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Abstract
The sudden global crisis of COVID-19, driven by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
demands swift containment measures due to its rapid spread and numerous problematic mutations, which complicate the 
establishment of herd immunity. With escalating fatalities across various nations no foreseeable end in sight, there is a press-
ing need to create swiftly deployable, rapid, cost-effective detection, and treatment methods. While various steps are taken to 
mitigate the transmission and severity of the disease, vaccination is proven throughout mankind history as the best method 
to acquire immunity and circumvent the spread of infectious diseases. Nonetheless, relying solely on vaccination might not 
be adequate to match the relentless viral mutations observed in emerging variants of SARS-CoV-2, including alterations to 
their RBD domain, acquisition of escape mutations, and potential resistance to antibody binding. Beyond the immune sys-
tem activation achieved through vaccination, it is crucial to develop new medications or treatment methods to either impede 
the infection or enhance existing treatment modalities. This review emphasizes innovative treatment strategies that aim to 
directly disrupt the virus’s ability to replicate and spread, which could play a role in ending the SARS-CoV-2 pandemic.
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Introduction

The virus known as severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) is responsible for the onset of Cor-
onavirus disease 2019 (COVID-19), significantly impacting 
the lives of millions. As of December 2023, Worldometer 
(https://​www.​world​omete​rs.​info/​coron​avirus/) reported 
that SARS-CoV-2 has infected over 700 million people and 
caused around 6.9 million casualties worldwide, therefore, 
making the current pandemic one of the deadliest in his-
tory. In order to deal with the pandemic, various steps have 
been implemented such as strict movement control proto-
cols to mitigate social contact, mandatory use of personal 

protection equipment (PPE), unprecedentedly fast vaccine 
development, and approval for emergency use [1–3]. Despite 
significant efforts taken globally, the disease is still spread-
ing persistently, causing major disruption to social and eco-
nomic lives of millions every day.

SARS-CoV-2 is a single-stranded RNA virus which 
belongs to the coronavirus family. It carries genetic instruc-
tions for various proteins, including structural proteins like 
membrane protein, nucleocapsid protein, envelope protein, 
and spike glycoprotein. Additionally, it encodes non-struc-
tural proteins, the majority of which form the viral replica-
tion and transcription complex, along with accessory pro-
teins [4]. The spike glycoprotein of SARS-CoV-2 can be 
cleaved by the host proteases such as the transmembrane 
protease, serine 2 (TMPRSS2) into 2 subunits: S1 and S2. 
Studies have found that there are specific furin cleavage 
sites between the S1 and S2 subunits which can be cleaved 
by furin-like proteases of the host for increased viral entry 
[5]. Within the S1 subunit, two domains are present: the 
N-terminal and the C-terminal. Either of these domains can 
serve as the receptor binding domain (RBD), responsible for 
binding to the host receptor angiotensin-converting enzyme 
2 (ACE2) [6]. Upon successful cleaving and binding, the 
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S2 subunit will then mediate endocytosis of the virion into 
the host cell through membrane fusion [6, 7]. As a result, 
the spike glycoprotein plays a crucial role in the viral trans-
mission of SARS-CoV-2. Additionally, the RBD holds sig-
nificant importance in antibody research, as the majority of 
antibodies utilized in therapeutics or currently under devel-
opment target this specific domain [8, 9].

On the other hand, mutations in SARS-CoV-2 usually 
entail single-letter changes, involving substitutions or dele-
tions of specific amino acids. For instance, the prevalent 
D614G mutation involves a substitution of aspartic acid (D) 
at position 614 with glycine (G), causing conformational 
changes in the spike protein and enhancing viral entry [10, 
11]. The mutation of the SARS-CoV-2 virus is a significant 
cause for concern due to various factors. Some mutations 
may result in heightened transmissibility which translates 
to easier person-to-person spread [12]. Moreover, due to the 
importance of the spike protein and the RBD domain during 
virus-antibody interaction, mutation in the spike protein or 
other viral regions might impact its vulnerability to neutrali-
zation by antibodies or acquired immunity from previous 
infections. The most alarming aspect of mutation is that sig-
nificant mutations in regions targeted by vaccines can dimin-
ish the efficacy of currently available vaccines [13–16].

To address the ongoing pandemic, substantial global 
efforts and resources are dedicated to the development of 
vaccine candidates to mitigate the COVID-19 pandemic 
[17]. Vaccines stand out as one of humanity’s most potent 
tools against infectious diseases. However, the relentless 
mutation of the virus is enabling the emergence of increas-
ingly resistant variants, posing a challenge to the effective-
ness of our current vaccines [18]. Nevertheless, researchers 
are also exploring therapeutic approaches apart from vac-
cination to address the ongoing pandemic. This includes 
exploring the use of antiviral compounds and agents that 
can directly disrupt the ability of the virus to infect and rep-
licate within the host without relying on the host’s immune 
response.

The primary distinction between vaccines and other 
antiviral therapeutic strategies lies in their mechanisms of 
action. Vaccines function by triggering the immune system 
to generate antibodies and activate immune cells, including 
T cells. These components recognize and neutralize the virus 
upon future encounters. In contrast, antiviral therapeutics, 
such as antiviral drugs, operate by disrupting the virus’s 
ability to replicate and disseminate within the body. They 
achieve this by targeting specific viral enzymes, proteins, 
or processes crucial for viral replication [19, 20]. A variety 
of therapies and treatment strategies are under exploration 
to discover new avenues for providing additional treatment 
options.

In this review, we discuss the therapeutic approaches 
being devised in the global effort apart from immunization 

provided by vaccination to solve the ongoing SARS-CoV-2 
pandemic.

Cocktail Therapy

To counter escape mutations, a primary strategy is employ-
ing monoclonal antibody cocktail, which is utilizing mul-
tiple antibodies targeting non-overlapping epitopes on the 
spike protein, rendering the commonly observed single-site 
mutation of SARS-CoV-2 ineffective [21]. However, due 
to the plasticity of the SARS-CoV-2, relying on cocktail 
therapy alone may be insufficient.

A well-known example of such therapy is REGEN-
COV (formerly REGEN-COV2/REGN-COV2), a cocktail 
therapy which involves administration of casirivimab and 
imdevimab. In a study, REGEN-COV has shown success 
in reducing COVID-19 hospitalizations and severe cases 
by 56.4–59.2% respectively, while its efficacy in prevent-
ing COVID-19-related death was reported to be 93.5% [22]. 
In a similar study, REGEN-COV significantly reduced the 
need of additional medical intervention by 70% in COVID 
patients with high-risk factors [23].

Despite the multi epitope binding capabilities of 
REGEN-COV, the SARS-CoV-2 was still reported to be 
able to gain escape mutation to evade the said cocktail. In 
a study, the Delta variant in patients treated with casiriv-
imab + imdevimab gained G446 and L455 mutations which 
significantly reduced the neutralizing activity of the cock-
tail [24]. Another study indicates that the spike protein can 
undergo a possible escape mutation at E406, which would 
maintain detectable binding to ACE2 while diminishing the 
potency of the casirivimab + imdevimab cocktail [21].

Similarly, AZD77442 (cocktail of monoclonal antibody 
composed of tixagevimab and cilgavimab) administration 
during the Omicron-dominated wave of COVID-19 (Decem-
ber 2021-April 2022) in Israel lowered the odds of hospi-
talization/death in immunocompromised persons by 92% 
[25]. A related study suggests that mutations G446 and 
Q493 observed in the SARS-CoV-2 Omicron variant make 
the virus susceptible to AZD7442. Additionally, the same 
study demonstrates that AZD7442 has the capability to neu-
tralize all tested Omicron subvariants (BA.1, BA.1.1, BA.2, 
BA.2.12.1, BA.2.75, BA.4/BA.5) in vitro [26]. In spite of the 
effectiveness of AZD7742, the cocktail proved ineffective in 
neutralizing Omicron variants in individuals with hemato-
logic malignancies [27] and B-cell malignancies [28].

In the pursuit to enhance the effectiveness of antiviral 
treatments, researchers are exploring combinations of anti-
viral agents to assess their potential efficacy against SARS-
CoV-2. Unlike monoclonal antibodies, antiviral agents do 
not necessarily rely on RBD binding to inhibit the virus, 
instead can directly interfere with the lifestyle or various 
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aspects of the viral replication process (Fig. 1) [29, 30]. 
Though choosing the right combination of antiviral sub-
stances would not be an easy task as the selected combinates 
should not only inhibit the virus successfully but also should 
not exhibit any significant toxicity or side effects to the host.

De Forni et al. (2022) proposed a broad-spectrum anti-
viral cocktail consisting of remdesivir (RDV) with either 
azithromycin (AZI) or ivermectin (IVM) which demon-
strated synergistic increase in antiviral activity with no 
observed increase in cytotoxicity from their combined use. 
In the same trial, combining RDV with either AZI or IVM 
also significantly reduced the dosage ordinarily required 
from each individual drug to completely suppress SARS-
CoV-2, thereby, lowering the risk of drug toxicity [31]. In 
a case report, a patient with compromised immunity due to 
follicular lymphoma and persistent SARS-CoV-2 infection 
exhibited successful treatment through the concurrent use of 
oral antiviral medications namely molnupiravir together with 
the combined protease inhibitors, nirmatrelvir/ritonavir. The 
administered therapy was well received, demonstrating both 
clinical and biochemical tolerance, without any observed 
signs of toxicity [32]. In a similar study, fourteen individuals 
with compromised adaptive humoral immunity and enduring 
SARS-CoV-2 infection underwent treatment with a combi-
nation of remdesivir and nirmatrelvir/ritonavir. All patients 

experienced resolution of COVID-19 symptoms within a 
median duration of 6 days and viral clearance was accom-
plished after median of 9 days [33]. In a parallel study, Wag-
oner et al. (2022) reported increased synergistic potential 
in suppressing SARS-CoV-2 when combining molnupira-
vir with two distinct categories of antivirals: those targeting 
SARS-CoV-2 entry (camostat, nafamostat, and avoralstat) 
and those focusing on SARS-CoV-2 replication (brequinar) 
[34]. Hence, research on drug cocktail comprising multiple 
antiviral agents holds promise for developing new thera-
peutic approaches that are more effective in addressing the 
emerging SARS-CoV-2 variants.

CAR‑T Cell Therapy

Chimeric antigen receptor T cells (CAR-Ts) is a type of 
treatment which shows promise as an alternative therapeutic 
for treating SARS-CoV-2. In this strategy, T cells obtained 
from the patient’s blood are modified by adding a specific 
receptor that can bind to proteins present on the target cell 
(e.g., S protein). The addition of specific receptor transforms 
the modified T cells into living drugs which are able to elicit 
a greater and more specific immune response against the 
target in comparison to normal T cells [35] (Fig. 2). Guo 

Fig. 1   Potential of innovative therapeutic strategies in combating 
SARS-CoV-2 entry into the host cell. A Monoclonal antibodies cock-
tail target multiple non-overlapping epitopes on the RBD. B Remde-
sivir, a well-known antiviral drug interferes with SARS-CoV-2 viral 

RNA replication by inhibiting RdRP. C TMPRSS2 inhibitor prevents 
viral interaction with host ACE2. D Use of heparan sulfate (HS) com-
petitor to prevent viral adhesion by competing with HS binding sites
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et al. (2021) developed SARS-CoV-2 CAR-Ts which showed 
potent inhibitory activity against target cells expressing 
RBD, S1 peptide or S1 protein. These CAR-Ts were also 
successful in killing S1-expressing cells in vivo using mice. 
The cytolysis of targets were reported to be mainly mediated 
by the GZMB/perforin pathway [36]. In a similar work, Zhu 
et al. (2021) developed nanovesicles from bispecific CAR-T 
cells which express two single-chain fragment variables 
(scFv) named CR3022 and B38. The nanovesicles express-
ing both the single-chain fragment variables exhibit stronger 
inhibitory property against spike-pseudo-virus infectivity 
than nanovesicles that express either CR3022 or B38 alone. 
The co-expression of both CR3022 and B38 which target 
separate epitopes of spike protein may lessen the occur-
rence of viral resistance [37]. The successful development 
of SARS-CoV-2 CAR-Ts could lead to the next generation 
of SARS-CoV-2 vaccines where the T cells introduced into 
the host body are pre-equipped with receptors specific for 
SARS-CoV-2 binding.

Other Prospective Agents in Treating 
SARS‑CoV‑2

There are various other agents exhibiting diverse antiviral 
properties that have been identified and are currently under-
going research to assess their potential against SARS-CoV-2.

Chitosan Based Antiviral Agents

Chitosan is a naturally occurring compound that is valued in 
medical field for its antibacterial and antiviral activity [38, 
39]. A study by Jang et al. (2022) showed chitooligosac-
charide, a chitosan-based substance is able to inhibit SARS‐
CoV‐2 in plaque assay and showed lower cytotoxicity than 
ivermectin [40]. In another report, chitosan and chitosan-
derived substances namely chitobiose, chitotriose, and chi-
totetraose is shown to inhibit SARS-CoV-2 main protease 
(Mpro), a key enzyme vital for viral replication by combining 
hydrogen bonding and salt bridge interactions to create a 
stable complex [41]. Moreover, chitosan has demonstrated 
the ability to enhance the therapeutic properties of other 
antiviral compounds. Loutfy et al. (2022) combined sily-
marin (Sil) and chitosan nanoparticles (CNP) to create Sil-
CNPs. The conjugation of these two compounds increased 
silymarin’s bioavailability and physicochemical qualities, 
allowing it to inhibit or compete with SARS-CoV-2 bind-
ing to the host cell [42]. In another study, the administra-
tion of N-dihydrogalactochitosan (GC) both before and after 
exposure to SARS-CoV-2 resulted in a notable decrease of 
up to 75% in morbidity and mortality among mice models 
expressing humanized ACE2 receptor. Furthermore, GC 
demonstrated the ability to lower infectious virus levels in 
the upper airway and did not induce histopathologic lesions 
in the lungs of the mice [43]. In a similar work, researchers 

Fig. 2   Comparison between the T- cell and CAR-T cell responses to SARS-CoV-2 infection
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investigated the effects of administering chitosan oligosac-
charide, hydroxychloroquine, and a combination of both 
in Male Syrian hamsters. The combined use of intranasal 
chitosan oligosaccharide and hydroxychloroquine resulted 
in enhanced hydroxychloroquine absorption in the lungs, 
improved immune responses and did not elevate the risk of 
liver or heart injuries [44].

Interestingly, chitosan has also demonstrated promise 
for application in research related to vaccine development. 
In an investigation, an optimal oral COVID-19 vaccine 
candidate, rVSVΔG-Sdelta, was chosen from a range of 
vesicular stomatitis virus (VSV)-based constructs carry-
ing spike proteins from various SARS-CoV-2 strains and 
modified with chitosan. Following chitosan modification, 
rVSVΔG-Sdelta triggered both local and systemic antibody 
responses, notably yielding broad-spectrum and enduring 
neutralizing antibodies against SARS-CoV-2 that persisted 
for up to 1 year. Golden hamsters vaccinated with this can-
didate demonstrated cross-protection against SARS-CoV-2 
WT, Beta, Delta, BA.1, and BA.2 strains, resulting in sig-
nificantly reduced viral replication in the respiratory tract 
and mitigated pulmonary pathology following SARS-CoV-2 
challenge [45].

Similar results were achieved in another study which 
utilizes another chitosan derivative, namely dihydrogalac-
tochitosan (GC). In the study, GC was utilized as an adjuvant 
by mixing it with recombinant SARS-CoV-2 trimeric spike 
(S) and nucleocapsid (NC) proteins to develop GC + S + NC 
for intranasal vaccination of K18-hACE2 transgenic mice, 
comparing its efficacy with Addavax (AV) prepared simi-
larly. Unlike AV, intranasal administration of GC elicits a 
strong, systemic antibody response specific to the antigen 
and enhances the population of T cells in the cervical lymph 
nodes. Furthermore, animals vaccinated with GC + S + NC 
demonstrated substantial resistance to lethal SARS-CoV-2 
challenge, exhibiting significantly reduced morbidity and 
mortality, with their weight and behavior returning to base-
line levels 22 days post-infection. Conversely, animals intra-
nasally vaccinated with AV + S + NC experienced severe 
weight loss, mortality, and respiratory distress, with none 
surviving beyond 6 days post-infection [46].

These findings suggest the possibility of employing chi-
tosan derivatives in combination with other antiviral com-
pounds or drugs to enhance the inhibition of SARS-CoV-2 
or even for development of novel vaccines.

Antiviral Metal‑Based Complexes

Several metal-based complexes have also demonstrated 
antiviral potential against SARS-CoV-2. In the study by 
R. Wang et al. (2022), the oral administration of combined 
bismuth drugs colloidal bismuth subcitrate (CBS) or bis-
muth subsalicylate (BSS) with N-acetyl-L-cysteine (NAC) 

significantly reduced viral lung loads and virus-associated 
pathology in a Syrian hamster infection model and exhibited 
broad-spectrum anti-CoV activity. The drug cocktail sup-
pressed virus replication by targeting various conserved key 
cysteine proteases/enzymes in SARS-CoV-2 which includes 
papain-like protease (PLpro), main protease (Mpro), heli-
case (Hel), and angiotensin-converting enzyme 2 (ACE2). 
Despite being classified as a cocktail in the study, N-acetyl-
L-cysteine was not reported to exhibit antiviral activity on 
its own, instead used in the cocktail to stabilize CBS in vitro 
and promotes its absorption during in vivo testing [47].

Some studies propose that gold metallodrugs, particu-
larly auranofin, exhibit strong inhibitory activity against the 
interaction of SARS-CoV-2 spike protein and papain-like 
protease (PLpro). These metallodrugs have been shown to 
hinder viral entry and replication, even at low micromolar 
concentrations [48, 49].

In a similar work, auranofin is shown to be able to block 
SARS-CoV-2 in vitro by inhibiting a raft-dependent endo-
cytic pathway involved in SARS-CoV-2 entry into host 
cells in addition to modifying ACE2 mobility at the plasma 
membrane. The same study also reported that auranofin 
enhanced cell viability in Vero E6 and Calu-3 cells within 
the micromolar range, prior to exhibiting toxicity beyond 
2.5 μM [50]. Therefore, more research may be required on 
auranofin’s cytotoxicity so that it can be used on its own 
or in conjunction with other medications without fear of 
increased cytotoxicity.

In a separate study, Panchariya et al. (2021) demonstrated 
that zinc can effectively inhibit the SARS-CoV-2 main 
protease (Mpro) and impede viral replication in vitro. Fur-
thermore, the inclusion of the natural ionophore, quercetin 
enhances the anti-viral potency of zinc [51]. In some related 
studies, selenocompounds have been suggested to inhibit 
main protease (Mpro) and papain-like protease (PLpro) of 
SARS-CoV-2 via in silico analyses which underscores their 
potential for development into antiviral drugs against SARS-
CoV-2 [52, 53]. Another study revealed that a synthesized 
metal complex, rhenium(I) tricarbonyl picolinic acid, could 
effectively inhibit the 3CLpro of SARS-CoV-2 with IC50 
values in the low micromolar range. Furthermore, this metal 
complex demonstrated selectivity for 3CLpro over various 
human proteases and other enzymes associated with SARS-
CoV-2 [54].

In a parallel investigation, silver N-heterocyclic carbene 
(NHC) complexes exhibited potent enzymatic inhibition, 
demonstrating strong and selective inhibition of SARS-
CoV-2 PLpro with IC50 values below 0.5 μM. Notably, their 
effectiveness against SARS-CoV PLpro was limited, and 
these complexes showed inactivity in experiments involv-
ing SARS-CoV-2 3CLpro. This confirms their preference or 
selectivity for PLpro from SARS-CoV-2 over other related 
proteases [55].
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Manipulation of Heparan Sulfate or Inhibition 
of Viral Adhesion by Exogenous Heparin

Several authors reported the essentiality of heparan sulfate 
(HS) as a co-factor in initiating the binding of SARS-CoV2 
spike protein with ACE2 receptors, allowing for further viral 
infection and progression [56, 57]. Competitor of HS such 
as heparin when exogenously administered can effectively 
inhibit or block the open configurations of spike protein by 
competing with the HS binding sites, therefore, control-
ling their transmission. In the study by Nie et al. (2021), 
the negatively charged linear polyglycerol sulfate (LPGS) 
can competitively bind to the spike protein of SARS-CoV-2 
which prevents viral binding to host HS that leads to infec-
tivity. Compared to heparin, this synthetic polysulfate was 
reported to exhibit virus-inhibitory action that is more than 
60-fold greater [58]. In another report, Zhang et al. (2022) 
demonstrated the anti-cancer drug, mitoxantrone, can modu-
late a heparan sulfate-spike complex during viral entry and 
inhibit the infection of SARS-CoV-2 strain in a cell-based 
model and in human lung EpiAirway 3D tissues [59]. In 
a parallel study, the synthetic polyanionic drug suramin 
demonstrated effective inhibition of SARS-CoV-2 infection 
by targeting both the ACE2 receptor and heparan sulfate 
binding sites on the RBDs of wild-type, Delta, and Omi-
cron variants. Further analysis using surface plasmon reso-
nance (SPR) experiments and docking studies suggests that 
suramin inhibits viral entry of the Omicron variant primarily 
by blocking both ACE2 and HS binding sites, whereas in 
the Delta and wild-type variants, the inhibition is attributed 
solely to ACE2 interactions [60].

These findings demonstrate that the development of 
inhibitory agents against HS sites can prove beneficial as 
therapeutic agents.

TMPRSS2 Inhibitor

Transmembrane protease, serine 2 (TMPRSS2) plays a 
crucial role in the pathogenicity of COVID-19 due to its 
involvement in the cleavage of the SARS-CoV-2 spike 
protein, which permits the virus to enter the host cell. 
Therefore, a theoretical therapeutic approach to preventing 
SARS-CoV-2 infection could involve the use of a TMPRSS2 
inhibitor.

Shapira et al. (2022) reported the use of N-0385 as potent 
inhibitor of TMPRSS2. The ligand yielded beneficial out-
comes such as improving weight loss and reducing clini-
cal symptoms when tested with severe K18-human ACE2 
transgenic mouse model of SARS-CoV-2 disease, suggesting 
a novel treatment option for COVID-19 patients [61]. In a 
similar study, K. Li et al. (2021) demonstrated that nafamo-
stat can effectively inhibit SARS-CoV-2 infection in cultured 
human airway epithelia and Calu-3 2B4 cell lines in addition 

to improving disease outcomes in Ad5-hACE2 and K18-
hACE2 mice models [62]. Another investigation unveiled 
that antithrombin (AT), an endogenous serine protease 
inhibitor involved in coagulation regulation, demonstrated 
binding and inhibitory effects on TMPRSS2 as evidenced by 
molecular docking and enzyme activity assays. As a result, 
AT impedes entry facilitated by the spikes of SARS‐CoV, 
MERS‐CoV, hCoV‐229E, SARS‐CoV‐2, and its concerning 
variants, including Omicron, while also suppressing lung 
cell infection caused by genuine SARS‐CoV‐2. Addition-
ally, it was demonstrated that the activation of AT by anti-
coagulants like heparin or fondaparinux enhances its anti-
TMPRSS2 and anti-SARS-CoV-2 capabilities, suggesting 
the potential repurposing of both native and activated AT 
for treating COVID-19. This study further highlights that 
the interaction between TMPRSS2 and the spike protein 
remains necessary for successful host infection even across 
different variants [63]. Consequently, these findings estab-
lish TMPRSS2 inhibitors as viable options for the treatment 
and management of COVID-19.

Conclusion

In this review, we discussed the approaches that have the 
potential to control the spread of COVID-19. The ability of 
SARS-CoV-2 variants to rapidly alter their RBD domain, 
acquiring escape mutations and potentially resisting anti-
body binding, suggests that vaccination alone might not 
be adequate to address emerging variations. While vac-
cination unquestionably provided humanity with a crucial 
defense against the ongoing pandemic, depending solely 
on immunization through vaccines would present a signifi-
cant challenge in entirely eliminating the virus. Utilizing a 
combination of antiviral drugs or agents that target differ-
ent mechanisms to hinder SARS-CoV-2, independent of the 
host’s immune response, can pose a significant challenge to 
the virus’s ability to mutate. For example, simultaneously 
blocking ACE-2 interaction to prevent viral entry and dis-
rupting viral RNA replication would present a more formi-
dable barrier to the virus’s mutation capability. Therefore, it 
is imperative for future studies to focus on the efficiency of 
combined strategies or approaches to impede the mutative 
capabilities of the SARS-CoV-2.
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