance 
(median, 14 days) compared to those administered placebo (median, 27 days). Recently, 
the MOVe-OUT trial, a phase 3 double-blind, placebo-controlled, randomized study 
(NCT04575597), was designed to evaluate the efficacy and safety of MOV in non-hospitalized, 
unvaccinated adults against placebo (55). The MOVe-OUT trial results revealed that when 
administered within 5 days of symptom onset, 800 mg of MOV is safe and efficacious in 
reducing the risk of hospitalization or death among non-hospitalized, unvaccinated adults. 
The results of these trials strongly suggest that MOV is effective in disrupting COVID-19 
progression when given early into the disease course.

Update on COVID-19 Therapeutics

https://doi.org/10.4110/in.2023.23.e13 6/24https://immunenetwork.org

http://clinicaltrials.gov/ct2/show/NCT04321616
http://clinicaltrials.gov/ct2/show/NCT04314817
http://clinicaltrials.gov/ct2/show/NCT04315948
http://clinicaltrials.gov/ct2/show/NCT04392219
http://clinicaltrials.gov/ct2/show/NCT04405570
http://clinicaltrials.gov/ct2/show/NCT04575597


Since November 2021, the EMA has advised against the use of MOV during pregnancy or 
breastfeeding. Although no studies have evaluated its safety and efficacy in pregnant women, 
the EMA cited the reproductive toxicity of MOV in pregnant rats, which is characterized by 
embryo-fetal lethality, teratogenicity, and reduced fetal growth following oral administration 
of MOV (56). Currently, MOV is still under evaluation by the EMA (56). Additionally, WHO 
only recommends the drug to non-severe COVID-19 patients with the highest risk of 
hospitalization. WHO further advises against the use of MOV for children and adolescents 
less than 18 years of age due to the risk of bone and cartilage toxicity (57). The FDA, however, 
issued an emergency use authorization (EUA) for MOV for the treatment of mild-to-moderate 
COVID-19 in adult patients at high risk for progression to severe COVID-19 (58). More 
research should be done to establish a more comprehensive safety profile for MOV. Most 
recently, an open label randomized multicenter comparative phase 3 study (NCT05595824) 
was completed. The trial evaluated the efficacy and safety of MOV treatment in adult patients 
with COVID-19 as compared to SOC. As of the time of writing, the results of the trial are yet to 
be posted.

In an observational study in Hong Kong, the effectiveness of MOV was evaluated in non-
hospitalized COVID-19 patients during the period when Omicron BA.2.2 subvariant was 
dominant (59). MOV treatment was associated with lower risk of mortality and lower risk of 
in-hospital disease progression as compared to non-treatment. MOV also exhibited activity 
against Omicron sublineages BA.2.12.1, BA.4, BA.5, BQ.1.1, and XBB in vitro (34,35). More 
clinical trials should be done to assess the efficacy of MOV against the currently circulating 
Omicron subvariants. Several clinical trials involving MOV have been registered (e.g., 
NCT05459532, NCT05412173, NCT04746183, NCT05195060, NCT04381936, NCT05013632, 
NCT05596045, NCT05041907, and NCT05271929).

Nirmatrelvir + ritonavir
During the 2002–2003 SARS-CoV outbreak, Pfizer (New York, NY, USA) developed 
PF-00835231 to inhibit the SARS-CoV 3CL-pro, a virally encoded protease critical for 
transcription and viral replication (60,61). The 3CL-pro active site is highly conserved 
among coronaviruses, making it a promising target for antivirals (62). PF-00835231 has 
also been reported to be effective against SARS-CoV-2 in vitro (63). However, due to its poor 
oral absorption, a more orally bioavailable nirmatrelvir (PF-07321332) was developed (64). 
Nirmatrelvir is co-administered with ritonavir (Paxlovid™; Pfizer) for treatment and post-
exposure prophylaxis of COVID-19 (65). Similar to PF-00835231, nirmatrelvir blocks the 
activity of 3CL-pro and consequently inhibits viral replication (64). It is metabolized by the 
P450 cytochrome enzyme CYP3A4 in humans (66). Ritonavir then inactivates CYP3A4 and 
slows the metabolism of nirmatrelvir, allowing nirmatrelvir to remain in the body for a longer 
period of time (67).

In an in vitro study, nirmatrelvir inhibited SARS-CoV-2 replication in differentiated normal 
human bronchial epithelial cells treated with varying doses of nirmatrelvir for 3 days (64). 
In a phase 2–3 double-blind, randomized, controlled trial (EPIC-HR trial, NCT04960202), 
treatment with nirmatrelvir plus ritonavir reduced the risk of progression to severe COVID-19 
by 89% compared to placebo (Table 1). The trial enrolled a total of 2,246 non-hospitalized, 
unvaccinated, symptomatic adults with symptom onset of no more than 5 days and randomly 
assigned them to receive either 300 mg of nirmatrelvir + 100 mg of ritonavir (n=1,120) or 
placebo (n=1,126) (68). Details about the SARS-CoV-2 variants involved in the trial were 
not reported. However, the incidence of Omicron among the trial subjects is expected to 
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be minimal as the first Omicron cases were diagnosed just a few days after the end of trial 
enrollment (69).

In a preprint, Xie et al. (70) revealed that treatment with nirmatrelvir during the acute phase 
of COVID-19 reduces the risk developing long COVID or post-acute sequelae of SARS-CoV-2 
infection. The study involved participants who tested positive from SARS-CoV-2 between 
2022 March 01 and 2022 June 30. Participants who received nirmatrelvir within 5 days of 
diagnosis were listed into the nirmatrelvir group (n=9,217), while those who did not receive 
any antiviral or antibody treatment within 30 days after diagnosis were enrolled into the 
control group (n=47,123). Aside from reducing the risk of long COVID, treatment with 
nirmatrelvir also reduced post-acute hospitalization and post-acute death regardless of 
vaccination status and history of prior infection of the participants (70).

During the outbreak off the Omicron variant of SARS-CoV-2 in Shanghai, China, a phase 3, 
observer-blinded, randomized trial (NCT05341609) was conducted to compare the safety and 
efficacy of nirmatrelvir and VV116, an oral antiviral agent (71). The trial enrolled a total of 822 
symptomatic adults with mild-to-moderate COVID-19 and high risk of disease progression. 
By day 14, SARS-CoV-2 clearance was observed in 92.5% of participants in nirmatrelvir 
group and 94.8% of participants in the VV116 group. SARS-CoV-2 genomic analysis also 
showed that the BA.2.2 sublineage was present in all 129 patient samples tested, indicating 
that the major variant involved during the trial was Omicron. Along with RDV and MOV, 
nirmatrelvir may have therapeutic effects against the BA.2.12.1, BA.4, BA.5, BQ.1.1, and 
XBB sublineages of SARS-CoV-2 (34,35). Nirmatrelvir is also associated with lower risk of 
death, hospitalization, and in-hospital disease progression compared to non-use in patients 
infected with Omicron BA.2.2 variant (59). Nirmatrelvir plus ritonavir already received an 
EUA in the USA, UK, Australia, EU, and Canada (72-76). The clinical trials aiming to assess 
the efficacy of nirmatrelvir plus ritonavir in patients under 18 years of age (NCT05261139), 
immunocompromised patients >12 years of age (NCT05438602), pregnant patients 
(NCT05386472), and for treatment of long COVID (NCT05576662) are still recruiting.

Sofosbuvir (SOF)
SOF (Sovaldi®; Gilead Sciences) is a nucleotide analogue RdRp inhibitor primarily used in 
combination with other drugs for the treatment of HCV infection (77). SOF also exhibits 
antiviral activity against other positive-sense single-stranded RNA viruses including 
flaviviruses, such as dengue virus and Zika virus, and an alphavirus, namely chikungunya 
virus (78-80). Due to the similarities in replication mechanisms between HCV and 
coronaviruses, SOF is being considered a prospective antiviral candidate against SARS-
CoV-2 (81). Results of an in silico study suggested that SOF tightly binds the active site of the 
SARS-CoV-2 RdRp (82). This binding consequently terminates further RNA chain extension 
and replication of SARS-CoV-2 (81). Jockusch et al. (83) also found that SARS-CoV-2 RNA 
terminated by SOF is more resistant to proofreading than the strand terminated by RDV.

The safety and efficacy of SOF treatment in combination with velpatasvir (VEL) was evaluated 
in patients with mild or moderate COVID-19 in a multicenter case control study (Table 1) 
(84). Enrolled patients were assigned to receive either SOF/VEL treatment (n=30) within 
6 days after infection or SOC (n=90). Treatment with SOF/VEL exhibited SARS-CoV-2 
clearance in 50% and 80% of cases within 7 and 14 days, respectively. This is in contrast with 
the SOC group where only 1.1% and 13% of cases showed viral clearance within 7 and 14 
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days, respectively. Additionally, no patients treated with SOF/VEL had disease progression 
(requirement of high-flow oxygen and ventilation), while 24% of patients receiving SOC 
progressed to conditions that required more intensive treatment. In contrast, Sayad et al. 
(85) found that treatment of SOF/VEL in patients with moderate to severe COVID-19 showed 
no improvement in clinical status nor mortality rates in a randomized, open-labelled, 
prospective clinical trial. Although both studies suggest that early treatment with SOF/VEL is 
safe, a larger randomized trial is needed to further verify its efficacy.

In a double-blind, randomized controlled clinical trial in outpatients with mild 
COVID-19 (IRCT20200403046926N1), SOF in combination with daclatasvir (DCV) plus 
hydroxychloroquine (HCQ, n=27) was evaluated vs HCQ alone (n=28) (86). The primary 
and secondary endpoints of the trial were symptom alleviation after 7 days and hospital 
admission, respectively. No significant difference in symptom alleviation was observed at day 
7 between the SOF/DCV and HCQ groups. Although not statistically significant, treatment 
with SOF/DCV had fewer incidence of hospitalization. Meanwhile, a month after enrollment, 
SOF/DCV significantly reduced the number of patients with fatigue and dyspnea. As both 
symptoms are indications of long COVID, these results suggest that treatment with SOF/DCV 
may help reduce the risk of developing long COVID (87). Further randomized controlled trial 
(RCT) studies with larger sample sizes must be conducted to draw firm conclusions about the 
effectiveness of SOF/DCV in treating COVID-19.

In the recent COVER trial, the ability SOF/DCV to lower the risk of SARS-CoV-2 infection was 
evaluated during the Omicron wave in Johannesburg, South Africa (88). It was found that 
SOF/DCV provided no significant protective effect in healthcare workers at high risk of SARS-
CoV-2 infection. Several trials involving SOF in COVID-19 are still ongoing.

Camostat mesylate and nafamostat mesylate
Camostat mesylate (Foipan®; Ono Pharmaceutical, Osaka, Japan) is a serine protease 
inhibitor approved in Japan for treatment of chronic pancreatitis and postoperative reflux 
esophagitis (89). It inhibits the activity of TMPRSS2 and, in turn, restricts entry of SARS-
CoV-2 into the host cell as demonstrated by Hoffman et al. (90) using Calu-3 cells derived 
from human lung epithelial cells. In a mouse model, camostat mesylate prevented SARS-CoV 
spread and pathogenesis (91). Treatment with camostat mesylate was assessed by Sakr et 
al. (92) in a retrospective analysis of 371 adult patients with COVID-19 pneumonia admitted 
to ICU. Patients (n=141, 38%) were given 200 mg camostat mesylate three times daily for 
7 days upon admission to ICU (Table 1). Both the ICU/hospital mortality rate and need for 
invasive mechanical ventilation were significantly lower in patients treated with camostat 
mesylate. Gunst et al. (93) evaluated the efficacy and safety of camostat mesylate in a phase 2 
double-blind, randomized, placebo-controlled, multicenter trial. Participants were randomly 
assigned to receive either 200 mg camostat mesylate three times daily for 5 days (n=137) or 
placebo (n=68). Results revealed that treatment with camostat mesylate did not significantly 
improve clinical outcomes (time to clinical improvement, risk of intubation or death, time 
to discontinuation of supplemental oxygen). Tobback et al. (89) also conducted a phase 2 
randomized, controlled trial in COVID-19 patients. The findings revealed that 300 mg of 
camostat mesylate three times daily for 5 or 10 consecutive days is not effective against SARS-
CoV-2. However, a phase 2, double-blind, randomized, placebo-controlled trial revealed that 
early treatment with camostat mesylate prevented the loss of smell/taste and reduced the 
duration of illness in COVID-19 adult outpatients (94).
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Nafamostat mesylate (Futhan®; Torii Pharmaceutical, Tokyo, Japan), a similar serine protease 
inhibitor, was also reported to block SARS-CoV-2 entry by targeting TMPRSS2 (95,96). A 
phase 1b/2a randomized controlled trial tested the safety of intravenous nafamostat mesylate 
administration vs SOC in hospitalized patients with COVID-19 pneumonitis (NCT04473053) 
(97). In the trial, treatment with nafamostat mesylate was poorly tolerated and had additional 
adverse effects compared to SOC. Moreover, a randomized phase 2 clinical trial found 
that nafamostat treatment in hospitalized patients with moderate to severe COVID-19 did 
not produce any significant difference in time to clinical improvement compared to SOC 
(NCT04623021) (98).

Further clinical trials are needed to confirm the efficacy of camostat mesylate treatment 
against COVID-19. Moreover, although camostat mesylate may effectively block TMPRSS2 
activity, it should be noted that SARS-CoV-2 can still utilize the clathrin-mediated pathway 
to infect host cells in the absence of TMPRSS2. Thus, combined treatment that blocks 
both SARS-CoV-2 entry pathways should be considered. However, a clinical trial looking 
to evaluate the efficacy of camostat mesylate + HCQ was withdrawn due to lack of public 
funding and unsatisfactory results of HCQ treatment in other studies (NCT04338906).

IMMUNE-BASED THERAPIES

SARS-CoV-2-neutralizing antibody products
Bebtelovimab
Bebtelovimab (LY-CoV1404; AbCellera [Vancouver, Canada] and Eli Lilly [Indianapolis, 
IN, USA]) is a SARS-CoV-2-neutralizing human IgG1 monoclonal Ab (mAb) isolated from 
a donor who recently recovered from COVID-19 (up to 60 days after symptom onset) (99). 
It binds to the RBD of the SARS-CoV-2 S protein, overlapping the ACE2-binding domain, 
preventing the virus from binding to its receptor and thereby inhibiting virus entry into 
the target cell (Table 2) (99). Pseudovirus neutralization studies by Westendorf et al. (99) 
revealed that bebtelovimab potently neutralizes a broad spectrum of SARS-CoV-2 variants, 
including Omicron and its sublineages. Moreover, a phase 2, randomized, double-blinded, 
placebo-controlled clinical trial (BLAZE-4 trial, NCT04634409) revealed that treatment 
with bebtelovimab (as monotherapy or in combination with bamlanivimab and etesevimab) 
is associated with increased viral clearance and faster symptom resolution (100). This 
study, however, was conducted before the emergence of the Omicron variant (B.1.1.529). 
In February 2022, based on these evidences, FDA issued an EUA for bebtelovimab for the 
treatment of mild to moderate COVID-19 in adults and pediatric patients (>12 years of age) 
who are at high risk for progression to severe COVID-19 (101). In a recent study, the safety and 
efficacy of bebtelovimab were tested in outpatients with COVID-19 who were unable to receive 
the oral antiviral treatment, nirmatrelvir plus ritonavir. Results showed that bebtelovimab 
treatment decreased the risk of hospitalization or death, making it a good substitute for 
nirmatrelvir (102). However, on November 2022, FDA reported that bebtelovimab had 
reduced activity against emerging Omicron subvariants BQ.1 and BQ.1.1 (103). Imai et al. 
(35) also found that bebtelovimab had no efficacy against BQ.1.1 and XBB subvariants in an in 
vitro study. Given the lack of neutralizing activity against different Omicron subvariants, FDA 
announced that bebtelovimab is no longer authorized for emergency use in the US (104).

Tixagevimab/Cilgavimab
Tixagevimab/cilgavimab (AZD7442, Evusheld™, AstraZeneca, Cambridge, UK) is a 
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combination of 2 SARS-CoV-2–neutralizing monoclonal antibodies derived from B cells of 
persons previously infected with COVID-19. AZD7442 neutralizes SARS-CoV-2 by binding 
to distinct nonoverlapping epitopes of S protein RBD, which blocks RBD binding with 
ACE2 and essentially prohibiting SARS-CoV-2 entry into host cells (105). This two-antibody 
cocktail showed efficacy in preventing and treating SARS-CoV-2 infections in vivo (106,107). 
In a phase 3, multicenter, double-blind, parallel-group, randomized, placebo-controlled 
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Table 2. Summary of clinical studies and approvals for immune-based COVID-19 treatments
Immune-based 
treatment

Target FDA/EMA approval Findings

Bebtelovimab S-protein FDA EUA (February 2022): Patients with mild-to-moderate 
COVID-19 at high risk for progression to severe COVID-19 (age: 
≥18 years)

FDA (November 2022): Expected reduced activity against 
certain Omicron subvariants

•  Bebtelovimab potently neutralizes a broad spectrum 
of SARS-CoV-2 variants, including Omicron and its 
sublineages (99)

•  BLAZE-4 trial - Bebtelovimab is associated with increased 
viral clearance and faster symptom resolution (Phase 2, 
BLAZE-4 trial, NCT04634409) (100)

•  Bebtelovimab decreased the risk of hospitalization or 
death (102)

Tixagevimab/
cilgavimab 
(AZD7442)

S-protein No longer authorized by the FDA (January 2023)

EMA marketing authorization (December 2021): Prevention 
of COVID-19 (age: ≥12 years; weight: ≥40 kg)

•  AZD7442 demonstrated efficacy in preventing COVID-19 
infection in adult participants (Phase 3, PROVENT trial, 
NCT04625725) (105)

•  Reduced efficacy against the Omicron variant (B.1.1.529) 
(109,110)

Bamlanivimab/
etesevimab

S-protein FDA EUA (January 2022): Patient likely to have been infected 
with or exposed to a susceptible variant

•  Bamlanivimab/etesevimab treatment associated with 70% 
reduction in COVID-19-related hospitalization or death 
against placebo (Phase 3) (114)

•  Highly unlikely to be active against the Omicron variant 
(113)

Casirivimab/
Imdevimab 
(REGEN-COV)

S-protein FDA EUA (January 2022): Patient likely to have been infected 
with or exposed to a susceptible variant

•  Significant reduction in viral load among patients treated 
with REGEN-COV (116)

•  Reduced 28-day mortality in seronegative patients (118)

•  Highly unlikely to be active against the Omicron variant 
(119)

Regdanvimab 
(CT-P59)

S-protein EMA marketing authorization (November 2021): Patients 
who do not require supplemental oxygen and who are at high-
risk of progressing to severe COVID-19

•  Treatment with CT-P59 shortened time to recovery, 
hastened viral load reduction, and lowered the portion 
of COVID-19 patients with disease progression (Phase 3, 
NCT04602000) (121)

Sotrovimab S-protein No longer authorized by the FDA (April 2022) •  Sotrovimab reduced the risk of disease progression among 
patients with mild-to-moderate COVID-19 (Phase 3, 
COMET-ICE trial, NCT04545060) (125)

•  Unlikely to be effective against the BA.2 subvariant (126)
Tocilizumab IL-6 FDA EUA (June 2021): Hospitalized pediatric patients (2-17 

years) who are receiving systemic corticosteroids and require 
supplemental oxygen, mechanical ventilation, or ECMO

FDA approval (December 2022): Hospitalized adult patients 
(≥18 years) who are receiving systemic corticosteroids and 
require supplemental oxygen, mechanical ventilation, or ECMO

EMA conditional approval (January 2022): Patients receiving 
treatment with corticosteroid medicines by mouth or injection 
and require extra oxygen or mechanical ventilation

•  Treatment with tocilizumab in critically ill COVID-19 
patients improved clinical outcomes including survival 
(REMAP-CAP trial, NCT02735707) (133)

•  Tocilizumab improved survival and other clinical outcomes 
(RECOVERY trial, NCT04381936) (134)

•  Tocilizumab treatment of patients with severe COVID-19 
pneumonia did not significantly improve clinical status or 
survival of patients vs. placebo (135)

Anakinra IL-1 FDA EUA (November 2022): Hospitalized adults (≥18 years) 
requiring supplemental oxygen and are at risk of severe 
respiratory failure

•  suPAR-guided treatment with anakinra significantly 
reduced the risk of worse clinical outcomes in patients 
with moderate and severe COVID-19 (141).

Baricitinib JAK1/2 FDA approved for treatment (May 2022): Hospitalized 
adults requiring supplemental oxygen, mechanical ventilation, 
or ECMO

EMA conditional approval (January 2022): Adults who do 
not require supplemental oxygen and who are at increased risk 
for progressing to severe COVID 19

•  Patients who received baricitinib plus RDV had reduced 
recovery time and accelerated improvement in clinical 
status compared to those who received RDV alone 
(NCT04401579) (148)

Dexamethasone 
(Corticosteroid)

Anti-
inflammatory

EMA conditional approval (September 2020): Adults and 
adolescent patients (age: ≥12 years; weight: ≥40 kg) requiring 
supplemental oxygen therapy

•  Dexamethasone treatment resulted in lower 28-day 
mortality among hospitalized COVID-19 patients receiving 
ventilation (RECOVERY trial, NCT04381936) (153)
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PROVENT clinical trial (NCT04625725), AZD7442 demonstrated efficacy in preventing 
COVID-19 infection in adult participants (Table 2). In this trial, a total of 5,197 participants 
were randomized to receive either one dose of AZD7442 (n=3,460) or placebo (n=1,737) (105). 
Results revealed that a single dose of AZD7442 reduced the risk of developing symptomatic 
SARS-CoV-2 infection by 77%. In addition, no cases of severe COVID-19 or death were 
reported among participants treated with AZD7442 (108).

Previously, AZD7442 was the only therapeutic with EUA for pre-exposure prophylaxis of 
COVID-19 in adults and pediatric individuals (>12 years of age) (109). However, an in vitro 
study showed that tixagevimab/cilgavimab had reduced efficacy against the B.1.1.529 
Omicron variant (110). FDA also revealed that tixagevimab/cilgavimab have reduced 
neutralizing activity against several Omicron sublineages (109). In January 2023, FDA revised 
the EUA for AZD7442 and limited its use to only when the combined frequency of non-
susceptible SARS-CoV-2 variants in the US is less than or equal to 90% (111).

Bamlanivimab (BAM)/etesevimab (ETE)
BAM (LY-CoV555; Eli Lilly) and ETE (LY-CoV016; Eli Lilly) are SARS-CoV-2-neutralizing mAbs 
that bind overlapping epitopes of the SARS-CoV-2 S protein RBD to prevent viral attachment 
(112). BAM was the first authorized therapeutic neutralizing mAb against COVID-19 (113). 
In the BLAZE-1 phase 3 trial, treatment with BAM/ETE exhibited a 70% reduction in COVID-
19-related hospitalization or death against placebo (Table 2) (114). However, in April 2021, 
the EUA for BAM was revoked following the decreased binding of BAM/ETE to the Beta and 
Gamma variants (113).

Casirivimab/imdevimab
Casirivimab/imdevimab (REGEN-COV™; Regeneron, Tarrytown, NY, USA) is a combination 
of two neutralizing IgG1 mAbs that non-competitively bind to non-overlapping epitopes of the 
RBD (6XDG), thereby blocking viral attachment and entry to host cell (112,115). In November 
2020, it received its first EUA from FDA for the treatment of COVID-19 based on a randomized, 
placebo-controlled trial that demonstrated significant reduction in viral load among patients 
treated with REGEN-COV (Table 2) (116,117). The Randomised Evaluation of COVID-19 
Therapy (RECOVERY) trial also showed that REGEN-COV reduced the 28-day mortality of 
seronegative patients (118). The EUA was eventually limited by FDA in January 2022 following 
studies showing that REGEN-COV is not active against the Omicron variant (119).

Regdanvimab
Regdanvimab (CT-P59; Celltrion, Incheon, Korea) is a neutralizing mAb against SARS-CoV-2 
identified through screening of an antibody library made from peripheral blood mononuclear 
cells of a recovering SARS-CoV-2 patient (120). CT-P59 interferes with ACE2 receptor by 
blocking areas of the ACE2-interacting regions of SARS-CoV-2 RBD (120). In an in vivo study, 
CT-P59 reduced viral titers and alleviated clinical signs in golden Syrian hamster, ferret, 
and rhesus monkey animal models (120). A phase 3 double-blind, randomized clinical trial 
(NCT04602000) evaluated the clinical effectiveness of CT-P59 in mild-to-moderate COVID-19 
outpatients (Table 2) (121). Results showed that treatment with CT-P59 shortened time to 
recovery, hastened viral clearance, and reduced the likelihood of disease progression (121). In 
November 2021, EMA authorized CT-P59 for the treatment of adult COVID-19 patients who do 
not require supplemental oxygen and who are at high-risk of progressing to severe COVID-19 
(122). However, studies revealed that CT-P59 produced no neutralizing activity against the 
Omicron variant (110,123).
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Sotrovimab
Sotrovimab (VIR-7831, Xevudy; GlaxoSmithKline [Brentford, UK] and Vir Biotechnology, 
Inc. [San Francisco, CA, USA]) is a SARS-CoV-2-neutralizing mAb that received its FDA EUA 
for the treatment of COVID-19 in May 2021 (124). Sotrovimab blocks viral entry by binding 
to the RBD of SARS-CoV-2 S protein. However, sotrovimab does not directly compete with 
ACE2 receptor as the antibody binds outside the binding motif of RBD (124). In the phase 3 
COMET-ICE trial (NCT04545060), sotrovimab reduced the risk of disease progression among 
patients with mild-to-moderate COVID-19 (Table 2) (125). In March 2022, FDA limited the 
authorization for sotrovimab due to ineffectivity against the Omicron BA.2 variant (126).

Cytokine inhibitors
Tocilizumab
Tocilizumab (Actemra®; Genentech, South San Francisco, CA, USA) is a recombinant 
humanized monoclonal antibody indicated primarily for rheumatoid arthritis (127). It targets 
IL-6, a proinflammatory cytokine that can cause cytokine storm or cytokine release syndrome 
(CRS) during infection (128,129). CRS is a major cause of morbidity in patients infected 
with MERS-CoV and SARS-CoV (130,131) and is also correlated with respiratory failure and 
acute respiratory distress syndrome (ARDS) in COVID-19 patients (132). IL-6 therefore is a 
promising therapeutic target against severe SARS-CoV-2 infection.

In the Randomized, Embedded, Multifactorial Adaptive Platform Trial for Community-
Acquired Pneumonia (REMAP-CAP, NCT02735707), treatment with tocilizumab in critically 
ill COVID-19 patients improved clinical outcomes including survival (Table 2) (133). 
Tocilizumab treatment also improved survival and other clinical outcomes in the RECOVERY 
trial (NCT04381936) (134). However, a phase 3, randomized, placebo-controlled trial 
(NCT04320615) yielded different results, wherein tocilizumab treatment of patients with 
severe COVID-19 pneumonia did not significantly improve the clinical status or survival of 
patients when compared with placebo treatment (135). The difference in outcomes of these 
trials may be attributed to the different periods of time over which the trials were conducted 
and varying severity of inflammation between each patient (128). More research should be 
done to identify the best treatment strategy when using tocilizumab for COVID-19. In June 
2021, FDA issued an EUA for tocilizumab for the treatment of COVID-19 in hospitalized 
pediatric and adult patients (>2 years old) receiving additional care (systemic corticosteroid, 
supplemental oxygen, or extracorporeal membrane oxygenation [ECMO]). More recently, in 
December 2022, FDA approved tocilizumab for the treatment of COVID-19 in adult patients 
(>18 years old) requiring additional care (136). Tocilizumab, however, remains authorized 
for emergency use in hospitalized pediatric COVID-19 patients (2–17 years old). With this, 
tocilizumab becomes the first FDA-approved monoclonal antibody treatment for COVID-19.

Anakinra
Anakinra (KINERET®; Swedish Orphan Biovitrum AB, Stockholm, Sweden) is a recombinant 
IL-1 receptor antagonist approved by FDA for the treatment of rheumatoid arthritis and 
other autoinflammatory disorders (137). The selective cytokine blockade by anakinra 
was hypothesized to be beneficial to patients with severe COVID-19 and cytokine storm 
presentation (138-140).

The soluble urokinase plasminogen activator receptor (suPAR)-guided Anakinra treatment 
for Validation of the risk and Early Management Of seveRE respiratory failure by COVID-19 
(SAVE-MORE, NCT04680949) trial, a phase 3 double-blind, randomized, controlled trial, 
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evaluated the safety and efficacy of anakinra treatment in hospitalized patients with moderate 
to severe COVID-19 (Table 2) (141). The SAVE-MORE research group utilized suPAR serum 
levels as an early predictor of progression to severe respiratory failure in COVID-19 patients. 
All 594 patients in the analysis cohort had plasma suPAR ≥6 ng ml−1 and were randomized 
to receive either anakinra or placebo in addition to SOC. Results showed that suPAR-guided 
treatment with anakinra significantly reduced the risk of worse clinical outcomes in patients 
with moderate and severe COVID-19 (141). Considering the findings of the SAVE-MORE 
trial, in November 2022, the FDA issued an EUA for anakinra for the treatment of COVID-19 
in hospitalized adults (≥18 years) requiring supplemental oxygen and are at risk of severe 
respiratory failure (142). The data collection date for primary outcome measures of the trial 
concluded before the first reported case of the Omicron variant. Thus, more trials are needed 
to evaluate the efficacy of anakinra in currently circulating Omicron sublineages.

Janus kinase ( jak) inhibitor
Baricitinib
Baricitinib (Olumiant®; Eli Lilly) is an orally available JAK 1 and JAK 2-inhibitor used 
primarily for the treatment of rheumatoid arthritis (143). It was first identified as a potential 
therapeutic option for COVID-19 by artificial intelligence (AI) algorithms. The AI algorithm 
predicted candidate drugs that may inhibit both SARS-CoV-2 infectivity and SARS-CoV-
2-induced inflammatory damage (144,145). As was predicted, baricitinib exhibited anti-
cytokine and potential antiviral activities in vitro (145). Baricitinib inhibits the JAK-mediated 
release of pro-inflammatory cytokines, including IL-2, IL-6, IL-10, IFN-γ, and G-CSF, that are 
implicated in severe COVID-19 cases, which may explain its effects (146,147). Additionally, 
baricitinib had shown potent inhibition of Numb-associated kinases (NAK) that are essential 
to viral entry and propagation (145).

In a double-blind, randomized, placebo-controlled trial, the effects of baricitinib + RDV 
was evaluated in hospitalized adult COVID-19 patients (NCT04401579; Table 2) (148). 
Results revealed that COVID-19 patients who received baricitinib + RDV (n=515) had reduced 
recovery time and accelerated improvement in clinical status compared to those who 
received RDV alone (n=518). On May 2022, FDA authorized the emergency use of baricitinib 
to treat COVID-19 in hospitalized pediatric patients (2 to less than 18 years of age) requiring 
supplemental oxygen, non-invasive or invasive mechanical ventilation, or ECMO (149). More 
studies are still needed to evaluate its efficacy in currently circulating SARS-CoV-2 variants.

Anti-inflammatory agents
Corticosteroids
Early into the COVID-19 pandemic, corticosteroids were not recommended for use against 
COVID-19 based on the detrimental effects it may cause, as observed during the previous 
SARS-CoV and MERS-CoV outbreaks (150). Nonetheless, with more information on the 
pathophysiology of COVID-19, it was hypothesized that the anti-inflammatory properties 
of corticosteroids may suppress hyperinflammation and modulate the immune-mediated 
damages following SARS-CoV-2 infection (151). Dexamethasone (DEX), a glucocorticosteroid 
used primarily to treat inflammatory and autoimmune diseases, was found to dampen 
the inflammatory neutrophil response associated with severe COVID-19 in vitro (152). DEX 
was examined as treatment in a controlled, randomized, open-label RECOVERY trial 
(NCT04381936; Table 2) (153). The trial findings showed that treatment with dexamethasone 
resulted in a lower 28-day mortality among hospitalized COVID-19 patients receiving 
ventilation (n=2,104, 22.9%) as compared to patients with no respiratory support (n=4,321, 
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25.7%). Based on these results, in August 2020, EMA endorsed the use of dexamethasone only 
in adult and adolescent patients (≥12 years of age) who require supplemental oxygen therapy 
(154). Currently, no sufficient data is available to support or prohibit the use of systemic and 
inhaled corticosteroids in non-hospitalized COVID-19 patients. Even so, close monitoring 
of the patients under corticosteroid treatment is crucial due to the associated adverse effects 
such as hyperglycemia, secondary infections, and neuropsychiatric symptoms (155).

PERSPECTIVES AND CONCLUSIONS

The rapid spread of SARS-CoV-2 severely impacted global health and economy. As morbidity 
and mortality continued to rise especially among vulnerable populations, the development 
of preventive and therapeutic measures quickly became a priority. Global efforts in clinical 
research led to the identification of several therapeutic options. For antivirals, RDV remains 
the sole agent fully authorized for COVID-19 treatment. As is the case for direct-acting 
antivirals targeting acute viral diseases, the therapeutic value of RDV lies on its ability to 
inhibit viral replication and is generally most apparent when administered early into the 
COVID-19 disease course. The difficulty of RDV administration (intravenous), the lack of 
accessibility, and the requirement for early treatment continue to limit the use of RDV. On 
the other hand, preference for oral antivirals like nirmatrelvir + ritonavir is expected due to 
ease of administration. However, further studies on safety and efficacy are still needed before 
nirmatrelvir receives full approval as a SARS-CoV-2 antiviral.

Aside from antivirals, immunotherapies quickly gained a lot of attention as treatment against 
COVID-19. The ability of monoclonal antibodies to neutralize the virus has come in handy in 
inhibiting infection and progression to more severe disease. However, the emergence of new 
SARS-CoV-2 variants has rendered some potent treatments to lose effectivity. Consequently, 
clinical practices need to be constantly reviewed and shifted as new data from recently 
concluded studies and trials become available.

Although vaccination remains the most effective strategy in controlling SARS-CoV-2 
infection, not all individuals are equally capable of producing adequate immune responses 
even after multiple vaccine doses. Some people also exhibit adverse reactions to vaccination. 
Antivirals and immune-based treatments not only provide alternative options to such 
individuals; continued improvements and discoveries in therapeutics also ensures that we are 
more equipped for future pandemics.
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