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Abstract: SARS-CoV-2 replication remains a critical and main target for therapeutic interventions.
The current review synthesizes existing knowledge to provide an in-depth analysis of molecular
insights and both current and emerging therapy methods, moving past reviews centered on antivirals
and general replication processes. We examined antiviral tactics aimed at these replication pathways,
including direct-acting nucleoside analogs (remdesivir, molnupiravir), protease inhibitors
(nirmatrelvir), and host-directed agents influencing viral entry and RNA synthesis. Emphasizing
therapeutic constraints and evolutionary escape, this study also investigates synergistic drug
combinations and resistance mechanisms. Discussed for their capacity to efficiently handle next
coronavirus dangers are emerging methods—from CRISPR-based gene-silencing, nanoparticle-
delivered siRNAs, and Al-driven drug discovery. Highlighted as new antiviral targets are host-
pathogen interactions including adaptation via the TRiC complex and phosphatase pathways. This
paper offers a road map for improving therapeutic tactics against SARS-CoV-2 and related
developing viruses with molecular virology, pharmacology, and computational biology.
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1. Introduction

The global outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2 in late
2019 has resulted in a pandemic called coronavirus illness 2019 (COVID-19) that has massively
affected both the health and economic sectors. On March 21, 2023, an estimated 761 million people
were reportedly infected by the said virus. With this number, approximately 6.8 million fatalities
were reported [1].

This has led for COVID-19 to be one of the most catastrophic global health concerns of the new
millennium. In a short span of time, the scientific community made extraordinary progress in
understanding the virus and finding countermeasures. These include elucidation of the life cycle of
the virus and the viral protein structures in the first year of the global outbreak onset. Over 20 high-
resolution structures of the viral RNA polymerase complex were reported. This has resulted in an in-
depth knowledge of the replication mechanism and methods to inhibit it [2—4].

Building upon the initial groundwork studies on the molecular basis of SARS-CoV-2 replication,
it has ultimately opened a new research avenue in designing future therapeutic interventions. Based
on its viral structure, SARS-CoV-2 is similar to other coronaviruses. It is an enveloped positive-sense
RNA virus that has a quite large ~30 kb genomic size, one of the largest of any RNA virus. In
comparison, planarian secretory cell nidovirus (PSCNV) has a genome size of 41.1 kb [5], rotaviruses
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has about 26-30 kb [6], ebolavirus has about ~19 kb [7], and the influenza virus has about ~13.5 kb
[8,9].

The viral replication process involves a multi-protein replication/transcription complex that
allows the replication of the RNA genome within the infected host cell. The virus interacts with host
cellular pathways, which in turn can elude immune defenses. The virus uses host resources for its
replication, which leads to dysregulation of the host’s normal host cell functions [8].

In the past five years, antiviral strategies targeting the viral replication cycle have been studied
as either developed or repurposed drugs. In particular, direct-acting antivirals such as remdesivir
and molnupiravir [10], and protease inhibitors (nirmatrelvir in Paxlovid) that indirectly affect
replication through the inhibition of the viral replicase protein processing [11].

The present review offers a summary of the SARS-CoV-2 replication molecular mechanism and
host cell interactions, while assessing the potential impact of this information in the development of
future therapeutic strategies. The review examines both wet laboratory experimental findings and
computational approaches that have expanded our present understanding of the viral replication
mechanism. In brief, the review includes the molecular mechanism of viral RNA replication, viral-
host interactions, and current and emerging antiviral strategies. The paper also looks at the future
directions in this field by highlighting potential novel targets and possible innovative antiviral
strategies. In whole, this integrative approach aims to synthesize the current advancements in SARS-
CoV-2 replication as a guide for future emerging research undertakings.

2. Molecular Mechanisms of SARS-CoV-2 Replication

SARS-CoV-2 shares a similar genomic organization and replication method as those of other
coronaviruses. Upon entrance in the host cell, the single-stranded positive-sense RNA genome of the
virus directly works as an mRNA and has a 5’ cap and 3’ poly(A) tail [8,12,13]. Sixteen non-structural
proteins (nsp; nspl-16) comprise the viral replication and transcription machinery. These proteins
are autocatalytically cleaved by the viral proteases coming from two large polyprotein (ppla and
pplab) that are encoded by the 5' two-thirds of the genome (open reading frames ORFla and
ORFlab)[14,15].

Meanwhile, the spike (S), Envelope (E), Membrane (M), and nucleocapsid (N) proteins serve as
auxiliary and structural proteins. These proteins are encoded by the remaining 3’ region of the
genome. Furthermore, these proteins are expressed from the sub-genomic mRNAs generated during
the infection process (Figure 1) [15-17].
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Figure 1. SARS-CoV-2 replication cycle and key molecular events targeted by antivirals. The SARS-CoV-2
replication cycle starts with (1) binding and viral entry, in which the virus attaches to the host cell receptor (such
as ACE2) and is internalized by endocytosis or membrane fusion. The viral genome is then released into the
cytoplasm. For (3) translation of viral polyprotein including the RNA-dependent RNA polymerase (RdRp) and
other non-structural proteins (nsps), the positive-sense RNA genome is directly employed as mRNA. To
generate both full-length genomic RNA and subgenomic RNAs, these proteins form the replication-transcription
complex (RTC), therefore mediating (4) RNA replication and transcription. At the endoplasmic reticulum, the
subgenomic RNA act as templates for (5) translation of the structural proteins S, E, M, and N. These proteins
travel to assembly sites where (6) structural proteins mix with the nucleocapsid, which encapsidate the fresh
genomic RNA. Finally, (7) virion assembly occurs and (8) exocytosis releases new virions. Figure created with
BioRender.com, adapted from Guo, 2020 [18] and Fehr, et al. 2015 [19], licensed under CC BY 4.0.

2.1. Replication Complex and Enzymatic Machinery

The RNA-dependent RNA polymerase (RdRp) complex is a multimeric protein complex that is
central to coronavirus replication. The minimum functional components for this multimeric complex
are comprised by the nsp12-7-8 super-complex [20,21].

Dissecting the structure and function oof nsp12, the protein has a catalytic polymerase subunit
that functions with a canonical “right-hand” polymerase domain containing, fingers, palms and
thumb subdomains that allow RNA synthesis [8,22]. In addition, nsp12 has an N-terminal nidovirus-
specific RNA-dependent nucleotidyltransferase domain (NiRAN). This plays an important function
in viral replication and possibly plays a role in priming or capping [22,23].

The two co-factors, nsp7 and nsp8, form the active polymerase by binding with nsp12. Nsp12
has been reported to have little or marginal activity by itself. Two subunits of nsp8 and one nsp7
subunit form a complex with nsp12 to form a functional RdRp holoenzyme. This complex serves as
a processivity factor that aids in the gripping of the RNA template and in stabilizing the polymerase
during the viral replication process (Figure 2) [20,21].
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Figure 2. SARS-CoV-2’s core viral replication machinery is made up of the nsp12-nsp7-nsp8 supercomplex,
which reflects the minimal functional unit needed for RNA synthesis. The nsp12 subunit (A-chain, red) is the
main catalytic polymerase. The nsp7 cofactor (C-chain, depicted in green) binds to nsp12 and stabilizes the
system. Acting as cofactors and extensions of the template RNA-binding platform, the nsp8 subunits (B-chain in
cyan and D-chain in purple) increase the processivity. Using Robetta, comparative modeling produced this
structural model; the template structure was PDB ID: 8GWE. Reproduced from Subong, B.J.J., & Ozawa, T.
(2024) [20]. Licensed under CC BY 4.0.

Several other viral nsps play essential functions in genome replication and RNA processing. The
replication-transcription complex (RTC) functions in copying the viral RNA. This includes the 5'-to-
3’ helicase/translocase nsp13 that is responsible for the unwinding of the RNA secondary structure
and moves along the template during RNA synthesis [24,25]. The nsp14 protein functions as a 3'-5’
exoribonuclease (ExoN) that removes misincorporate nucleotides. Thus, contributing to increased
replication fidelity via the RTC’s proofreading mechanism [26].

This unusual proofreading capability of RNA viruses most likely helps coronaviruses retain
their enormous genomes. Moreover, the N7-methyltransferase domain of nspl4 operates in
conjunction with nsp10 [27]. nsp16 functions as a 2'-O-methyltransferase with nsp10 as a co-factor.
This allows the 5’ end of the viral RNA to establish a cap structure [28]. In turn, this guarantees the
efficient translation and stability of viral mRNAs. Other nsps, in particular nsp9 and nsp10, support
the RTC through RNA binding and regulation [29].

2.2. Genome Replication Cycle

The multi-step replication of SARS-CoV-2 occurs in the cytoplasm of infected cells [30]. After
viral entry and uncoating, the translation of the genomic RNA generates the replicase polyprotein
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(ppla/pplab) [31]. These are then cleaved to produce nsps. These nsps rapidly form the RTC in the
cellular membranes. A characteristic of coronavirus replication is the remodeling of the host
intracellular membranes. This generates specific microenvironments for RNA reproduction [32].

A double-membrane vesicles (DMV) that are derived from the endoplasmic reticulum and work
as a protected replication organelle is formed upon the induction of SARS-CoV-2 [33,34]. Nsp3 and
nsp4, viral transmembrane proteins, bind to the endoplasmic reticulum and curate these vesicles. The
formed nsp3/nsp4 complex bends the membranes into vesicles that recruit replication proteins
[35,36].

The RdRp complex is tethered to the cytosolic face of DMVs and is concentrated in these
compartments [29]. This is due to the N-terminal domain of nsp3, which can directly bind to nsp12
polymerase [8].

The RTC generates a complementary negative-sense RNA from the genomic RNA template
within the DMV [13,37]. This negative strand functions as a template for the synthesis of new
positive-sense genomic RNA, a series of sub-genomic RNAs that align with the 3" regions of the
genome, and supports the expression of structural and accessory proteins [13,38]. The polymerases
engage in a distinct form of discontinuous transcription during sub-genomic mRNA replication. The
RdRp intermittently moves from one portion of the negative-strand template to connect with the
leader sequence at the 5" end. This template-switching mechanism leads to the generation of sub-
genomic RNAs that possess a 5’ leader while encoding distinct downstream open reading frames
(ORFs) such as S, E, M, and N [38].

Although proofreading provides high fidelity, the virus continues to accumulate mutations over
time [39,40]. This, along with RNA recombination events, has resulted in the emergence of various
SARS-CoV-2 variants [39]. Following the synthesis of new genomic RNAs, these molecules are
encapsulated within virions [41]. The nucleocapsid (N) protein associates with genomic RNA to
create a ribonucleoprotein complex [42], which is subsequently enveloped by a lipid membrane that
incorporates the S, E, and M proteins at assembly sites within the ER-Golgi intermediate
compartment [43]. Progeny virions are transported within vesicles and subsequently released from
the cell through exocytosis. An infected cell can release thousands of new virions, which go on to
infect neighboring cells and, in an organism, can disseminate to other tissues [41,43].

2.3. Host Factors in Viral Replication

To fulfill its reproduction cycle, SARS-CoV-2 depends on the host proteins and cellular
processes. The virus utilizes the host ribosomes for protein synthesis and relies on the host cell’s
provision of nucleotides, amino acids, and energy.

Recent proteomic studies have indicated connections between SARS-CoV-2 non-structural
proteins and the host proteins. In particular, nsp12 interacts with the host chaperonin complex, often
referred to as TRiC (or CCT) [44].

TRiC supports the correct folding or assembly of the polymerase complex. This, in turn, allows
reliance on the host for effective replication [45]. The P323L mutation of the nsp12 has been associated
to influence this interaction. This nsp12 protein variant alongside the D614G spike mutant was found
to have reduced dependence on the host phosphatase complex. This indicated a possible adaptive
modification for enhanced replication in the host human cell [46]. These findings show that SARS-
CoV-2 can adapt to its host cellular environment, which can lead to improving its replicative fitness
[47]. In such cases, host pathways (including chaperones and phosphatases) might be targeted as
host-directed antivirals [48,49]. Such findings underscore how SARS-CoV-2 can adapt to the host
cellular environment and potentially improve its replicative fitness. They also point to host pathways
(chaperones and phosphatases) that might be targeted by host-directed antivirals [44,46].

3. Drugs Targeting SARS-CoV-2 Replication

Efforts to create therapeutics that inhibit the replication of SARS-CoV-2 has been unprecedented.
These drugs encompass direct-acting antivirals that target viral enzymes and host-targeting
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medications that indirectly impede viral propagation. Here, we discuss four groups of antiviral drugs
that disrupt the SARS-CoV-2 replication cycle, along with aspects such as resistance and efficacy.
Therapeutics geared toward the inhibition of the replication of SARS-CoV-2 have been
unprecedented in recent times. These drugs can be classified as direct-acting antivirals that target the
viral replication complex and those that target host-target medications that indirectly impede viral

replication and propagation.

3.1. Nucleoside Analogue Polymerase Inhibitors

Targeting the RdRp using nucleoside or nucleotide analogues has been a key tactic to stop viral
replication [50]. Remdesivir was the inaugural antiviral medication authorized for COVID-19. It is a
monophosphoramidate prodrug of an adenosine analogue; upon intracellular metabolism to the
active remdesivir triphosphate (RTP), it competes with ATP and is integrated into viral RNA by

nspl2 [44]. The integration of remdesivir into an elongating RNA strand leads to delayed chain
termination, causing RNA synthesis to cease after the addition of many additional nucleotides [4]

(Figure 3).
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Figure 3. Action mechanism of remdesivir and its active metabolite GS-441524 against SARS-CoV-2
replication. SARS-CoV-2, upon entering the host cell, uses the host ribosome to convert the RNA-dependent
RNA polymerase (RdRp), a main enzyme encoded inside ORF1b. The monophosphoramidate prodrug
remdesivir is metabolized intracellularly to its active nucleoside analogue, GS-441524. RdRp includes this
molecule in nascent viral RNA, where it mimics adenosine. Once included, it causes postponed chain
termination, therefore stopping more elongation of the RNA strand and thus stopping viral replication.
Highlighting the binding pocket of GS-441524, the bottom right inset reveals the RARp holoenzyme structure

(PDB ID: 6M71). Figure created with BioRender.com, adapted from Li, G. & De Clercq, E. (2020) [51], licensed
under CC BY 4.0.
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Structural studies have shown that remdesivir causes the RdRp to stall by preventing further
translocation of the RNA template. In clinical trials, intravenous remdesivir moderately accelerated
recovery in hospitalized COVID-19 patients and continues to be a routine treatment for severe cases
[52,53]. Significantly, the virus’s proofreading function (nspl4) does not completely eliminate
remdesivir, enabling it to maintain its antiviral effectiveness [54]. However, resistance may develop
under selective pressure: in vitro studies have revealed mutations in nsp12 (notably at residues V166
and E802) that provide partial resistance to remdesivir [55]. More importantly, such mutants have
not dominated in clinical isolates, possibly due to fitness costs and the relatively short treatment
courses used.

Another nucleoside analogue that has been approved as an oral antiviral for COVID-19 is
molnupiravir [56] .It is a prodrug of B-D-N4-hydroxycytidine that behaves as a mutagenic agent.
Unlike remdesivir, molnupiravir does not result in chain termination. Rather, its active form is
incorporated into viral RNA in lieu of cytidine or uridine, causing the RdRp to make an erroneous
base-pairing (it can pair with guanine or adenine) [57,58]. This leads to the accumulation of mutations
in the viral genome, a process known as lethal mutagenesis (Figure 4).

SARS-CoV-2

i ﬂ m

Molnupiravir is converted to its active form molnupiravir
: \ triphosphate (MTP) inside the cell.
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Figure 4. Action mechanism of mutagenic nucleoside analogues (molnupiravir) in SARS-CoV-2 replication.
Viral entry causes the host cell to translate the viral RNA-dependent RNA polymerase (RdRp), which drives
RNA synthesis. Competing with natural cytidine triphosphate (CTP), mutagenic nucleoside analogues like the
active triphosphate form of molnupiravir (MTP) are misincorporate into viral RNA. Base-pair mismatches and
the buildup of mutations follow from this, causing viral inactivation —a process called lethal mutagenesis. This
approach enhances molnupiravir’s antiviral effectiveness against several SARS-CoV-2 variants.Figure created
with BioRender.com, adapted from Malone, B. & Campbell, E.A. (2021)[59], licensed under CC BY 4.0.
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Molnupiravir fundamentally induces errors in the virus, leading to the death of the viral
population due to genomic instability [60]. Clinical trials with patients with mild-to-moderate
COVID-19 demonstrated that a 5-day oral regimen of molnupiravir markedly decreased the
likelihood of hospitalization or mortality compared to placebo [61]. Because molnupiravir targets the
conserved polymerase, itis still effective against various SARS-CoV-2 mutations [58,62]. Nonetheless,
theoretical apprehensions exist over the potential consequences of its mutagenic action, such as its
impact on host DNA or the emergence of novel viral mutations [60]. However, current research
suggests it is harmless, and the viral ExoN proofreading mechanism only partially mitigates its effects
[57,60].

Favipiravir (T-705), a purine base analogue, was another nucleoside analogue evaluated early in
the pandemic [63,64]. Favipiravir exhibits extensive efficacy against RNA viruses; however, SARS-
CoV-2 has demonstrated notable resistance to it [65]. In COVID-19, clinical trials of favipiravir have
yielded inconsistent outcomes, and it is not considered a frontline therapy [66,67]. Despite its limited
effectiveness when used alone against SARS-CoV-2, ribavirin, a riboside analogue with known
activity against some RNA viruses, has been explored in combination regimens [68,69]. The oral
derivative of remdesivir’s parent nucleotide (GS-441524), VV116 (deuviridine), is a new nucleoside
analogue that has demonstrated potential. The oral bioavailability of VV116 is significantly higher
(between 80-90%) [70,71] and in a clinical trial it demonstrated non-inferiority to Paxlovid in early
COVID-19, making it a potentially useful oral polymerase inhibitor [72].

3.2. Protease Inhibitors

Two proteases that are necessary for breaking down the replicase polyprotein are encoded by
SARS-CoV-2: nsp5 major protease and nsp3 papain-like protease. By inhibiting these proteases, the
viral RTC is unable to mature [73,74]. Nirmatrelvir is a peptidomimetic inhibitor of the primary
protease (3CLpro) that was developed and, when combined with the pharmacokinetic enhancer
ritonavir (which slows down nirmatrelvir's metabolism), produced the oral drug Paxlovid [73,75].
Nirmatrelvir indirectly halts RNA replication by inhibiting 3CLpro, as the polymerase and other nsps
are unable to be released from the polyprotein [74]. In the EPIC-HR Phase 2/3 trial, Paxlovid
demonstrated remarkable efficacy by decreasing the likelihood of hospitalization or death by ~89%
in high-risk outpatients when administered within a few days of symptom onset [73]. For high-risk
patients, it has been a game-changer for early intervention. Although mutations in the 3CL-pro
substrate-binding pocket can result in resistance to nirmatrelvir (a number of these mutations have
been identified in vitro [76,77], substantial resistance has not yet been extensively disseminated in
circulating strains. With the continued usage of Paxlovid, it is crucial to continuously monitor 3CL-
pro variations [78].

Additional protease inhibitors have been investigated. The HIV protease inhibitor lopinavir,
when tested in combination with ritonavir during early clinical trials, demonstrated no significant
benefit for treating COVID-19 [79]. Ensitrelvir, an investigational 3CLpro inhibitor, has demonstrated
efficacy in clinical trials conducted in Japan, indicating that protease inhibition represents a validated
target for SARS-CoV-2 beyond nirmatrelvir [80]. The papain-like protease (PLpro) represents a
potential antiviral target. Inhibitors of PLpro, including GRL-0617, have been identified in preclinical
studies. Despite this, none are currently utilized in clinical settings [81].

3.3. Host-Directed Antivirals

One strategy currently explored for inhibiting SARS-CoV-2 replication is through host-target
antiviral mechanisms. This process targets the host cell processes hijacked by the viral during its
replication cycle. This entails the repurposing of existing approved drugs that are used beyond their
conventional indications. Studies on various compounds that might significantly inhibit SARS-CoV-
2 replication and significantly affect therapeutic outcomes via host-directed processes have been
reported.
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Host-target antiviral strategies for SARS-CoV-2 are increasingly becoming a focal point in the
quest to manage COVID-19 [82,83]. These approaches leverage the study of host cell processes that
the virus exploits during its replication cycle, alongside repurposing existing medications that have
been approved for other indications [82]. An array of studies has demonstrated various compounds
that may significantly inhibit SARS-CoV-2 replication and enhance therapeutic outcomes through
host-directed mechanisms.

Fluoxetine, a selective serotonin reuptake inhibitor (SSRI), along with GS-441524 has been found
to synergistically affect SARS-CoV-2 variants in vitro. Findings show that viral replication was
reduced through targeting the cellular pathways used by the virus [84]. Compounds that inhibit virus
entry into the host cell through the ACE2 receptor and TMPRSS2 protease have been receiving
increasing attention. TMPRSS2 inhibitors and ACE2 receptor blockers have limited viral access to
host cells. [85,86]. Investigational compounds that inhibit these receptors may enhance the
effectiveness of existing antivirals and mitigate viral entry.

The small-molecule inhibitors designed for modulating intracellular signaling pathways that
support viral replication have been explored as a route for possible therapeutic intervention.
Inhibition of the pathways involved in cellular stress responses or inflation might indirectly suppress
the ability of the virus to replicate efficiently [87].

3.4. Combination Therapies and Drug Synergy

The management of COVID19 has gradually utilized combination techniques, especially in
serious cases or to combat resistance. The application of antivirals that target various stages of the
replication cycle may yield synergistic effects [88,89]. The observed synergy between remdesivir and
nirmatrelvir is an excellent example. In vitro, the combination of these two medications demonstrated
synergistic antiviral action, suppressing SARS-CoV-2, including Omicron variant strains, more
effectively than either drug alone [90-92]. By blocking RNA chain elongation and blocking
polyprotein processing, respectively, this combination targets replication through two
complementary methods.

Remdesivir has been investigated in conjunction with ribavirin, yielding noteworthy results.
Ribavirin, while ineffective as a standalone treatment, functions as a base analogue that promotes
mutations, resembling the process of lethal mutagenesis. The combination of remdesivir with the
other drug demonstrated a synergistic effect, resulting in the complete eradication of SARS-CoV-2 in
the cell culture at relatively low concentrations [93]. The virus’s capacity to reproduce was
overwhelmed by the combination, which drastically increased the polymerase’s mistake rate while
also impeding nucleotide addition. This implies a potential therapeutic strategy for “lethal
mutagenesis” that involves the combination of a mutagenic agent and a chain terminator [93,94].
Triple combinations including ribavirin or favipiravir with other antivirals have also been proposed
to further boost the efficacy and prevent escape mutants [93,95,96].

Molnupiravir has also been evaluated in pharmacological combinations. Molnupiravir
synergizes with various other agents, such as nirmatrelvir and specific host-targeting medicines,
according to a recent study [90,91,97]. For example, the combination of molnupiravir with the
TMPRSS?2 inhibitor camostat, which obstructs viral entrance, or with the DHODH inhibitor
brequinar, which diminishes the nucleotide pools essential for viral RNA synthesis, resulted in
enhanced suppression of SARS-CoV-2 in lung cell cultures [97,98]. The combination of molnupiravir
and nirmatrelvir demonstrated significant synergy, highlighting the advantage of simultaneously
targeting polymerase and protease activities [97,99]. In addition, triple therapy using molnupiravir,
camostat, and brequinar suppressed viral replication much more in vitro, suggesting that these three
medications could be used as a cocktail to treat resistant infections or immunocompromised people
who have persistent virus shedding [97,98,100].

Alongside the new antivirals, numerous authorized medications have been modified for
possible efficacy against SARS-CoV-2. Several of these repurposed candidates focused on host
factors, such as the antiparasitic ivermectin or different kinase inhibitors, whereas a select handful
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exhibited direct or indirect antiviral properties. An illustrative instance is the antidepressant
fluoxetine and the antifungal itraconazole. These medicines, each with unique primary targets
(serotonin reuptake and fungal sterol synthesis, respectively), were shown to augment the antiviral
efficacy of remdesivir in cell culture [101,102]. The combination of fluoxetine with remdesivir or
itraconazole with remdesivir diminished infectious viral generation by over 90% compared to
remdesivir administered alone [103]. The precise antiviral contributions of fluoxetine and
itraconazole are still being investigated, but fluoxetine may have lysosomotropic effects that impede
viral egress, while itraconazole may disrupt cholesterol trafficking for viral replication. The use of
safe, off-patent medications to increase the effectiveness of direct antivirals is nevertheless made
possible by these findings [104].

In addition to antivirals that directly inhibit replication, immunomodulators have been utilized
as adjunctive therapies in COVID-19 treatment to manage hyperinflammation. Although not
classified as antivirals, medications such as the corticosteroid dexamethasone and the JAK inhibitor
baricitinib (which received emergency use authorization in conjunction with remdesivir) contribute
to improved outcomes by alleviating the harmful inflammatory response [103,105]. Interestingly,
baricitinib may also have minor antiviral effects by blocking clathrin-mediated endocytosis, which is
necessary for viral entry. This makes it a host-targeted treatment that can be used in conjunction with
direct antivirals [103,106,107].

A comprehensive survey of antiviral therapies directly or indirectly targeting SARS-CoV-2
replication is summarized in Table 1. The list includes molecules assigned by their molecular targets,
such as the RNA-dependent RNA polymerase (nsp12), main protease (3CLpro), papain-like protease
(PLpro), and host cellular factors. Moreover, host-targeting chemicals that change cellular pathways
for viral replication or entrance were included. Combination therapies that are proving enhanced and
effective viral efficacy offer lower resistance probability. Overall, this emphasizes the need for multi-
target strategies in COVID-19 control and underscores the current available treatments.

Table 1. Summary of Antiviral Therapeutics Targeting SARS-CoV-2.

Drug/Compo Target/Mecha Mode of Clinical  Resistance/Limita
) Drug Class . . .
und nism Action  Use/Efficacy tions
Adenosine IV use; Partial resistance
analogue; .
chain moderately via nsp12
lerat tati .£.,
Remdesivir RdRp (nsp12) Nucleoside analogue termination accelera elzs mutations (e.g
. recovery in V166, E802);
via delayed g . ey
hospitalized fitness cost limits
RNA atients spread
translocation  © P
Cytid.ine/uri Oral use; Theoretical
dine reduces .
analogue; hospitalization mutagenic risks;
Molnupiravir RdRp Nucleoside analogue . gue; Nospla not fully
induces in mild-to- .
neutralized by
lethal moderate .
. proofreading
mutagenesis cases
Purine
Requires high
analogue; Limited effect; co(relcclzzrllr’;zsaticl)gns-
Favipiravir RdRp Nucleoside analogue weak RNA not a frontline . o
. inconsistent trial
synthesis drug results
inhibition
Guanosine Alone: limited . ..
analogue; effect; High toxicity;
Ribavirin RdRp Nucleoside analogue ghe; . synergizes with

romotes  synergistic in .
p . Y g . remdesivir
mutagenesis combinations
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Comparable to

VV116 . Oral prodrug Paxlovid in Not widely
RdR 1 1
(Deuviridine) dRp Nucleoside analogue of G5-441524 trials; high approved
bioavailability
Blocks
. . polyprotein Oral use; ~89% Resistance V.ia
Nirmatrelvir cleavage; .. 3CLpro mutations
. . g reductionin | ', o
+ Ritonavir 3CLpro Protease inhibitor halts . ... (invitro); clinical
. .. hospitalization
(Paxlovid) replication . relevance not yet
if early
complex clear
maturation
Similar t Effective i
Ensitrelvir 3CLpro Protease inhibitor . rmhar O, ec IV? m Investigational
nirmatrelvir Japan trials
HIV protease
Lopinavir + inhibitor; No benefit in Lareel
.p . 3CLpro Protease inhibitor =~ weak SARS- early COVID- 5y
Ritonavir . abandoned
CoV-2 19 trials
activity
Preclinical
inhibitor of ~ Preclinical Not clinicall
GRL-0617 PLpro Protease inhibitor i o © reciica ot cuucaly
papain-like stage available
protease
Synergistic
Host (cell with GS- In vitro Lysosomotropic
Fluoxetine SSRI / host-directed 441524; may synergy with ~ mechanism;
pathways) . .
block viral ~ remdesivir repurposed drug
egress
Di t
Host erol Ehances
Antifungal / host- . remdesivir ~ Repurposed, not
Itraconazole  (cholesterol . trafficking . . . o
. directed efficacy in virus-specific
trafficking) needed for )
N vitro
replication
Blocks .
Host JAK cytokine rlsr[r{?ezltﬂ" Minor antiviral
Baricitinib  (JAK/STAT + inhibitor/immunomod storm; may Vit activity;
) . reduces . :
endocytosis) ulator block viral . adjunctive
nflammation
entry
. In vitro
Blocks spike ..
o X efficacy; used L
Camostat TMPRSS2 ~ Host entry inhibitor protein n Investigational
PIIING o mbinations
Reduces the
DHODH nucleotide Strong .
. s . . Host toxicity
Brequinar  (pyrimidine Host-targeting ~ pools needed synergy with
. L concerns
synthesis) for RNA  molnupiravir
synthesis
Blocks RNA .. Dual targeting
. . Superior in
Remdesivir+  RdRp + . synthesis . . reduces the
. . Antiviral synergy . vitroand in .
Nirmatrelvir 3CLpro and protein resistance
. case reports .
processing potential
Enh. th
Remdesivir + Chain terminator +  Complete nhances the o
o RdRp . mutational Not in clinical use
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extinctionin  replication
vitro block
Enhanced

Molnupiravir Polymerase+  synergy;

RdRp + . . . Preclinical and
+ 3CL Dual-action antiviral ~ protease potential for Iv trial st
. . ro R . early trial stages
Nirmatrelvir P inhibition resistant y &
strains
Molnupiravir Maximal For
P Polymerase + entry + Not tested

+ Camostat + Multi-target
Brequinar

. . suppression persistent/resis ..
nucleotide synthesis PP P f clinically

in vitro  tant infections

3.5. Antiviral Resistance Considerations

The rapid development of antiviral medication raises questions about resistance. SARS-CoV-2
is an excellent example of an RNA virus’s high rate of mutation, even though its proofreading
capacity slows the rate of change [94,108]. Clinical resistance to the main antivirals is not yet a major
concern. Patients treated with remdesivir have been observed to occasionally shed variants
containing nsp12 mutations, and in vitro studies indicate that the virus can acquire these alterations
[109,110]. Molnupiravir’s mechanism complicates the virus’s ability to develop resistance, as any
single mutation it may acquire is equally probably harmful as beneficial. This is because the drug
drives the virus into an evolutionary dead end via an error catastrophe [111,112]. Based on substantial
experience with HIV and HCV therapy, resistance to protease inhibitors is a serious problem. With
the continued usage of Paxlovid, it will be essential to continuously monitor the usage of Paxlovid,
and it will be essential to continuously monitor 3CL-pro sequences in clinical isolates [113]. Because
the virus needs to acquire numerous independent mutations at the same time to evade multiple
medications, combination therapy dramatically reduces the possibility of resistance. This notion
serves as the foundation of current approaches to COVID 1-19 treatments and future pandemic
preparedness [114,115].

4. Future Trends and Emerging Antiviral Strategies

The effectiveness of vaccines and first-generation antivirals in addressing the COVID-19
pandemic is evident; however, the ongoing emergence of new variants and the risk of novel
coronaviruses transferring from animals to humans highlight the need for innovative antiviral
strategies [116]. Future research will concentrate on broad-spectrum inhibitors, host-targeted
therapies, and advanced drug discovery technologies to surpass the virus [117].

4.1. Novel Targets in the Viral Replication Cycle

Beyond the polymerase and protease, researchers are looking into other viral targets that may
be used therapeutically. The proofreading exonuclease (nspl4) represents a significant target;
inhibiting nspl4’s ExoN activity may enhance the efficacy of nucleotide analogue drugs by
obstructing the virus’s ability to correct drug-induced errors [8].

Attempts are being made to identify nsp14 small-molecule inhibitors that could either cause
deadly mutagenesis on their own or successfully “sensitize” the virus to currently available
polymerase inhibitors. Similar to this, the distinct NIRAN domain of nsp12, which is necessary for
capping viral RNA, is distinctive to nidoviruses and has no analogue in human cells; as such, it is a
prospective target for medication [8,118]. A compound that could bind the NiRAN domain and
prevent its activity could potentially impair the virus’s capacity to initiate new RNA strands or
properly terminate them, resulting in nonfunctional RNA outputs. Furthermore, the multifunctional
nsp3, especially the papain-like protease domain and macrodomains that counteract host defenses,
offers additional antiviral targets. A potent PLpro inhibitor could disrupt polyprotein processing and
reduce immune suppression by the virus, providing a dual advantage [118,119].
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4.2. Emerging and Novel Host-Directed Antivirals

To attain broad-spectrum efficiency against the current and future coronaviruses, it is
advantageous to target host components essential for viral replication [88]. The stability of the host
genome reduces the likelihood of mutations, hence decreasing the establishment of resistance via
alterations in the target; however, viral adaptations to lessen reliance on that component may
occasionally occur. A previously mentioned host-targeted approach involves the use of TMPRSS2
inhibitors, specifically camostat or nafamostat, to obstruct viral entry [120]. Although these
medications do not function as direct replication inhibitors, they obstruct the virus from integrating
its DNA into the host cell. The cellular pyrimidine biosynthesis pathway represents another target
for intervention; inhibitors such as brequinar and teriflunomide diminish the availability of UTP/CTP
for viral RNA synthesis. When used alongside direct polymerase inhibitors, such host-targeted
agents can induce a more profound replication crisis in the virus [97]. Interest exists in targeting host
chaperones, such as Hsp90 or the TRiC complex mentioned earlier, which facilitate the folding of
viral enzymes. Disrupting these chaperones may selectively destabilize viral proteins such as the
polymerase or protease [121,122].

Intracellular trafficking modulators, such as vesicle formation inhibitors and autophagy
disruptors, may interfere with the development of replication organelles [123]. A concern related to
host-directed agents is the potential for toxicity, as they interfere with normal cellular functioning.
Numerous host-targeting pharmaceuticals, including JAK kinase inhibitors, IL-1{ inhibitors, and
other agents aimed at inflammatory pathways, are now under evaluation, have received approval
for diverse conditions, and exhibit well-established safety guidelines [124]. Identifying host factors
that the virus relies on and can temporarily block in patients without significant harm is crucial. In
the context of coronaviruses, the interferon system may be utilized; the administration of interferon,
specifically type III interferons for localized activity in the lungs, early in the infection can augment
the host’s antiviral response. Clinical trials are examining inhaled interferon-A as a treatment strategy
to augment the host’s antiviral response and therefore inhibit viral replication [125,126].

4.3. Al and Computational Drug Discovery

Using artificial intelligence (Al) and computational techniques during the COVID-19 pandemic
has significantly accelerated the drug discovery process. To effectively identify possible inhibitors of
SARS-CoV-2 replication proteins, researchers used machine learning algorithms in conjunction with
structure-based virtual screening. Various novel compounds were proposed by Al systems for
evaluation over the course of several months [127]. Using crowdsourcing to generate designs for
3CLpro inhibitors and machine learning to reduce millions of candidates to a few hundred
synthesized compounds, the COVID Moonshot project demonstrated low-nanomolar potency
sometimes [128]. Research efforts have focused on the polymerase, with one study assessing more
than one hundred flavonoid molecules through in silico techniques. This research identified several
compounds, including myricetin derivatives, that bind to a conserved allosteric pocket on nsp12,
separate from the active site [129]. Despite the development of active-site resistance to analogues,
predicted allosteric inhibitors, which are not impacted by active-site mutations, offer a viable means
of blocking the polymerase. Analysis of combination therapy data driven by Al has been used to
predict synergistic drug pairs, guiding researchers to focus on the most promising combinations
among various options [130]. The integration of big data from viral genomics, chemogenomics, and
clinical outcomes via machine learning models offers the potential to customize antiviral strategies
for specific variants or patient populations in the future [131]. The emergence of a new coronavirus
may lead Al models, which have been trained on SARS-CoV-2 and other viral data, to rapidly identify
repurposed drugs or novel compound scaffolds. that may be effective, thereby reducing the essential
time in the pandemic response [132,133].

4.4. Gene Silencing and RNA-Targeting Therapies
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Directly targeting the viral RNA genome or its transcripts with nucleic acid-based treatments is
a distinct approach [134]. Small interfering RNAs (siRNAs) can be designed to target conserved
regions of the SARS-CoV-2 genome, thereby activating the RNA-induced silencing complex to
degrade viral RNAs. Experiments have demonstrated that siRNAs targeting the RdRp or other
regions can markedly decrease viral replication in the cell culture. Delivering siRNA to target cells in
patients, such as respiratory epithelial cells, presents a challenge; however, nanoparticle delivery
systems are under investigation [135].

CRISPR-based antivirals have also been proposed: the RNA-guided RNase Casl3 can be
programmed to cleave SARS-CoV-2 RNA genomes inside cells [136]. Casl3 given by lipid
nanoparticles has been shown in vitro to inhibit the replication of SARS-CoV-2 and other RNA
viruses by preferentially deleting viral RNA, according to proof-of-concept experiments. However,
these technologies are still far from clinical usage, and represent a new paradigm of antivirals that,
by merely reprogramming the guide sequences, might be efficiently modified to new viral threats
[137,138].

4.5. Pan-Coronavirus and Broad-Spectrum Antivirals

Finally, developing antivirals that act against various coronaviruses and potentially all RNA
viruses, in addition to SARS-CoV-2,is an important goal for the future [139,140]. Although ribavirin
and more recent substances like NHC are examples of broad-spectrum nucleoside analogues that
target the polymerase, their clinical use may be limited by toxicity or ineffectiveness [134,141]. The
goal of the current research is to find compounds that precisely target the conserved structures found
in viral proteins. The interface between nsp12 and nsp7/nsp8, together with the zinc-binding domains
of the nsp13 helicase, is conserved among coronaviruses and may function as targets for engineered
inhibitors [142]. Another technique entails targeting the host components that are critical for various
viruses. One instance is DHODH because many RNA viruses require increased nucleotide synthesis
[143]. Another strategy involves targeting innate immune regulators to broadly augment the antiviral
state whole minimizing harmful inflammation [144].

In preparation for future pandemics, researchers are screening libraries of compounds against
panels of animal coronaviruses and SARS-CoV-2 [145]. These agents may be stockpiled and deployed
quickly in response to a new coronavirus transmission to humans. The COVID-19 pandemic has
underscored the necessity of having accessible antivirals to optimize the response time during health
emergencies. The development of broad-spectrum antivirals may reduce their specificity;
nevertheless, they provide protection against unexpected threats [146].

Emerging antiviral strategies against SARS-CoV-2 are summarized in Table 2. These emerging
strategies include, but are not limited to, using artificial intelligence to speed compound discovery
and optimize combination therapies, investigating host-directed antivirals that block vital cellular
processes, and targeting new viral replication components including the NiRAN domain and PLpro.
Programable platforms for direct RNA degradation are provided by gene-silencing tools, including
siRNAs and CRISPR-based Casl3 systems. Ultimately, broad-spectrum antivirals and pan-
coronavirus seek to ensure pandemic preparedness with compounds targeting conserved viral or
host elements, thus tackling cross-species transmission risks.

Table 2. Future Trends and Emerging Antiviral Strategies Against SARS-CoV-2.

Strategy Targets/Approaches Key Compounds/Tools Potential Impact
nspl4 exonuclease PLpro inhibitors (e.g., Er;ii?}siifzzgirése
. (ExoN), the NiRAN GRL-0617), and . Y
Novel Viral Targets ) ) . reduces immune
domain of nsp12, PLpro, experimental NiRAN ..
. - suppression; introduces
and macrodomains inhibitors

new viral drug targets
TMPRSS2, pyrimidine Camostat, nafamostat, Reduced viral resistance
biosynthesis (e.g., brequinar, baricitinib, potential; broad-

Host-Directed Antivirals
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DHODH), TRiC, Hsp90, teriflunomide, interferon spectrum activity; may
JAK-STAT pathways, lambda (IFN-A) pose host toxicity risks
IFN-A system
Structure-based virtual

COVID Moonshot, Accelerates drug

screening, machine . .. . . .
& flavonoid derivatives discovery; identifies

Al and Computational  learning prediction,
Drug Discovery synergy modeling,
allosteric pockets on

(e.g., myricetin), ML-  novel scaffolds; enables
based compound  variant-specific antiviral

nki tailori
RdRp (nsp12) ranking ailoring
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o SIRNA targeting siRNA-nanoparticle Programable and
Gene silencing and conserved genome delivery svstems and rapidly deplovable
RNA-Targeting regions (e.g., RdRp); Casl3 gade antiviral anti\I/)iral}; acfa i’able to
Therapies CRISPR-Cas13-mediated latforms emer 1’n ViP;uses
cleavage of viral RNA P 81ng
Conserved viral Enables pandemic
. domains (nsp12- Ribavirin, NHC, P
Pan-Coronavirus and . e preparedness; broad
nsp7/nsp8 interface, DHODH inhibitors, . .
Broad-Spectrum : . . viral coverage; strategic
. nsp13 helicase); shared innate immune .
Antivirals stockpiling for future
host dependency factors modulators

ti t k
(e.., DHODH, IFN) zoonotic outbreaks

5. Conclusion

The COVID-19 pandemic has advanced our understanding of coronavirus replication and
renewed interest in antiviral drugs. SARS-CoV-2 replication involves complicated viral protein
activities and dynamic host-virus interactions. Over the past few years, researchers have discovered
the polymerase complex’s atomic structure, RNA manufacturing mechanism ,and how the virus
alters cellular membranes and avoids immune detection. This comprehension has directly impacted
the development of targeted therapeutics. RNA polymerase inhibitors like remdesivir and
molnupiravir and protease inhibitors like nirmatrelvir were developed to limit viral polyprotein
processing. These interventions have shown their effectiveness in reducing disease severity and
saving lives.

Current therapies, such as early administration and intravenous remdesivir delivery, are limited
by the virus’s development and require caution. While not yet a clinical issue for SARS-CoV-2,
antiviral resistance remains a concern. The advent of variants with changed replication or immune
evasion features highlights the need to expand antiviral therapies. Researchers are exploring next-
generation antivirals. These include cutting-edge tactics like CRISPR-based antivirals, host-targeted
treatments that may provide broad protection against several coronaviruses, and inhibitors of several
viral enzymes (helicases, exonucleases, etc.) Al and computer approaches speed up drug discovery

To summarize, the development of successful therapeutic strategies for COVID-19 depends on
an understanding of the molecular mechanisms underlying SARS-CoV-2 replication. To contain the
pandemic and prepare for future outbreaks, researchers are discovering novel viral inhibitory targets
and techniques. Addressing SARS-CoV-2 and other deadly viruses requires a synergistic approach
that combines molecular virology, pharmacology, and new technology. The insights and antivirals
developed during the COVID-19 pandemic will shape future viral disease management.
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