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Abstract

The appearance of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and
its spread all over the world is the cause of the coronavirus disease 2019 (COVID-19)
pandemic, which has recently resulted in almost 400 million confirmed cases and 6
million deaths, not to mention unknown long-term or persistent side effects in conva-
lescent individuals. In this short review, we discuss approaches to treat COVID-19 that
are based on current knowledge of the mechanisms of viral cell receptor recognition,
virus—host membrane fusion, and inhibition of viral RNA and viral assembly. Despite
enormous progress in antiviral therapy and prevention, new effective therapies are still
in great demand.
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Introduction

The COVID-19 pandemic, caused by severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) [1], recently, as of 30 January 2022, resulted in more than 370 million
confirmed cases and over 5.6 million deaths globally (https://www.who.int/publicatio
ns/m/item/weekly-epidemiological-update-on-covid-19---1-february-2022), not to
mention unknown long-term or persistent side effects in convalescent individuals.

On 11 February 2020, the International Committee on Taxonomy of Viruses (ICTV)
gave the name SARS-CoV-2 to this virus, which was classified in the genus Betacorona-
virus, family Coronaviridae, order Nidovirales, class Pisoniviricetes, and phylum Pisu-
viricota. Coronaviruses contain genetic material as a single tight helix of RNA ~30 kb in
length with positive polarity, ssRNA™ [2]. Their nucleocapsid is covered by a lipid bilayer
membrane containing proteins and glycoproteins. Electron microscopy showed the
crown-like shape of the virus envelope of diameter 80-120 nm, from which the name
of the entire group of animal and human viruses is derived. In humans, most corona-
viruses (e.g., 229E, OC43, NL63, and HKU1) induce mild infections of the upper res-
piratory tract and (rather seldom) of the digestive tract. They account for 15-30% of
mild, seasonal colds that result from various coronavirus infections [3]. However, at the
beginning of this millennium, two severe coronavirus-induced illnesses emerged: one,
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severe acute respiratory syndrome coronavirus (SARS-CoV), which appeared in China,
in Guangdong Province in 2003 and spread to 26 countries and affected 8000 people;
the other, Middle East respiratory syndrome (MERS), which started in Saudi Arabia in
2012 and also spread to 27 countries and affected 2500 individuals. Nevertheless, nei-
ther of these epidemic events showed pandemic tendencies or exhibited the pandemic
character or the major aggressiveness of SARS-CoV-2. It should be noted that even now,
over 2 years after the epidemic started, we hope that effective therapy for the disease
will appear, as fortunately rapid progress on antiviral drugs has taken place within this
period. The best example is the speed of development of antiviral vaccines with modern
technologies (e.g., mRNA-based vaccines).

Vaccination is recently ongoing in most countries and, hopefully, by prophylaxis, will
attenuate the COVID-19 pandemic. Still, however, owing to technical and financial dif-
ficulties and a hardly understandable reluctance to vaccination among certain societies
in many countries, a threat of SARS-CoV-2 variants resistant to current vaccine-induced
immunity may appear.

Since the beginning of the COVID-19 pandemic, many existing pharmacological treat-
ments have been tested as potential cures for the disease, with better or worse results.
Based on the mechanism of action, those substances may be classified into at least eight
groups that may inhibit the virus replication cycle at its different stages. According to
the European Medicines Agency (EMA), currently there are three authorized COVID-
19 treatments: Regkirona (regdanvimab) (12 November 2021), Ronapreve (casirivimab/
imdevimab) (12 November 2021) and Veklury (remdesivir) (3 July 2020) (https://www.
ema.europa.eu/en/human-regulatory/overview/public-health-threats/coronavirus-disea
se-covid-19/treatments-vaccines/treatments-covid-19/covid-19-treatments-authorised
accessed on 6 December 2021).

There is also a line of potential treatments in the various phases of clinical trials. In
February 2022, according to ClinicalTrials.gov, there were ~7600 ongoing studies reg-
istered, among them 400 at various stages of phase 3 trials (https://clinicaltrials.gov/
accessed in February 2022).

This paper briefly reviews the most critical potential approaches for anti-SARS-CoV-2
therapies.

SARS-CoV-2 proteins

Structural proteins

The SARS-CoV-2 genome, the largest RNA viral genome [4] containing 14 open reading
frames (ORFs), encodes four important structural proteins among 29 viral proteins in

total (Fig. 1A). Major structural proteins encoded by one-third of the viral genome are:

+ nucleocapsid protein (N)—the N protein is the only structural protein component
of genomic ribonucleoprotein that protects and packages viral RNA. It shows two
domains, N-terminal (NTD) and C-terminal (CTD), folding independently, both
exhibiting RNA-binding activity [5]. In addition, CTD is responsible for dimeriza-
tion of this protein [6]. It is also thought to neutralize the host-cell RNA interference
(RNAI) antiviral response via binding of double-stranded RNA. It is also a highly
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Fig. 1 Most promising anti-COVID-19 therapeutics and their molecular targets. A Schematic diagram

of SARC-CoV-2 genome comprising 14 ORFs encoding structural and nonstructural (Nsp) proteins,

which can be targeted by a range of various compounds; structural models were generated according

to atomic coordinates accessible in RCSB PDB database: 3GFZ (C-terminal domain of Nsp4 from feline
coronavirus), 6LU7 (SARS-CoV-2 main protease complex, Nsp5), 6YYT (SARS-CoV-2 Nsp12 bound to RNA),
6VYB (SARS-CoV-2 spike ectodomain in open state), 5X29 (envelope protein of SARS-CoV), 6VYO, and 6YUN
(N-terminal and C-terminal domain on nucleocapsid phosphoprotein from SARS-CoV-2, respectively). B
Proposed model of interactions between spike protein on the viral membrane and ACE2 on the host cell
surface leading to membrane fusion. The process can be inhibited via various compounds at different stages
(structural models adapted from [90])

immunogenic protein, and therefore considered as a vaccine target candidate pro-
tein.

+ membrane or matrix protein (M)—the main triple-spanning homo-multimeric
222-amino-acid-residue membrane glycoprotein, which helps to define the shape
of the virus. It interacts with proteins S and E to keep the virus in the endoplasmic
reticulum—Golgi complex where new virions are assembled and then released via
exocytosis. Protein M also interacts with protein N, which suggests participation in
the virus packaging process [7].

+ envelope (E) protein—a small 76-amino-acid-residue single-pass membrane gly-
coprotein forming homopentamers. This protein is involved in viral genome
release and plays a major role in virus morphogenesis and assembly. It also func-
tions as a viroporin forming nonspecific ion pores in host membranes that are
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responsible for Ca?* release out of the endoplasmic reticulum (ER) and activation
of the inflammasome of the infected organism [8—10].

«+ spike protein—a large, 1273-amino-acid-residue single-pass trimeric membrane
glycoprotein. It is arranged radially on the surface of the virus, which resembles
a corona on electron microscopy. Spike protein is responsible for host cell recep-
tor (ACE2) binding and subsequent fusion following proteolysis by host cell pro-
teases. There are two domains in the spike protein:

+ Receptor-binding domain (RBD)—the domain responsible for binding to the
receptor.

+ S-NTD, N-terminal galectin-like domain—stabilizing the S2 subunit in the pre-
fusion conformation.

Spike protein plays a crucial role in viral entry to the host cell. It is cleaved into
S1 and S2 subunits by host cell protease, mainly furin, during virus maturation in
the Golgi system. Upon ACE2 binding, the S2 subunit is cleaved at the S2’ site by
TMPRSS2, a host-cell serine protease, which results in the virus entering the cell via
fusion. When TMPRSS2 is not available and the virus enters the cell via clathrin-
mediated endocytosis, cathepsin hydrolyses this subunit at the S2’ site [11]. Cleav-
age at the S2’ site results in exposing fusion peptide and dissociation of S1, initiating
fusion which allows the target cell to be entered (see also “Drugs inhibiting virus
entry to host cells” section).

Several accessory proteins encoded by ORFs 3a, 3b, 6, 7a, 7b, 8b, and 9b and 14
genes located between structural proteins encoding genes are thought to play regu-
latory roles in viral infection, possibly except for 3a and 7a proteins, which may be
absent in the virions.

Major nonstructural proteins

The entry of the virus to the host cell is followed by uncoating of the genomic RNA.
After that, in the cytoplasm of the infected cell, viral gene expression begins. At first,
the translation of viral ORF1la and ORF1b, both encompassing two-thirds of the coro-
navirus genome, produces two large replicase polyproteins, ppla and pplab. Then,
from those two polyproteins, 16 nonstructural proteins (nspl—16) are released upon
proteolytic cleavage and posttranslational processing.

The most important functions that direct coronavirus RNA synthesis and processing
reside in nonstructural proteins (nsps) 7—16. These nsps are generated by the main viral
protease 3CLpro in addition to nsps 1-4 generated by papain-like, cysteine protease,
PLpro [12, 13]. The latter is located within multidomain nsp3 (a 1945-amino-acid-res-
idue protein). 3CLpro, also called Mpro (306 amino acid residues), is in fact nsp5 and
has a cysteine—histidine catalytic dyad at its active site [14]. 3CLpro is crucial in generat-
ing polypeptides forming viral transcription machinery, making it an attractive target for
developing of low-molecular-weight inhibitors. Other nsps are briefly presented below.

nspl, an 180-amino-acid-residue protein, also called host translation inhibitor, can
be regarded as a canonical virulence factor as it suppresses host-cell translation [15]
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by either binding a 40S ribosomal subunit at the initiation stage or inducing host-
cell mRNA degradation [16, 17]. SARS-CoV nspl was found to inhibit the interferon
(IFN)-mediated innate immune response [18].

nsp2, a 638-amino-acid-residue protein, was found to interact with host-cell pro-
teins regulating initiation of translation and endosome vesicle sorting. It is interesting
that its C-terminal domain, which is disordered, plays a crucial role in these interac-
tions [19].

nsp4, a 500-amino-residue transmembrane glycoprotein that shows the atypical
glycosylation signal N-X-C is engaged in the organization of the double-membrane
vesicles on which all studied coronavirus nsps are located to form virus replication
complexes [20]. An interesting approach was undertaken by Chakraborty et al. Using
the available crystal structure of the nsp4 C-terminal domain and molecular docking,
they found that, out of 1600 approved drugs, two, eribulin and suvorexant, are prom-
ising candidates for repurposing as anti-coronavirus drugs [21] (Fig. 1A).

nsp6, a 290-amino-acid-residue protein, was found to bind TBK1 (TANK binding
kinase) and inhibit IRF3 (interferon regulatory factor 3) phosphorylation together
with other nsps such as nspl3, which inhibits TBK1 phosphorylation, resulting in
decreased IFN-I production. Both mentioned proteins have been suggested to sup-
press IFN signaling via inhibiting STAT1 and STAT?2 phosphorylation [22].

nsp7, an 83-amino-acid-residue protein, called “copy assistant,” which has a-helical
structure resides in the membrane of double-membrane vesicles (DMVs) [23]. nsp7 is
a member of the RNA-dependent RNA polymerase (RARp) complex [24, 25].

nsp8, a 198-amino-residue protein, is another “copy assistant” and a member of the
RdRp complex. nsp8 is unique to coronaviruses and was reported to have de novo
RNA polymerase activity. It therefore has been suggested to function as a primase. It
was found to crystallize with nsp7 and nspl2 as tetrameric supercomplex [25, 26] in
which catalytic subunit nsp12 binds nsp7—nsp8 dimer and, separately, another nsp8
subunit. Both nsp7 and nsp8 are indispensable for RARp activity (see below) [24].

nsp9 is a 113-amino-acid-residue protein that binds a single-stranded RNA (as well
as ssDNA) with a K in a micromolar range at unrelated sequences, suggesting that
the nucleic-acid-binding activity of nsp9 is not sequence specific. The function of this
protein remains unknown. One possibility is that nsp9 preserves nascent RNA from
host-cell nucleases [27].

nspl0 is a 139-amino-acid-residue protein that functions as a methyltransferase
(nsp1l4 and nspl6) stimulator. Inhibiting the methyltransferase activities leads to par-
tial viral RNA capping or lack of capping, making the virus particles susceptible to the
host defense system.

nspll is a 13-amino-acid-residue peptide in SARS-CoV-2, but it could be up to 22
residues long in other coronaviruses. Data on the function of this peptide are rather
scarce. In the case of other coronaviruses, it is suggested, for example, that mouse
hepatitis virus (MHV) nsp10/11 cleavage mutants are not able to replicate [28], while
others report that cleavage mutations at nspl0-nspll-nspl2 of avian infectious
bronchitis coronavirus exerted no effect [29]. Sun et al. suggest strong suppression of
IEN-I production by overexpressed nspll from porcine reproductive and respiratory
syndrome virus (PRRSV) [30].
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nspl2, a 935-amino-acid-residue protein that has RdRp activity. As mentioned above,
it forms a complete RARp complex with nsp8 and nsp7, which serve as a primase and an
auxiliary factor respectively. The SARS-CoV-2 nspl2 structure resembles that of SARS-
CoV and is conserved across the Coronaviridae family; however, the SARS-CoV-2 coun-
terpart is characterized by lower activity and lower thermostability [25]. The presence of
nsp7 and nsp8 is necessary for virus RNA polymerization [31].

nspl3, a 601-amino-acid-residue protein is an ATP-driven RNA helicase crucial for
SARS-CoV-2 RNA replication [32]. Zn*", Mg*", Mn?**, Ca*", or Zn*" are critical in
NTPase (ATPase in particular) activity. Evidence coming from some studies points to
the importance of nsp13 in the suppression of interferon levels via the sequestration of
host deubiquitinase USP13, in particular in the regulation of type I interferon produc-
tion [33].

nspl4 is a 523-amino-acid-residue bifunctional enzyme that has two independent
activities, namely guanine-N’-methyltransferase and proofreading exonuclease, and
is essential for virus RNA replication. Recent data on MHV suggest that the guanine
N7-methylation of the 5’ cap mediated by nspl4 contributes to viral resistance of the
IFN-I-mediated immune response [34].

nspl5 is a uridine-specific, 346-amino-acid-residue endoribonuclease that is highly
conserved in the coronavirus family. Its enzyme activity resides in the middle and C-ter-
minal domains, while the amino terminal domain is responsible for nsp15 oligomeriza-
tion. In addition, it is suggested to be involved in interference with the host immune
system [35].

nsplé is a 298-amino-acid-residue 7-methylguanine-triphosphate-adenosine
(m’GpppA) specific 2’-O-methyltransferase. Both enzymes nsp14 and nsp16 use S-aden-
osylmethionine as a methyl group donor, and both are associated with nsp10. Moreover,
as mentioned above, both of these enzymes associate with nsp10 [36].

Drugs inhibiting attachment of the virus to host cells

SARS-CoV-2-host cell interaction

SARS-CoV-2, similarly to SARS-CoV, is known to invade the host cells by the viral spike
protein that mediates fusion of the viral envelope with the cell membrane, or by exiting
the endosome or lysosome also via membrane fusion (Fig. 1B). Angiotensin-converting
enzyme 2 (ACE2), which is widely expressed in the cells of lung, intestine, liver, heart,
vascular endothelium, testis, and kidney [37], was found to serve as the most promi-
nent receptor of the SARS-CoV viruses [38]. ACE2 is known as an element of the renin—
angiotensin system, whose role is to convert angiotensin II (Angll) into angiotensin
1-7 (Ang 1-7) which counteracts the pathophysiologic effects induced by Ang II via its
receptors, including vasoconstriction and elevated blood pressure, inflammation, hyper-
coagulation, and fibrosis. Ang (1-7) peptide functions via the G-protein-coupled recep-
tor MAS [39]. ACE2 is a single-pass integral 805-amino-acid-residue membrane protein,
the primary cell-surface receptor for SARS-CoV-2 [1, 40, 41]. Two segments of the
SARS-CoV and SARS-CoV-2 host-cell receptor sequence were determined to be located
within N-terminal (residues 22-44) and middle (351-357) parts of the molecule [42].
Although the receptor sequence for SARS-CoV is identical to that for SARS-CoV-2 and
is rather “tolerant” of substitutions [43], the K}, values for ACE2 binding of SARS-CoV-2
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are about 15-20-fold lower (~15 nM) [44, 45]. The structure of the complex of the
SARS-CoV-2 receptor binding domain (RBD) and ACE2 was solved with 2.9A resolu-
tion [45—-47]. The following residues of the receptor (ACE2)-binding motif of SARS-CoV
spike protein were found to form a network of interactions with ACE2 residues: Q498,
T500, and N501 interact via hydrogen bonding with Y41, Q42, K353, and R357 of the
ACE2 molecule, while Q474 and F486 of RBD interact via hydrogen bond and van der
Waals forces with ACE2’s Q24 and M82, respectively. Finally, in the N-terminal part of
the receptor-binding motif residues, K417 and Y453 are engaged in the interactions with
D30 and H34 of ACE2. Although structural features of the complex SARS-CoV-2 RBD
with ACE2 are nearly identical to those of SARS-CoV, there are some differences that
according to the authors [46] might explain the differences in the affinity of RBD-ACE2
binding. Namely, SARS-CoV-2 RBM contains a four-residue motif (G482-V483-E484—
G485) making the ACE2-binding ridge more compact and forming closer contact with
the N-terminal helix of human ACE2. Also, stabilization of two virus binding “hotspots”
at the RBD-hACE?2 interface on the ACE2 molecule occurs, namely K32 and K353, by
several residue changes in the RBD.

Another way in which, according to several authors, SARS-CoV-2 may enter host cells
is via a protein called neuropilin-1 (NRP-1), which is known to bind furin-digested pro-
teins containing the CendR peptide. Owing to the fact that the cleavage of spike pro-
tein by furin leaves the sequence RRAR at the carboxyl terminus of the S1 subunit, the
interaction should be feasible [48-50]. It should, however, be noted that, when HEK cells
overexpressing NRP-1 were infected with SARS-CoV-2, much lower infection rates were
observed compared with ACE2-expressing cells. This is probably related to the rather
low affinity of this receptor toward spike protein CendR peptide (K, ~20 uM) and pos-
sibly the fact that other furin-processed ligands are present in the extracellular medium.
The data on the presence of the virus in the tissues in which expression of ACE2 is not
easily detectable might explain the NRP-1-mediated infection upon high viremia.

Another candidate for SARS-CoV-2 attachment was the phosphatidylserine (PS)
receptor AXL belonging to the tyrosine-protein kinase receptor family, which has inter-
mediate affinity (Kp~1 pM) [51]. However, another study suggests that, although PS
receptors alone did not mediate SARS-CoV-2 entry, they may facilitate this process. The
authors did not confirm direct interactions between purified spike protein or its N-ter-
minal domain with purified AXL. Therefore, they conclude that AXL interacting with
viral PS may be responsible for enhancement of viral infection [52].

During a large interactomic study, two relatively high-affinity receptors, mainly occur-
ring on cells that do not express ACE2 but may undergo SARS-CoV-2 but not SARS-
CoV infection, were identified. Krm1 (the first identified Krm, a transmembrane protein
containing the kringle domain) and its relative Krm2 were then identified as high-affinity
receptors for Dickkopf (Dkk). A ternary complex formed of Krm, Dkk, and Lrp5/6 (the
coreceptor of Wnt) suppresses Wnt/B-catenin signaling. In addition, they found specific
binding of Krm to RBD of SARS-CoV-2 spike protein at its RBD with a K}, of ~20 nM,
which in their hands was 1.5-fold higher than that for ACE2.

Another potential receptor is ASGR1 (C-type lectin, CLEC), a subunit of the asialogly-
coprotein receptor, a transmembrane protein that is responsible for recognizing termi-

nal galactose or N-acetylgalactosamine residues exposed after sialic acid is lost [53, 54].
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This receptor was found to bind RBD with a K, of about 95 nM, which is substantially
higher than in the case of ACE2 or Krm1. The authors suggest that the monoclonal anti-
body cocktail ASK composed of blocking antibodies directed against all three (ACE2,
ASGR1, and KREMENT1) effectively blocked infection of human lung organoids. How-
ever, in addition to the highest affinity toward RBD, ACE2 seems to play the primary
role as a SARS-CoV-2 receptor [55]. In summary, this fascinating discovery needs fur-
ther substantiation and studies on the novel receptor function in SARS-CoV-2 infection.

Several other cell membrane proteins and glycans have been implicated in the SARS-
CoV-2-host cell interactions. There is, however, rather little evidence for their function
as major receptors, so some of them have been considered as coreceptors.

It is also plausible that viruses can infect host cells through antibody-mediated inter-
nalization of virus—antibody immune complexes. Viral particles are recognized and
bound through Fab regions of antibody molecules. In contrast, Fc regions interact with
the Fc receptor (FcR) of the surface of cells of the host immune system, leading to the
formation of a virus—antibody—FcR complex that undergoes endocytosis or phagocyto-
sis. Although this possibility was demonstrated by blocking of FcyR binding (reviewed in
[56]), it should be noted that data from animal experiments do not support the possibil-
ity of antibody-mediated SARS-CoV-2 infection [57].

Convalescent plasma

At the beginning of the recent SARS-CoV-2 pandemic, convalescent plasma therapy was
often considered a treatment option. In this treatment, plasma is collected from recov-
ered individuals and transfused to patients seriously ill with COVID-19. This type of
therapy has been known for a long time; it was successfully applied during other epi-
demics in the twenty-first century: SARS (2003), HIN1 (2009), MERS (2012), and the
Ebola outbreak in Africa (2015; reviewed in [56]). However, this approach seems lim-
ited because it includes a small pool of donors, i.e., individuals aged 18—60 years and in
good health condition. Also, a reasonable volume (~200 ml) of plasma is required for
each patient. Numerous preliminary hospital reports on the effectiveness of this therapy
have been published (e.g., [58, 59]) (Table 1). However, most recent randomized clini-
cal trials have not confirmed the efficacy of this type of treatment; no difference in the
clinical status of patients treated with convalescents’ plasma versus those receiving pla-
cebo was observed [60, 61]. There were two extensive clinical trials on the treatment
of COVID-19 patients with convalescent plasma. The CONCOR-1 trial (NCT04348656)
was conducted in 72 hospitals in Canada, the USA, and Brazil. It was carried out on
940 patients randomized to either convalescent plasma or standard care (ratio 2:1). This
study revealed that convalescent plasma did not reduce the risk of intubation or death
within 30 days in hospitalized patients with COVID-19. Intubation or death occurred
in 32.4% of patients in the treated and 28.0% in the control group [62]. The results of
this study are in agreement with those of another extensive clinical trial, RECOVERY
(NCT04381936) [63]. In conclusion, the above-mentioned studies clearly demonstrate
that treatment with convalescent plasma cannot be considered the standard treatment
for patients with COVID-19. It should be noted, however, that one of the studies con-
firmed its benefits in patients depleted of B cells, treated for B-cell malignancies or
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autoimmune disease with therapeutic anti-CD20 antibodies (e.g., rituximab), who were

unable to mount a humoral immune response [64].

Antibody-based antiviral therapy

Two other approaches were the construction of human antibodies or their variable
domains responsible for binding of ACE2 recognition region of spike protein [65, 66],
and in using humanized mouse monoclonal antibodies [67] for therapeutic use (Fig. 1B).
The authors of both approaches point to the necessity of using antibody mixtures due to
the potentially large mutagenic variability of the virus [68].

Casirivimab (REGN10933) and imdevimab (REGN10987) are IgG1 kappa anti-SARS-
CoV2 recombinant monoclonal antibodies targeting non-overlapping epitopes of the
receptor-binding domain (RBD) of the spike (S) protein which block binding of virus
to the cell surface receptor, ACE2. This leads to inhibition of infection of host cells [69].
A randomized clinical trial (NCT04425629) which included 4057 COVID-19 outpa-
tients with one or more risk factors for severe illness in a single treatment with vari-
ous intravenous doses of REGEN-COV (Ronapreve). A co-packaged combination of two
human monoclonal antibodies, casirivimab and imdevimab, showed that REGEN-COV
significantly reduced percentage of hospitalizations (71.3% reduced) or death (70.4%
reduced) compared with placebo. Casirivimab and imdevimab administered together
were well tolerated, rapidly solved symptoms, and had an impact on viral titer load [69]
(see Table 1). Combination of these two drugs received its emergency use authoriza-
tion (EUA) issued by the Food and Drug Administration (FDA) on 2 November 2021.
In November 2021, it was approved by the European Medicines Agency (EMA) for the
treatment of COVID-19 in adults and adolescents (12 years and older and weighing
40 kg or more) who do not require oxygen therapy and who are at increased risk of for
progressing to severe illness resulting in hospitalization (https://www.ema.europa.eu/
en/-medicines/human/EPAR/ronapreve, accessed on 1 December 2021) [70].

Tocilizumab and sarilumab are interleukin-6 (IL-6) receptor blockers. Tocilizumab is
humanized monoclonal antibody IgG1 against human IL-6 produced in Chinese ham-
ster ovary (CHO) cells by recombinant DNA technology, while sarilumab is a human
monoclonal antibody (https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/
761037s0001bl.pdf). Interleukin-6, a signal protein produced by the host immune sys-
tem in response to inflammatory process plays a crucial role in the course of COVID-19.
However, one clinical study on sarilumab indicated that it did not improve the condition
of patients in the first stages of the moderate-to-severe disease [71] (Table 1). On the
other hand, in the clinical trial RECOVERY (NCT04381936), UK participants were hos-
pitalized with COVID-19 with hypoxia and systemic inflammation. Two thousand and
twenty-two patients received tocilizumab (400-800 mg, depending on body weight), and
2094 patients were under standard care. The results show that tocilizumab is an effective
treatment for hospitalized patients resulting in reduced deaths, shorter time to discharge
from hospital, and reduced risk of requiring mechanical ventilation [72] (see Table 1).
The EMA started evaluation of tocilizumab (RoActemra) as the therapy of hospitalized
adult patients with severe COVID-19 illness who are already under corticosteroids and
require extra oxygen treatment or mechanical ventilation (https://www.ema.europa.eu/
en/news/ema-starts-evaluating-use-roactemra-hospitalised-adults-severe-covid-19;
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accessed on 1 December 2021). This trial concluded that tocilizumab improved 90-day
survival as well as intensive care unit (ICU) and hospitalization time in critically ill
patients. There are also reports of the lack of efficacy of tocilizumab in the treatment of
COVID-19; therefore, the doses of the drug used, the selection of the group of patients
susceptible to treatment, and the duration of therapy must be carefully analyzed [73]
(Table 1). There are also data from clinical trials on positive therapeutic effects of sari-
lumab (reviewed in [74]).

A very interesting approach to preventing SARS-CoV-2 infection progression was
recently published by Park et al. [75]. They obtained a human monoclonal antibody that
blocks the virus from attaching to the host-cell receptor, via binding most of the spike
protein residues involved in the interaction with ACE2. The authors underlined the ther-
apeutic potential of this antibody and its resistance to the great mutation potential of the
coronaviruses. Effectiveness of this antibody was supported in animal experiments on
Chinese hamsters.

ACE2-based virus entry inhibitors (decoy receptors)

Data on the interaction of spike protein with ACE2 were used in the approach to
COVID-19 therapy and/or prevention. Using the recombinant human ACE2 as a solu-
ble/nanoparticle-conjugated decoy for SARS-CoV-2 has been considered for some time
(Fig. 1B). Some approaches to solve this question have been reported in the literature
(for a review, see [76]). Full-length recombinant ACE2 (GSK586881) was found safe in
a pilot clinical trial as an infusion drug (from 0.1 to 0.8 mg/kg) to treat acute respira-
tory distress syndrome [77, 78] (Table 1). It should be noted that the catalytic activity of
full-length ACE2 may exert also anti-angiotensin II effect, which would be beneficial to
patients with COVID-19 [79].

An important direction of research in this field is engineering of the ACE2 molecule
to increase its affinity toward spike protein RBD. One direction is obtaining soluble tri-
meric ACE2 molecule that interacts with spike protein RBD with a K, below 1 nM com-
pared with ~ 15 nM. Cell culture experiments on engineered trimeric ACE2 suggest that
it may be a promising antiviral agent to treat COVID-19 [80, 81].

Another direction is a mutational approach to increase affinity towards spike protein
RBD. There are many mutational studies on ACE2 (see review [76]) to increase the natu-
ral affinity towards spike protein RBD. Deep mutagenesis studies enabled the discovery
of mutations of residues exposed at the ACE2-spike protein RBD interaction surface that
markedly increased the affinity of this binding. Combining these mutations resulted in
variants characterized with affinities toward SARS-CoV-2 comparable to those of mono-
clonal antibodies [82—84].

The use of recombinant, soluble ACE2 as a drug has proven to be safe and effective
in anti-COVID-19 therapy (NCT04335136; Apeiron Biologics media release 12 March
2021; see also Table 1). Further improvement in this solution was constructing the
fusion of soluble ACE2 with IgG1-Fc, which made it possible to solve the problem of fast
removal of therapeutic protein from circulation [85].

An interesting solution was proposed by Sims et al. [83]. Namely, they demon-
strated that expression of increased affinity decoy ACE2 protein in the proximal air-
way cells when delivered via intranasal administration of an adeno-associated virus
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vector markedly diminished pathologic consequences of SARS-CoV-2 infection in
mouse model.

Direct inhibition of SARS-CoV-2 entry and replication in the oral cavity was proposed
to be achieved by using a chewing gum that contained recombinant ACE2 expressed in
plant cells. In vitro and human subject studies have indicated both viral particle trapping
and cellular entry blocking by microparticle-conjugated ACE2 [86].

A further development is the design of miniproteins that are decoys containing
a-helical SARS-CoV-2 binding motifs optimized for high affinity, characterized with a
K, below 1 nM [87, 88].

In summary, the approach presented above, i.e., using ACE2-based soluble decoy
inhibitors, is undoubtedly a promising and potent therapy against COVID-19. These
solutions are essentially mutation resistant, as the occurrence of SARS-CoV with higher
affinity toward ACE2 would lead to stronger binding of the ACE2 sequence in the decoy
drug. If the affinity toward the cellular receptor of the new variant were smaller, it would
be less infectious.

Drugs inhibiting virus entry to host cells

Fusion inhibitors

As mentioned above, the entry of the SARS-CoV-2 virion into host cells is mediated
mainly by spike protein. During one of the last steps of virus replication in infected cells,
spike protein in the Golgi apparatus is cleaved by proprotein convertases (e.g., furin) into
S1 and S2 subunits. The S1 subunit remains noncovalently associated with the S2 subu-
nit in the mature virion. The S2 subunit that binds ACE2 ensures anchoring to the mem-
brane of the target cell and provides machinery (primarily the fusion domain) necessary
to mediate membrane fusion upon infection (reviewed in [11]).

Attachment of spike protein to ACE2 induces conformational changes in both S1 and
S2 subunits, which leads to shedding of the S1 subunit and exposure of the “S2’ site,’
within the S2 subunit. The S2’ site may be cleaved either by TMPRSS2, a transmem-
brane serine protease at the cell surface preferred by the SARS-CoV-2 virus-cell entry
pathway, or by cathepsin L within endosomes, when ACE2-mediated endocytosis occurs
(endosomal entry pathway). The cleavage leads to refolding transition of heptad repeat 1
(HR1), which forms the trimeric HRN/HR1 bundle creating the fusion domain ready to
insert into the target cell membrane. Antiparallel interaction of HRC (C-terminal hep-
tad repeat) with HRN (N-terminal heptad repeat) domains of each spike protein trimer
forms a stable hexameric structure and brings the viral membrane close to the host cell
membrane, facilitating fusion pore formation and viral entry [11, 89] (Fig. 1B).

This mechanism became a basis for studies on a peptide-based pharmaceutical whose
mechanism of action relies on the inhibition of fusion and therefore virus entry to host
cells. Namely, a group of authors from the Netherlands, the USA, and Italy developed a
PEG-lipid conjugate of the peptide derived from the C-terminal heptad repeat (HRC)
domain of SARS-CoV-2 spike protein, which was shown to compete with the native
sequence and inhibit SARS-CoV-2 fusion with the target cell and therefore the viral
infection in vitro and in vivo in experimental animals [90, 91]. Furthermore, invented
by the above group of authors, intranasal spray administered daily was shown to prevent
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SARS-CoV-2 infection of experimental animals when co-housed with infected animals
in conditions where 100% of control animals got infected [90].

Among the pharmaceuticals that may inhibit SARS-CoV-2 entry to host cells are also
clinically approved protease inhibitors, such as camostat mesylate [92, 93], which is
the mesylate salt form of camostat. It is an orally bioavailable, synthetic serine protease
inhibitor, with anti-inflammatory, antifibrotic, and potential antiviral activities suggested
for COVID-19 treatment. This drug and its metabolite, 4-(4-guanidinobenzoyloxyl)phe-
nylacetic acid (GBPA, FOY 251), are potent inhibitors of a variety of serine proteases
and also Clr- and C1 esterases. Along with blocking the activation of trypsinogen in
the pancreas, which is known to play a crucial role in the development of pancreati-
tis, camostat is thought to suppress the expression of numerous cytokines responsible
for inflammation and fibrosis of the pancreas. Camostat and its active metabolite GBPA
are also known to inhibit the TMPRSS2 and other TMPRSS2-related host-cell serine
proteases (among them TMPRSS11D and TMPRSS13). As was mentioned above, these
enzymes are thought to mediate viral cell entry of the influenza virus and coronaviruses,
thereby suppressing viral infection and replication (Fig. 1B). After encouraging preclini-
cal results [94], the possible application of this drug was tested in a phase II clinical trial
[95]. One hundred thirty-seven patients suffering from COVID-19 received camostat
mesylate 200 mg three times daily for 5 days, and 68 patients received a placebo. It was
demonstrated that, under this protocol, the median time to clinical improvement was
5 days in both camostat mesylate and placebo groups (Table 1). Similarly, treatment with
camostat mesylate revealed neither increased adverse events during hospitalization nor
increased mortality. It is unknown whether higher drug concentrations would be suffi-
cient to suppress viral entry to cells of the respiratory epithelium.

Chloroquine and hydroxychloroquine

Another compound that in preclinical studies showed promising outcomes in terms of
inhibition of SARS-CoV-19 virus entry to host cells is hydroxychloroquine. It is a deriva-
tive of chloroquine in which one of the N-ethyl groups of chloroquine is hydroxylated
at position 2. Use of hydroxychloroquine, owing to decreased renal and ocular toxicity
compared with chloroquine treatment, was approved by the FDA in 1955. Since then, it
has been almost exclusively prescribed for oral usage, in the form of tablets. Both drugs
are commonly prescribed to treat uncomplicated malaria, rheumatoid arthritis, chronic
discoid lupus erythematosus, and systemic lupus erythematosus. As a weak base, chlo-
roquine and hydroxychloroquine lead to a pH increase in endosomes and lysosomes. In
this way, these drugs affect protease activities (e.g., above-mentioned cathepsin L), inhib-
iting cleavage of SARS-CoV-2 spike protein at the S2’ site, which may suppress fusion
with the endosomal membrane and viral entry to the cytosol (Fig. 1B). Furthermore,
hydroxychloroquine was shown to inhibit the inflammatory response of the organism by
blocking the cytokine storm associated with severe progression of COVID-19. Despite
promising prognoses, it was proved that the application of hydroxychloroquine alone in
the treatment of COVID-19 was not sufficient in the case of hospitalized patients treated
with the drug for 14 days (Table 1 and [96]). However, another study indicated that the
impaired potency of hydroxychloroquine in COVID-19 treatment might be partially
restored in the presence of TMPRSS2 inhibitors [97]. The study suggests a potential
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benefit of combined hydroxychloroquine and TMPRSS2 inhibitors and proves the lower
dependence of SARS-CoV-2 on the endosomal pathway. Indeed, there are many ongo-
ing, more or less promising clinical trials on the combined use of hydroxychloroquine
with other drugs, including azithromycin, oseltamivir, favipiravir, zinc, omega-3, ribavi-
rin, and ivermectin (Table 2).

Despite many preclinical studies and clinical trials, there is no drug against COVID-
19 available on the market that would effectively inhibit the stage of virus entry
into the host cell. In addition, chloroquine is a well-known inhibitor of autophagy
that inhibits binding of autophagosomes to vesicles bearing lysosomal enzymes.
Autophagy is considered as a part of the innate immunity against viral infections [98].

Drugs inhibiting replication of the virus

As was briefly mentioned above (see “Major nonstructural proteins” section), a series
of proteolytic events concerning polyproteins ppla and pplb results in the genera-
tion of nsps 1-16, which help to target the host-cell translation machinery to favor
viral mRNAs over cellular RNA, assemble viral replication and transcription complex
(RTC), and affect innate immunity of the host.

During replication steps, in the perinuclear zone of infected cells appear replica-
tion organelles composed of convoluted membranes (CMs), open double-membrane
spherules (DMSs), and perinuclear double-membrane vesicles (DMVs). All structures
are probably derived from the ER. DMSs were found to be generated during ectopic
expression of nsps 3, 4, and 6 [105]. It was found that DMVs are the primary site of
coronaviral RNA synthesis [23, 106], while nucleocapsid (N) protein was detectable
within CMs and DMS.

Viral RNA is the template for synthesis of either a full-length negative-sense
genomic copy that serves as a template for the new generation of positive-sense
genomic RNA, or subgenomic negative-sense RNAs, that are used as a template to
synthesize a nested set of positive-sense subgenomic RNAs, characteristic for corona-
viruses, that are further translated into structural and accessory proteins [107].

It is suggested that DMVs may gather replication machinery and adequate concen-
trations of molecules necessary for RNA synthesis. It is, however, not clear from the
experimental work hitherto carried out whether the assembly of replication machin-
ery takes place inside or outside DM Vs [106].

Viral assembly is executed by budding into the ER-Golgi intermediate compartment
(EGRIC) [105]. Major viral membrane proteins (M and S) are found in the Golgi mem-
brane, suggesting the use of classical secretory pathway to secrete viral particles. How-
ever, it is known that, due to CoV infection, substantial changes in Golgi morphology
occur, implying that the virus might use an alternative pathway of secretion. It was sug-
gested that the virus might use a recycling endosome route, skipping Golgi stacks, simi-
larly to other intracellularly budding viruses, lipoproteins, procollagen, and/or protein
aggregates [108, 109].
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Table 2 Combined therapies of hydroxychloroquine with other drugs tested for COVID-19

treatment
Combination of used drugs Outcome References
Hydroxychloroquine + favipiravir Clinical benefits not observed [99]
Hydroxychloroquine + azithromycin - Clinical benefits not observed [100, 101]
Hydroxychloroquine +omega-3 Patients receiving omega-3 indicated favorable changes in [102]
all clinical symptoms except for olfactory
Hydroxychloroquine + ribavirin Clinical benefits not observed [103]
Hydroxychloroquine +zinc Zinc supplements did not enhance the clinical efficacy of [104]
hydroxychloroquine
Remdesivir

One of the drugs whose mechanism of action leads to inhibition of viral replication is
remdesivir. Remdesivir is a prodrug (ProTide, prodrug of nucleotide) that after biotrans-
formation in the cell becomes an ATP analog that competes with ATP in RdRp-catalyzed
viral RNA synthesis (Fig. 1A). In the case of MERS-CoV, SARS-CoV, and SARS-CoV-2,
arrest of RNA synthesis takes place after incorporation of an analog (remdesivir metabo-
lite) followed by three additional nucleotides [110, 111]. It has broad antiviral activity:
since 2017, remdesivir has been demonstrated in in vitro studies as effective treatment
of infections caused by Arenaviridae, Flaviviridae, Filoviridae (among others, Ebola
virus), Paramyxoviridae, Pneumoviridae (among others, respiratory syncytial virus),
and Coronaviridae viral families. Although this drug facilitates recovery from COVID-
19 and reduces side effects, it requires further study [112], in particular after the WHO
Solidarity Trial Consortium found that therapy of COVID-19 hospitalized patients with
remdesivir, similarly as with hydroxychloroquine, lopinavir, and interferon, had no or
little effect, as evidenced by overall mortality, initiation of ventilation, and duration of
hospitalization [113]. However, further studies and clinical trials (e.g., [114], see Table 1)
led to the FDA’s decision to grant remdesivir emergency use authorization (EUA) for
the treatment of hospitalized patients with severe COVID-19 in May 2020 [Coronavi-
rus (COVID-19) Update: FDA Issues Emergency Use Authorization (EUA) for Poten-
tial COVID-19 Treatment. 05/01/2020. Available at: https://www.fda.gov/news-events/
press-announcements/coronavirus-covid-19-update-fda-issues-emergency-use-autho
rization-potential-covid-19-treatment], and in October 2020, remdesivir was the first,
and remains the only, FDA-approved treatment for COVID-19 patients requiring hospi-
talization (https://www.fda.gov/news-events/press-announcements/coronavirus-covid-
19-update-fda-issues-emergency-use-authorization-potential-covid-19-treatment).

Molnupiravir

Another extensively investigated COVID-19 treatment drug that may disrupt the rep-
lication process is molnupiravir (MK-4482, EIDD-2801). It is an orally bioavailable
isopropylester, a prodrug of N4-hydroxycytidine. The active form of the drug is incor-
porated into the genome of RNA viruses, leading to the accumulation of mutations
that finally lead to inhibition of virus replication [115] (Fig. 1A). The drug was initially
developed against the influenza virus; however, it was repurposed as an orally efficacious
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COVID-19 therapeutic with success in ferrets [116] and subsequently in humans (117;
clinical trial number NCT04405570; Table 1). Merck announced the phase 3 clini-
cal study (MOVe-OUT), which indicates at least 50% efficiency in reducing the risk of
hospitalization or death compared with the placebo control. Therefore, the FDA issued
an EUA for molnupiravir in December 2021. However, the EUA was only narrowly
approved because of concerns over the efficacy and potential mutagenic effects resulting
in new variants of the virus [115] (FDA News Release https://www.fda.gov/news-events/
press-announcements/coronavirus-covid-19-update-fda-authorizes-additional-oral-
antiviral-treatment-covid-19-certain).

PLpro and 3CLpro inhibitors

Another identified potent antiviral drug target is SARS-CoV-2 PLpro (nsp3), which is
essential for SARS-CoV-2 replication and is also suggested to play an important role in
the innate immune response to viral infection analogous to SARS-CoV. This occurs via
inhibition of the synthesis of cytokines and chemokines responsible for activation of the
host’s innate immune response against viral infection [13, 118, 119]. Inhibitors of this
protease are potent anti-SARS-CoV-2 drug candidates (for review, see, e.g., [13]), but
they still require further study.

Recently, Pfizer announced the results of interim protocol from a phase 2/3 study of
the oral therapeutic Paxlovid, which is a mixture of PF-07321332, an inhibitor of 3CLpro,
and a low dose of ritonavir, a generic HIV drug that boosts the effectiveness of protease
inhibitors [120] (Fig. 1A). This drug also received an emergency use authorization (EUA)
from the FDA in late 2021. Using 3CLpro as a target for a mechanism of action of an
anti-COVID drug seems very promising: 3CLpro resides in nsp5 and, as mentioned
above (“Major nonstructural proteins” section), releases the majority of nsps from the
polyproteins. Furthermore, 3CLpro is highly sequence-specific; thus, compounds tar-
geting this protease have little or no impact on host cellular proteases. The trial results
showed that the application of this drug in non-hospitalized patients reduced the risk
of hospitalization or death by 89% compared with placebo [121] (clinical trial number
NCT04960202; see also Table 1). This drug was designed for oral administration at the
first stage of infection or after presumed exposure to help patients avoid severe illness
course and its consequences, i.e., hospitalization or even death.

Drugs inhibiting assembly and release of the virus, targeting structural
proteins other than spike protein

Coronaviruses bud within the endoplasmic reticulum—Golgi intermediate compartment
(ERGIC), from where they acquire their membrane envelope, which makes them distinct
from other well-studied enveloped viruses [122]. It has been well known that the deliv-
ery of these viruses from their sites of formation (ERGIC) to the cell exterior occurs via a
constitutive secretory pathway involving the Golgi compartment. However, since infec-
tion of cells by these viruses is accompanied by the disruption of normal Golgi system
morphology and, moreover, blocking the Golgi-based secretory pathway did not seem
to affect the amount of virus being released [108, 123], there are suggested alternative
ways of coronavirus secretion, among them non-Golgi pathways, related to recycling
endosomes or lysosomes.
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Taking into account functions of the structural proteins involved in virus assembly, it is
apparent that they are a promising target for a novel group of anti-COVID drugs. Indeed,
the outcomes of one of the recently published retrospective studies indicated that the use
of lithium (mostly in the form of lithium carbonate contained in the prescription drugs),
an inhibitor of glycogen synthase kinase 3 (GSK-3), an enzyme that phosphorylates viral
protein N, had a significantly reduced risk of COVID-19 [124] (Fig. 1A). The same study
showed that phosphorylation of protein N by GSK-3 is crucial for its function and that the
SARS-CoV-2 protein N contains GSK-3 consensus sequences, conserved in various corona-
viruses, raising the possibility that the virus may also be sensitive to other GSK-3 inhibitors.

Another study demonstrated that protein E might also be a promising target for anti-
COVID drugs. It was shown that some flavonoids, in particular epigallocatechin and
quercetin, as well as rimantadine and 5-(N,N-hexamethylene)amiloride (HMA), may
serve as inhibitors of the protein E channel [125] (Fig. 1A).

Finally, it was demonstrated that disruption of the interactions between proteins S
and N might also lead to inhibition of virus replication in vitro [126]. It appeared that
peptides derived from the C-terminus of spike protein inhibited MERS-CoV and SARS-
CoV-2 replication (Fig. 1A).

Final remarks

As mentioned above, there is no dedicated drug for COVID-19. Currently, over 7000
clinical trials on COVID-19 are conducted underway worldwide. Those trials concern
drugs, diagnostics, observations, etc. In our brief review, we tried to summarize cur-
rently discussed therapies for COVID-19 considering all the stages of the viral host cell
entry and replication that can be pharmacologically inhibited. Those drugs alone or in
combination could help systematize available and tested treatments for SARS-CoV-2.

One has to keep in mind that a large number of compounds and a large number of
therapeutic approaches together with the mentioned repurposed drug are under various
stages of studies (for reviews, see, e.g., [127, 128]).

We have to mention the other approaches that have not found applications as repur-
posed drugs or are only the basis for future therapy development, such as modeling of
metabolic processes taking place in human lung cells upon SARS-CoV-2 infection, that
enabled the identification of 12 bioactive molecules that inhibit ten enzymes of lipid and
carbohydrate metabolism as well as protein palmitoylation, the most promising being
Triacsin C and Celgosivir [129]. Another possibility is addressed by authors suggesting
inhibition of glycosylation by tunicamycin, which is a mixture of homologous nucleoside
antibiotics that inhibits the eukaryotic polyprenol-P-glycosylating phosphotransferases,
including GIlcNAc phosphotransferase, which catalyzes the first step of NXS/T-attached
glycan synthesis in the ER. Tunicamycin is suggested as a possible anticancer drug evoking
the ER stress and apoptosis in studied cancer cell lines (see, e.g., [130]). Proliferation of the
SARS-CoV-2 in the presence of tunicamycin was shown to result in the inhibition of glyco-
sylation of viral proteins and complete lack of spike protein giving spikeless virions [131].

An important aspect of virus—host relation during SARS-CoV-2 infection and COVID-
19 course is the role of miRNAs. This issue has been a subject of recent reviews [132, 133].
One of the first known major modes of action of the virus on the host cell is sequestering
of the host miRNAs [134]. These aspects may also become bases of future therapies.
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Conclusion

In summary, as mentioned above (by no means complete), a multidirectional
approach to the anti-COVID-19 therapy undertaken by many research and industrial
centers worldwide, in our opinion, will hopefully help to control the disease.
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