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Millions of people have died and a worldwide economic catastrophe has been
brought on by the coronavirus disease 2019 (COVID-19) pandemic. Infections
caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
may presently be treated with less than 10 antiviral drugs such as Remdesivir. The
need for medical intervention due to sickness has led to unprecedented research
efforts to study the biology of coronaviruses. Additionally, there is a strong
likelihood that coronaviruses will cause pandemics in the future. All viruses
cannot replicate optimally due to host restriction factors. Given that they are
genetically more stable than viral targets and may be shared by similar viruses,
these antiviral host factors provide appealing targets for antiviral treatment. The
identification of antiviral host factors that are a component of human innate
immunity and that prevent the completion of the SARS-CoV-2 life cycle has been
made possible by the deployment of several “omics” technologies. In this review,
we provide an overview of the antiviral host factors that limit the replication of
SARS-CoV-2 in this, which were mostly discovered using functional genetic and
interactome screening. Important cellular mechanisms for the SARS-CoV-2 life
cycle are covered. Finally, we highlight host restriction factors that could be
targeted by clinically approved molecules and the induction of these factors as
potential antiviral therapies for COVID-19.
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1 Introduction

Multiple zoonotic cross-species transmission episodes in humans led to the emergence
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in Wuhan, China, in
November 2019, causing an outbreak of severe pneumonia. The disease caused by this virus
was termed COVID-19. The World Health Organization (WHO) then proclaimed the
COVID-19 pandemic. It is believed that this coronavirus originated in horseshoe bats and
most likely spread to humans via an unidentified intermediate host. Due to its high
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transmissibility and the prevalence of asymptomatic carriers, SARS-
CoV-2 spread quickly over the world, taking lives and impeding
social and economic activities even as vaccine campaigns are still in
progress (1-7). Over 770 million COVID-19 confirmed cases have
been documented between November 2019 and September 2023
(8).The four genera of coronaviruses are betacoronavirus,
gammacoronavirus, deltacoronavirus, and alphacoronavirus.
Coronaviruses are positive-strand RNA viruses that fall within the
subfamily Orthocoronavirinae of the family Coronaviridae
(International Committee on Taxonomy of Viruses). Animals
such as domestic animals and cattle can have intestinal and
respiratory diseases due to coronaviruses (9). Four of the seven
identified human coronaviruses (HCoVs) cause mild respiratory
infections (HCoV-229E, HCoV-NL63, HCoV-OC43, and HCoV-
HKU1). Notably, new pathogenic coronaviruses can enter the
human population by zoonotic transmission, as demonstrated by
the introduction of two extremely virulent betacoronaviruses in
2002 (the severe acute respiratory syndrome coronavirus, or SARS-
CoV) and 2012 (the Middle East respiratory syndrome coronavirus,
or MERS-CoV) (10).

The first line of defence for the body against infections,
including SARS-CoV-2, is the innate immune system. The
development of adaptive immunity is accelerated and coordinated
by innate immune responses, which also help detect and eliminate
infected cells and restrict viral entrance, translation, replication, and
assembly. Pathogen-associated molecular patterns (PAMPs) elicit
inflammatory reactions and programmed cell death through cell
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surface, endosomal, and cytosolic pattern recognition receptors
(PRRs), which in turn restrict viral infection and facilitate
clearance (11). On the other hand, serious illness and systemic
inflammation can result from overstimulating the immune system.

Adaptive immune responses are primarily triggered by viral
particle contacts with antigen-presenting cells or B cell receptors
after SARS-CoV-2 infection. These encounters result in further
biological interactions that protect the host against the virus. The
development of immunological memory occurs after the virus has
been warded off (Figure 1) (12). It has been demonstrated that,
despite the undetectable humoral component, the SARS-CoV
cellular immunity endures up to 17 years after the infection.
Analysing interferon-gamma levels after stimulating heparinised
blood with virus-specific peptides has shown similar results for the
SARS-CoV-2 T cell memory in a shorter amount of time. T cells are
also essential for a humoral immune response because they provide
the foundation of a cellular immunological response (Figure 1).
They supply the signals for the humoral response’s maturity,
competence, and memory as well as for the activation of B cells.
As the initial component of the defence mechanism, mucosal
immunity has been demonstrated to be significantly influenced by
B cell production of IgA (12).

In addition to several attempts to create vaccines and antiviral
treatments, the pandemic has sparked several basic research
projects aimed at improving our understanding of coronavirus
biology. As opposed to vaccination countermeasures, there are
still fewer possibilities for antiviral treatments. The FDA has
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An adaptive immune response to the first and second exposure to the SARS-CoV-2 antigen (S protein) is depicted in the diagram. Pattern
recognition receptors (PRRs) to pathogen-associated molecular patterns (PAMPs) are the initial mechanism by which innate immunity functions.
Strong antiviral type-I-interferon responses are elicited by antiviral innate membrane (TLR7, TLR8, and TLR9) or cytosolic related receptors (RIG-I-
like receptors). From “"Adaptive immune responses and immunity to SARS-CoV-2" by Primorac et al. (12), Frontiers in immunology, 13, p. 848582

(https://doi.org/10.3389/fimmu.2022.848582). CC BY-NC.
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approved the use of remdesivir, a viral polymerase inhibitor, for
patients who are hospitalised. Additionally, molnupiravir and
paxlovid, which are combinations of nirmatrelvir and ritonavir, as
well as baricitinib, a Janus kinase (JAK) inhibitor, have been
approved for use in conjunction with remdesivir. Other approved
treatments include tocilizumab, an anti-interleukin (IL)-6 receptor
monoclonal antibody, and sotrovimab and monoclonal antibody
cocktails, which are all neutralising monoclonal antibodies that
bind the viral spike protein. Among them, systemic steroid
treatment has been combined with immunomodulatory tactics
such as baricitinib and tocilizumab to suppress SARS-CoV-2-
induced inflammation (13). Despite these approvals and EUAs,
many of these medications have narrow therapeutic indications,
and most serious illness cases globally go untreated for lack of
appropriate therapy.

Numerous research groups have examined the host factor
restriction of coronaviruses, including SARS-CoV-2, since cellular
host restriction factors are promising targets for antiviral drugs (14).
Preventing future viral infections through proactive measures
instead of reacting to emerging viruses as they emerge is the most
important lesson learned from the COVID-19 pandemic.
Prevention steps involve anticipating and accurately predicting
future pandemics and reducing negative impacts by developing
treatment options such as vaccinations and, broad-spectrum
antiviral medications.

As new information on the immuno-modulatory effects of the
virus and viral proteins is discovered, so is our understanding of the
host immune response to SARS-CoV-2. This review will discuss
the human cellular restriction mechanisms that try to prevent the
SARS-CoV-2 life cycle from progressing to various stages.
The present state of research emphasises the importance of
understanding the host immune response since it can direct new
treatment plans and influence public health initiatives.

The enveloped single-stranded positive-sense RNA genome of
SARS-CoV-2, codes for four structural proteins i.e. the envelope
protein (E), membrane protein (M), nucleocapsid protein (N), and
spike protein (S) (2, 4, 5). The E protein is a tiny integrated
membrane protein that is essential for the pathogenicity of
viruses because it shapes the viral envelope (15). The M protein is
involved in the assembly of viruses and the generation of their
particles. It is present in the virion as a dimer that causes the
membrane to curve and binds to the N protein (15). The N protein
participates in the binding, replication and assembly of the viral
RNA genome and also regulates the host cell response during viral
infection (15). The S protein, which is made up of the two subunits
S1 and S2, is the most noticeable surface glycoprotein. Through
interactions with receptors on nearby cells, the S protein mediates
the formation of syncytia during viral infection, i.e. the fusion of
neighbouring cells via receptor interactions. The N- and C-terminal
regions of S1 are structurally folded into two separate domains that
each include the N- and C-terminal domains (NTD and CTD),
respectively. The receptor binding domains (RBDs) are found in the
CTD. The S2 subunits play a critical role in controlling membrane
fusion and facilitating viral RNA genome transport into host
cells (16).
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The initial step of the SARS-CoV-2 life cycle, which determines
the virus host range and cellular tropism, is recognised as the binding
of the S glycoprotein to cell surface receptors (Figure 2) (18, 19).
Whether SARS-CoV-2 enters the host cell through the plasma
membrane or endocytosis is primarily determined by the
proteolytic and hydrolytic cleavage of the S protein, which is
mediated by cellular proteases (20). After membrane fusion, viral
RNA is released into the host cytoplasm, where it is subsequently
used by the host cell’s internal machinery to create viral replication
and transcription complexes. Before they mature and spread, the new
virus particles are assembled in the endoplasmic reticulum (Figure 2).

There is growing evidence that host restriction factors provide a
defence against SARS-CoV-2 replication. This review aims to shed
light on the role of these antiviral components in SARS-CoV-2
infection, as well as provide a broader perspective for future
research and prediction of emerging viral infections.

2 Innate immunity and
proinflammatory response

The early identification and containment of infections, as well
as the subsequent induction of the adaptive immune response,
depend on the innate immune system, a conserved defensive
mechanism. Effective innate immunity activation requires pattern
recognition receptors (PRRs), such as toll-like receptors (TLRs) and
RIG-I-like receptors (RLRs), to identify pathogen-associated
molecular patterns (PAMPs) (21). PRRs recruit adaptor proteins
in response to PAMP activation, which starts intricate signalling
cascades involving many kinases (Figure 3). In the end, this results
in the activation of critical transcription factors, proteins that use
their recognition of certain DNA sequences to regulate
transcription and chromatin, creating a sophisticated mechanism
that directs the expression of the genome (23). Transcription factors
such as activation protein 1 (AP-1), nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB), and interferon
regulatory factor 3 (IRF3) are activated.

Together, these elements promote the synthesis of type I
interferons (IFN-I), which are then released and attach to the
IFN-0/f receptor (IFNAR) to affect nearby cells (Figure 3) (21).
Many interferon-stimulated genes (ISGs) are induced in response to
interferon-I, and these ISGs counteract viral replication through a
variety of ways, therefore mediating the antiviral action of IFN-I. In
the meantime, the inflammatory response is also triggered by the
induction of cytokines and chemokines, which can occasionally
result in significant tissue damage and other immunopathies linked
to SARS-CoV-2 infection (24).

The humoral innate immune response encompasses various
components that play a role in combating viral infections, including
but not limited to:

* Cytokines: These soluble extracellular glycoproteins play a
critical role as intercellular regulators and mobilisers of cells
involved in both innate and adaptive inflammatory host
defences, angiogenesis, cell growth, differentiation, and
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FIGURE 2

Summary of the entrance and replication cycles for the SARS-CoV-2 virus. (1) The S protein S1 domain binds to the ACE2 and triggers the start of a
SARS-CoV-2 entrance. (2) The viral membrane and cellular membranes fuse resulting in the release of the viral RNA into the cytosol. (3) Viral RNA
translation begins as it is released into the cytosol. (4) ORFlab is translated to produce polyproteins ppla and pplab. Within the endoplasmic
reticulum, the replication transcription complex (RTC) and the RNA-dependent RNA polymerase (RdRp) is formed. (5) The RTC creates
complementary negative-strand genomes and negative-strand subgenomic RNAs within the ER, inside unique double-membrane vesicles (DMV). (6)
The progeny genomes and subgenomic mRNAs are created using the negative strands as a template. (7) The subgenomic mRNAs are translated into
structural and auxiliary proteins that enclose the viral genome. The S, E, and M structural proteins are translated at the ER membrane while the N
protein is translated in the cytoplasm. (8) The N-coated viral genome will bud into the S, E, and M protein-containing ERGIC complex. (9) A vesicle
attached to the cellular membrane will contain the budded virion. (10) After the vesicle and cellular membrane have fused, the fully formed virus is
exocytised. Adapted from “The molecular virology of coronaviruses”, by Hartenian et al. (17), Journal of Biological chemistry, 295(37), p. 12910
(https://doi.org/10.1074/jbc.REV120.013930). CC BY-NC.

death, as well as development and repair processes meant to
restore homeostasis (25).

IFNs: These set of signalling proteins are produced and
secreted by host cells in reaction to many viruses.
Interferons are released when a virus invades a cell,
alerting neighbouring cells to strengthen their defences
against the pathogen (26). These proteins are a part of the
broader family of chemicals called cytokines, which help
cells communicate with one another and trigger the body’s
defence mechanisms in response to infections (26).

ISGs: Genes known as ISGs have the ability to express in
response to interferons. Interferons induce protein-
signalling pathways inside of cells when they attach to
receptors on the cell surface. As a result of this
interaction, several genes involved in the innate immune
system response are expressed (27).

Selectins: Selectins play a role in the body’s immune
response and inflammation processes by facilitating the
binding and adhesion of cells to each other. These
glycoproteins are found on the surface of certain cells
such as platelets (P-selectin), leukocytes (L-selectin), and
endothelial (E-selectin) cells. Selectins are responsible for
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trafficking of their target cells via sialylated and fucosylated
glycoprotein ligand binding (28).

e TLRs: The innate immune system depends heavily on this
class of transmembrane proteins. These receptors are often
expressed by sentinel cells such as dendritic and
macrophage cells. Their primary responsibility is to find
structurally conserved chemicals from microorganisms.
When these pathogens penetrate physical barriers like the
skin or the mucosa of the digestive system, TLRs recognise
them and initiate inflammatory responses and the
development of antigen-specific adaptive immunity (29).

A vital initial line of defence against viral infections is provided
by antiviral restriction factors, which are varied cellular proteins in
both structure and function. While many cell types produce these
components at low levels during normal conditions, effective
control and elimination of invasive viruses often require their
activation in response to viral replication and exposure (30).
These antiviral restriction factors are known to be effectively
produced by type I interferons (IFNs). There is mounting
evidence that other IFN subtypes, together with specific cytokines
like IL-27 and other cellular activators, can also boost the synthesis
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Schematic diagram showing the induction of innate immunity and signalling pathways of type | interferon during SARS-CoV-2 infection. Viral
components modulating the pathway are typed in red. Acronyms are AP-1, activator protein 1; IFNAR, IFN-a/B receptor; IKKa., IkB kinase a. JAK1,
Janus kinase 1; TRIF, TIR domain—containing adaptor inducing interferon-beta; JNK, c-Jun N-terminal kinase; TAK1, TGF-B-activated kinase; 1IRF3,
interferon regulatory factor 3; ISRE, interferon-stimulated response element; mitogen-associated antiviral signalling protein, or MAVS; PAMP,
pathogen-associated molecular pattern; MyD88, myeloid differentiation primary response 88; TBK1, TANK-binding kinase 1; NEMO, NF-«B essential
modulator; RIG-I, retinoic acid-inducible gene I; PKR, protein kinase RNA-activated; MDA5, melanoma differentiation-associated protein 5; RIP1,
receptor-interacting serine/threonine kinase 1:TRAF3, TNF receptor-associated factor 3; MDAS5, melanoma differentiation-associated protein 5 and
TYK2, tyrosine kinase 2. Adapted from "Human Coronavirus: Host-Pathogen Interaction” by Fung and Liu (22), Annual Review of Microbiology, 73, p.

529 (https://doi.org/10.1146/annurev-micro-020518-115759). CC BY-NC.

of restriction factors, which in turn induces the cell to enter an
antiviral state (30).

Agents that efficiently produce these restriction factors, boost
their activity, or impart resistance to viral antagonists without
causing significant side effects or widespread inflammation may
open up new therapeutic or preventive avenues.

3 Binding and entry restriction

The S protein forms part of the outer surface of the SARS-CoV-
2 virion by assembling into trimers that form large spikes that
protrude from the outer surface giving the virion a crown-like
appearance. The S proteins are responsible for host cell entry via
receptor binding and virus fusion with target cells. Within the
trimer, each S protein monomer is a type I fusion protein that
mediates receptor binding via its extracellular S1 subunit and
facilitates fusion with the host cell membrane via the
transmembrane domain of its S2 subunit (31). Cleavage of the S
protein into two subunits is required for binding and entry. Many
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viral surface glycoproteins are cleaved into two subunits either
during virion biosynthesis or when they reach their next target cell.
Although unique from SARS-CoV and similar to most known
coronaviruses,SARS-CoV-2 S protein is cleaved into two subunits
via a furin proteolytic cleavage site prior to exit from its producer
cell. Cleavage is essential for effective viral entry, dissemination, and
pathogenesis (31).

Many coronaviruses employ their S proteins to bind to and
activate a range of proviral host receptors, including sialic acid
moieties, dipeptidyl peptidase 4, aminopeptidase-N, and
angiotensin-converting enzyme 2 (ACE2). The wide range of
receptors that these infections exploit may help to explain in part
why there is such a high risk of zoonotic transmission of
coronaviruses to humans. The human body has several antiviral
factors that play crucial roles in defending the body against viral
infection by preventing receptor binding and entry into host cells.
SARS-CoV-2 encodes three main groups of proteins: structural
proteins, non-structural proteins (nsps), and accessory proteins (5).
It has been revealed that a number of these proteins obstruct IFN
responses at various stages, including detecting viral RNA,
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inhibiting IFN transcription/translation, and focussing on ISG
effector activities. Numerous proteins interfere with IFN
signalling through several mechanisms, and some of them have
identical targets, which gives them redundancy in their actions and
underscores how crucial it is to modify IFN responses for SARS-
CoV-2 to successfully replicate. (5). Interferons, cellular receptors,
restriction factors, and cytokines are examples of antiviral factors
that work in concert to provide a robust defence against
viral infections.

The interplay between these mechanisms contributes to the
complexity and effectiveness of the human immune response to
viral entry and infection. The human restriction factors involved in
the restriction of SARS-CoV-2 entry include lymphocyte antigen 6
complex locus E (LY6E), cholesterol-25-hydroxylase (CH25H),
human defensin 5 (HD5), p-selectin glycoprotein ligand-1 (PSGL-
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1), tripartite motif protein 28 (TRIM28), phospholipid scramblase 1
(PLSCRI) and serine incorporator 5 (SERINC5). These factors
trigger an intense immune response upon SARS-CoV-2 infection
and inhibit virus entry in a variety of ways (Figure 4). Below we
highlight the antiviral factors and function of the innate immune
sensors in limiting SARS-CoV-2 binding and entry.

3.1LY6E

IFNs play a role in innate antiviral defence within cells by
triggering the activation of numerous ISGs. LY6E is an example of
such an ISG that modifies viral infection, particularly viral entrance
(32). Functioning as a cell surface protein, LY6E is anchored to the
surface via a glycosylphosphatidylinositol (GPI) anchor. Notably,

Uncoating and translation
of polypeptide

Q

Schematic diagram showing SARS-CoV-2 binding and entry inhibition. Entry of SARS-CoV-2 into the host cell is facilitated by viral S protein binding
to the ACE2 cellular receptor promoting endocytosis. Upon entry, SARS-CoV-2 viral particles escape the endosome to initiate viral replication. It was
discovered that LY6E, CH25H, HD5, PSGL-1, PLSCR1 and SERINCS inhibited S-mediated cell fusion and virion entry. Adapted from “The molecular
virology of coronaviruses”, by Hartenian et al. (17), Journal of Biological chemistry, 295(37), p. 12910 (https://doi.org/10.1074/jbc.REV120.013930). CC

BY-NC.
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the conserved functional location L36 plays a critical role, as
evidenced by studies involving the mutation of the GPI anchor
and the L36A mutation, which did not impact the restriction of
human CoV entry (33-35). LY6E effectively prevents the spike
protein-mediated development of syncytia, proving that it inhibits
virus entrance by fusing the viral and cellular membranes. This
discovery aligns with the outcomes of a quantitative fusion test (34).
Surprisingly, LY6E inhibited viral infection irrespective of the
presence of cell surface and endosomal proteases, indicating that
spike protein activation was not necessary for viral fusion limitation
(35). The evidence shows that LY6E is a broad-spectrum
coronavirus antiviral factor that blocks coronavirus spike protein-
mediated membrane fusion to impede the spread of coronavirus,
including SARS-CoV-2 (35).

3.2 CH25H

CH25H, one of the antiviral ISGs, encoded an ER-associated
enzyme that facilitated the conversion of cholesterol to oxysterol
25-hydroxycholesterol (25HC) (36, 37). Previous research has
demonstrated that 25HC prevents enveloped DNA and RNA
viruses from entering host cells (37, 38). The generation of 25HC
by CH25H and the activation of acyl-CoA: cholesterol
acyltransferase (ACAT), which leads to the reduction of accessible
cholesterol from the plasma membrane, are the two main factors
that inhibit SARS_CoV-2 virus-cell fusion (39). Overexpression of
CH25H consistently impeded SARS-CoV-2 entrance. According to
Wang et al. (39), 25HC prevented the SARS-CoV-2 virus-cell fusion
by activating the ER-localised ACAT, which mobilised the plasma
membrane’s available cholesterol and did not promote spike-
induced syncytia. Because 25HC therapy reduced the expression
of anthrolysin O domain 4 (ALOD4), which might trap accessible
cholesterol at the plasma membrane, it is possible that 25HC
reduced plasma membrane cholesterol to prevent fusion between
SARS-CoV-2 virus-infected cells (39-41). Both SARS-CoV and
MERS-CoV pseudoviruses have had similar impacts (39). As a
naturally occurring substance with no documented toxicity at
therapeutic quantities, 25HC offers a prospective treatment option
for COVID-19 and other emerging viral diseases (39).

3.3 HD5

Paneth cells of the small intestine are the only cells that make
and express HD5, one of the defensins that can bind lipids and
glycosylated proteins (42-44). It has been found that the binding of
HDS5 to the ligand-binding domain (LBD) of ACE2 interferes with
SARS-CoV-2 entry by obstructing S1 binding (45). The idea was
that the glycosylated residue of HD5 might connect to the S1
protein and stop viral invasion (46, 47). In the presence of HD5,
SARS-CoV-2 S1 recruitment and adhesion to host cells was
dramatically decreased, indicating that HD5 prevented SARS-
CoV-2 entry (45).

Frontiers in Virology

10.3389/fviro.2024.1462283

3.4 PSGL-1

An integral membrane protein PSGL-1 binds to P-, E-, and L-
selectins and encourages immune cells to first bind and group
together before moving on to migrate into inflamed tissue (48, 49).
PSGL-1 acted as a functional receptor for the penetration and
reproduction of enterovirus A71 (EV-A71), but it has also been
shown to prevent viral infection as an IFN-induced HIV inhibitory
factor (50, 51).

Virus-like particle (VLP) incorporation of PSGL-1 on SARS-
CoV and SARS-CoV-2 VLPs led to considerably lower infectivity
than SARS-CoV-2 in the virus-producing cells, indicating that
PSGL-1 effectively reduced SARS-CoV-2 infectivity (52). A virion
attachment assay revealed that PSGL-1 reduced viral infectivity by
obstructing its structural attachment to target cells (52). In PSGL-1
expressed cells, the release of SARS-CoV and SARS-CoV-2
pseudovirions was modestly inhibited, showing that PSGL-1
expression had little impact on viral release (52, 53). In general,
PSGL-1 has been found to decrease SARS-CoV or SARS-CoV-2
infectivity by hindering the S proteins’ integration and preventing
viral attachment, principally by interfering with particle binding to
the host cell (52). It is interesting to note that PSGL-1 levels were
downregulated by viral accessory proteins to counteract impacts
during HIV-1 infection (51, 53). More research is required to
determine whether the viral evasion of PSGL-1 occurs in
coronavirus infection.

3.5 TRIM28

It has been discovered that type II pneumocytes co-express
TRIM28, an antiviral restriction protein, and the SARS-CoV-2
receptor. Furthermore, it is known that TRIM28 supports
endogenous retrovirus latency, antiviral limitation, and the immune
system. Wang et al. (54), identified TRIM28 as a novel regulator of
ACE2 expression and SARS-CoV-2 cell entry. Their findings
demonstrate that TRIM28 knockdown facilitates pseudotyped
SARS-CoV-2 infection of both A549 cells and primary pulmonary
alveolar epithelial cells (PAEpiCs). Furthermore, they discovered that
NK cells’ reduction of TRIM28 and elevation of ACE2 expression in
lung epithelial cells in co-culture were only partially reversed by
interleukin-2 depletion and granzyme B blocking in the co-culture
medium. Additionally, TRIM28 knockdown boosted IFN-induced
ACE2 expression in A549 and PAEpiCs through activation of IFN-
receptor 2 (IFNGR2). Dexamethasone partially inhibited the elevated
ACE2 brought on by the co-culture of NK cells and TRIM28
knockdown in A549 cells (55).

3.6 PLSCR1

In simultaneous genome-wide clustered regularly interspaced
short palindromic repeats (CRISPR)-Cas9 screenings of human
hepatocytes and lung epithelia before and after activation with
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IFNYy, PLSCR1 was found to be a powerful SARS-CoV-2 restriction
factor (56). Using CRISPR-Cas9 engineering to eliminate the signal
transducer and activator of transcription-1 (STAT1), which is
necessary for IFNy-induced gene expression, the strong anti-
SARS-CoV-2 action of IFNy was verified (56). Beyond restricting
SARS-CoV-2 USA-WA1/2020, IFNYy-induced PLSCRI1 also showed
efficacy against the Omicron BA.1 and Delta B.1.617.2 lineages. It
was functionally conserved in mice and bats, and its strong activity
extended to other highly pathogenic coronaviruses. Furthermore, it
hindered the absorption of SARS-CoV-2 by both the TMPRSS2-
dependent and endocytic approaches (56).

Bipartite nano-reporter assays and whole-cell 4Pi single-
molecule switching nanoscopy revealed that PLSCRI selectively
targeted SARS-CoV-2-containing vesicles to prevent S-mediated
fusion and viral escape (56). The B-barrel domain of PLSCR1’s C-
terminus was necessary for fusogenic blocking, but the lipid
scramblase activity was not. This mechanistic investigation
identifies an anti-coronavirus protein that obstructs at a late
entrance phase prior before the RNA release into the host-cell
cytoplasm and reveals that PLSCR1 mutations associated with
COVID-19 have been detected in some susceptible patients (57, 58).

3.7 SERINC5

A variety of viruses, notably SARS-CoV-2, are effectively
inhibited by SERINCS5, a cellular multi-pass transmembrane
protein involved in sphingolipid and phosphatidylserine
biosynthesis (59). Pneumocytes and lung tissue are the natural
targets of SARS-CoV-2 for all members of the SERINC family,
except for SERINC4 (60). Additionally, it was demonstrated that
SERINCS is integrated inside viral particles and that it has the most
impact on SARS-CoV-2 entrance utilizing SARS-CoV-2 §
pseudoviruses, VLPs, and infectious SARS-CoV-2 (59, 61, 62).

After SARS-CoV-2 attaches to the hACE2 receptor on the cell
surface, target cell proteases activate the S protein, which causes the
viral genome to be released within the cell and the viral-host
membranes to fuse. As is the case with retroviruses, it was
demonstrated here that SERINC5 blocks SARS-CoV-2 entrance
by interrupting the virus-cell membrane fusion process (63).
Therefore, to carry out its antiviral action against two different
virus families, SERINC5 employs a conserved mechanism. Entry of
SARS-CoV-2 is reliant on the S protein. S proteins from various
variants of SARS-CoV-2 exhibit polymorphism and exhibit varying
levels of entrance effectiveness based on the cell line (64). SERINC5
prevented SARS-CoV-2 entrance for S variants derived from the
Alpha (B.1.1.7), Beta (B.1.351), Gamma (P1),and Delta (B.1.617)
respectively (59). Therefore, these results imply that vulnerability to
SERINCS is never lost, even in the face of variation in S protein
across the many SARS-CoV-2 variants.

Upon activation of the immune response, IFNs are released that
lead to the translation and expression of ISGs such as those
mentioned in this section that form part of the host restriction
factors restricting SARS-CoV-2 entry. These host restriction factors
all interact with the SARS-CoV-2 § protein during viral entry and
play different roles in impeding the S proteins role in facilitating the
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virus” entry into the host cell. The viral binding and entry host
restrictions and their proposed mechanisms are summarised
in Table 1.

4 Translation and RNA
replication restriction

Non-structural proteins (nsps) are produced when SARS-CoV-
2 is released into the cytosol via the transcription and translation of
the replicase gene from the viral genomic RNA. The replication of
viral genomic, sub-genomic RNA and, protein synthesis are made
possible by the replicase-transcriptase complex (RTC), which is
assembled in the ER by these nsps (Figure 5) (66). A viral infection
triggers the activation of cellular stress responses in a cell. Stress
granules arise in the cytoplasm as part of this reaction. RNA-
binding proteins and mRNAs make up stress granules. The human
antiviral factors involved in the restriction of SARS-CoV-2 RNA
translation and replication include death-associated protein 6
(DAXX), RNA-binding motif protein 24 (RBM24),
spermatogenesis associated serine-rich 2-like protein (SPAT2SL),
La related protein 1 (LARP1), interferon-induced proteins with
tetratricopeptide repeats (IFIT) family and DnaJ heat shock protein
family member C6 (DNAJC6).

4.1 DAXX

It has been discovered that DAXX, a scaffold protein found in
promyelocytic leukaemia (PML) nuclear bodies and known to block

TABLE 1 Viral binding and entry host restriction factors and their
proposed mechanism.

Host
restriction
factor

Proposed mechanism

LY6E LY6E relies on the GPI anchor and the conserved L36 residue
to limit membrane fusion caused by the SARS-CoV-2

spike protein.

CH25H The suppression of SARS_CoV-2 virus-cell fusion is caused
by the production of 25HC by CH25H and the activation of
ACAT, which results in the depletion of accessible cholesterol

from the plasma membrane.

HD5 By weakening the link between ACE2 and S1, HD5’s binding
to the ligand-binding domain of ACE2 prevents SARS-CoV-
2 invasion.

PSGL-1 The main way that PSGL-1 expression prevents S protein
integration and viral attachment is by interfering with virion

interaction to the host cell.

TRIM28 A novel regulator of ACE2 expression and SARS-CoV-2

cell entry.

PLSCR1 Prevents S-mediated fusion and viral escape by targeting

vesicles harbouring SARS-CoV-2.

SERINC5 Prevents virus-cell fusion, thereby inhibiting SARS-CoV-

2 entry.
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Schematic diagram of SARS-CoV-2 RNA translation and replication restriction. Following the release of SARS-CoV-2 into the cytosol, transcription and
translation of the replicase gene begin, leading to the production of nsps from the viral genomic RNA. These nsps control the construction of the
replicase-transcriptase complex, which facilitates viral RNA replication and protein synthesis. It was discovered that DAXX, RBM24, DNAJC6, SPAT2SL,
LARPZ, the IFIT family of proteins, and LARP1 all reduced SARS-CoV-2 RNA levels by more than 50% (65). Adapted from “The molecular virology of
coronaviruses”, by Hartenian et al. (17), Journal of Biological chemistry, 295(37), p. 12910 (https://doi.org/10.1074/jbc.REV120.013930). CC BY-NC.

DNA virus and retrovirus replication, is a strong inhibitor of SARS-
CoV-2 and SARS-CoV replication in human cells (67). SARS-CoV-
2 replication can be inhibited by basal expression of DAXX, and
infection can be further limited by DAXX overexpression. An early,
post-entry stage of the SARS-CoV-2 life cycle is restricted by DAXX
(67). The D/E domain of DAXX, which is also required for its
protein-folding action, is what allows it to bind SARS-CoV-2 and is
not reliant on the SUMOylation route. DAXX caused a significant
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decrease in the amounts of viral transcripts at 8 hours after infection
and in the levels of S protein at 16 hours after infection, despite
having no effect on S-mediated viral entry (67). This implies that
DAXX inhibits a replication cycle post-entry stage, such as viral
transcription (67).

The SARS-CoV-2 infection causes DAXX to relocalise to
cytoplasmic locations and encourages its breakdown. The
proteasome and viral papain-like protease (PLpro) mediate this
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process mechanistically (67). The abovementioned findings show
that SARS-CoV-2 has evolved a defence mechanism against
DAXX’s inhibition of it.

4.2 RBM24

Research has shown that the RNA binding protein RBM24
interacts with the SARS-CoV-2 RNA genome through its RNA
recognition submotifs (RNPs) (68). The results showed that in the
5’- untranslated region (UTR) of SARS-CoV-2, RBM24 identifies
and binds to the GUGUG element at stem-loop 4 (SL4) (68).
Polyprotein translation and SARS-CoV-2 replication are inhibited
by the association between RBM24 and 5'-UTR, which hinders 80S
ribosome assembly (68).

Remarkably, one or more G(U/C/A)GUG sequences in the 5'-
UTR, which is also targeted by RBM24, are found in other RNA
viruses, such as West Nile virus, SARS-CoV, Ebolavirus, MERS-
CoV, rhinovirus, Zika virus, hepatitis C virus, Japanese encephalitis
virus, yellow fever virus and HIV-1 and also leads to their
replication restriction based on the same mode of action as what
occurs with SARS-CoV-2 (68, 69).

4.3 SPAT2SL

Stress granules impede translation and trap viral RNAs to stop
the spread of viruses (70). In research performed by May et al. (71),
it was shown that the ISG SPAT2SL, which was identified to prevent
the replication of the SARS-CoV-2 RNA and is involved in the
creation of stress granules, was associated with viral N protein (65,
72). The SPAT2SL gene encodes a protein that reduces viral RNA
levels through direct binding. Following stress stimuli, SPAT2SL is
recruited into cytoplasmic stress granules, where viral RNA can be
isolated. These findings indicate that the interaction between N
protein and SPAT2SL may be crucial for the mechanism through
which SARS-CoV-2 is thought to counteract stress granules to
avoid immunological responses (73).

Eight gene ontology (GO) keywords were discovered to be
highly enriched in the SPATS2L interactome (p-values ranged
from 0.01 to 0.05). The majority of these GO keywords have to
do with various facets of ribosomal and chromosomal biology (for
example, GO:0051276, chromosome structure, p-value = 0.019;
GO0:0042273, ribosomal biogenesis, p-value = 0.021) (74),
indicating that SPAT2SL plays a crucial during restriction of viral
RNA translation and replication.

4.4 LARP1

SARS-CoV-2 replication in cells was suppressed by
phosphoinositide 3 kinase/protein kinase B/mammalian target of
rapamycin (PI3K/Akt/mTOR) inhibition (75). Translation of the
truncated osteopontin (TOP) mRNA is limited by the La-related
protein 1 (LARP1), a new target of mTORCI (76). As a result,
LARP1 could have a significant adverse effect on SARS-CoV-2
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replication. The SARS-CoV-2 5-leader sequence has a terminal
oligopyrimidine-like (TOP-like) sequence motif, and the enhanced
UV-crosslinking and immunoprecipitation (eCLIP) experiment on
host RNAs demonstrated that LARP1 linked to this pattern,
demonstrating a direct interaction of LARP1 with subgenomic
mRNAs (77).

Compared to wild-type cells, LARP1 deletion cells produced
infectious virus at levels that were about five times higher, whereas
LARP1 overexpression reduced the generation of infectious virus
and intracellular viral RNA (77).

4.5 IFIT FAMILY

IFIT proteins, which are generated following IFN-I or IRF3-
dependent signalling, assist in the defence against certain viruses by
interacting with components of the eukaryotic initiation factor 3
(eIF3) translation initiation complex and inhibiting protein
translation (78). Five members of the IFIT family (IFIT1, IFIT1B,
[FIT2, IFIT3, and IFIT5) work to stop the reproduction of active
viral RNA by identifying and sequestering single-stranded RNA
that is 5-ppp or 2’O-unmethylated (79). Three members of this
family, IFIT1, IFIT3, and IFIT5, were shown to suppress SARS-
CoV-2 replication in a research investigation, indicating that this
family is crucial for the restriction of SARS-CoV-2 (65).

4.6 DNAJC6

ISG DNAJC6, a member of the HSP40 family, was shown to
have an impact on the SARS-CoV-2 replicative stage (Figure 5)
HSP40 family members are known to be essential for protein
transport, folding, and structural disassembly. They have been
found to bind the 3’-UTR of the mouse hepatitis virus (MHV)
and SARS-CoV (80, 81). DNAJC6, which binds to the 3 UTR of
SARS-CoV-2 viral RNA, sequesters viral RNA into stress granule
ribonucleoprotein (RNP) complexes and inhibits mRNA
translation (82).

The abovementioned host restriction factors interact with viral
RNA leading to the impediment of their translation and replication.
Furthermore, some of these factors have similar modes of action
which are the suppression virus translation by inducing the
formation of stress granules and decreasing viral RNA levels in
infected cells. The viral RNA translation and replication host
restriction factors and their proposed mechanisms are
summarised in Table 2.

5 Assembly and budding restriction

Two subgenomic mRNAs in the ER membrane also create the
structural proteins S, E, M, and N. Following their insertion into the
ER, S, E, and M are trafficked down the secretory pathway to begin
viral assembly in the ER-Golgi intermediate compartment
(ERGIC). In particular, virions are produced from the ERGIC by
the collaboration of M, S, and E with viral genomes that the N
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TABLE 2 Viral RNA translation and replication host restriction factors.

Host
restriction
factor

Proposed mechanism

DAXX Blocks post-entry step of viral life cycle by inhibiting SARS-
CoV-2 RNA transcription.

RBM24 Inhibits translation of SARS-CoV-2 polyproteins.

LARP1 To prevent SARS-CoV-2 replication, LARP1 binds to

subgenomic SARS-CoV-2 RNAs with a TOP-like
sequence motif.

IFIT Family Five members of the IFIT family (IFIT1, IFIT1B, IFIT2,
IFIT3, and IFIT5) work to stop the reproduction of active
viral RNA by identifying and sequestering single-stranded

RNA that is 5-ppp or 2’0O-unmethylated.

DNAJC6 Binds to the 3’ UTR of viral RNA and sequesters viral RNA
into stress granule (SG) ribonucleoprotein (RNP) complexes,

inhibiting translation.

protein has encapsulated. Viruses are transported in vesicles
through the trans-Golgi network, and they are later released by
exocytosis (Figure 6). Notably, it was discovered that the majority of
ISGs in the study conducted by Martin-Sancho et al. (65) (16/35,
55%) limited late viral replication phases. These late-stage ISGs
were then clustered based on their known impact on (ER)-
associated protein degradation (ERAD) and vesicle trafficking
pathways (65).

The human antiviral factors involved in the restriction of SARS-
CoV-2 assembly and budding include apolipoprotein B mRNA
editing enzyme, catalytic polypeptide-like (APOBEC) family of
proteins, oligoadenylate synthetase 1 (OAS1), membrane-
associated RING-CH 8 protein (MARCHS) heat shock 70 kDa
protein 8 (HSPAS), endoplasmic reticulum raft-associated protein 1
(ERLIN-1) and bone stromal antigen 2 (BST-2).

5.1 APOBEC

The APOBEC family comprises restriction factors that are
active against a wide variety of viruses, including as herpesviruses,
retroviruses, hepatitis C virus (HCV), and foot and mouth disease
virus. (83, 84). The three main members of this family—APOBECI,
APOBEC3A, and APOBEC3G—are capable of single-stranded
RNA deamination (85). Viral replication is aberrated by executing
fatal editing through the action of cytidine deaminase in a setting
that is reliant on both sequence and structure (86). Exoribonuclease
confers a certain degree of “immunity” to CoVs against APOBEC
editing-induced mutagenesis. Nonetheless, APOBEC-mediated C-
to-U transition signals were found in global SARS-CoV-2
consensus sequences that were deposited in the Global Initiative
on Sharing All Influenza Data (GISAID). Up to 46% of nucleotide
alterations in SARS-CoV-2 are caused by this mutation, which is the
most common mutation (87-89). The asymmetric abundance in C-
to-U transitions in particular dinucleotide contexts (TC, AC, or CC)
and the high ratio of nonsynonymous to synonymous mutations
support the frequency of this mutation. This indicates non-neutral
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evolution driven by additional mutational mechanisms beyond
random changes observed in genetic drift (84, 90-93).

5.2 OAS1

Members of the OAS family are widely active ISGs crucial for
innate antiviral defence against a variety of viruses (94). RNaseL, an
OASI1-3 downstream effector, restricts viral spread by destroying
cellular and viral RNA when activated. Recently, against SARS-
CoV-2, RNaseL activity has been explicitly linked to host protection
against several coronaviruses (95). MERS-CoV inhibits the OAS/
RNaseL pathway by destroying the 2’-5" A species produced by OAS
proteins, which prevents RNaseL activation (96). Both A549-
SunTag ACE2 and A549-STAT1-SunTag ACE2 cells exhibited
OASI as a SARS-CoV-2 restriction factor in the screening
procedures performed by Danziger et al. (97). The tests further
proved that OASI’s effects on SARS-CoV-2 depend on its catalytic
activity (97).

According to this finding, SARS-CoV-2 may not directly inhibit
the production of 2’-5’A like MERS-CoV and is hence still
vulnerable to RNaseL effector activities (95). A rising collection of
genetic, epidemiological, and clinical evidence supports OASI’s
significant contribution to host defence against SARS-CoV and
SARS-CoV-2. In the SARS-CoV outbreak, OASI genetic variations
were connected to infection and high levels of morbidity (98). More
recently, single nucleotide polymorphisms (SNPs) at OAS loci have
been linked to COVID-19 mortality by genome-wide association
studies (GWAS) (99).

Clinical investigations have demonstrated that higher plasma
OASI levels are linked with decreased COVID-19 hospitalization
and mortality, and that an OAS1 isoform with Neanderthal ancestry
amplifies these benefits (100). OAS1 was discovered as a SARS-
CoV-2 antiviral gene by two additional research groups (101, 102).
Wickenhagen et al. (102) and Soveg et al. (101) emphasised the role
of OASI in the pathophysiology of SARS-CoV-2 by describing a
connection between a prenylated isoform of OASI (p46) and
COVID-19 outcomes. Prenylated OAS1 is shown in both
investigations to be directed to the endomembranous sites of
SARS-CoV-2 replication.

5.3 MARCHS8

Numerous investigations have shown that MARCHS can break
down the SARS-CoV-2 S glycoprotein through a variety of methods
(103). In addition to recognising the S protein’s cytoplasmic lysine
residues, which lead to ubiquitination and lysosomal destruction,
MARCHS has can trap the S protein on the cell surface into an
intracellular lysosomal associated membrane protein 1 (LAMP-1)
compartment for degradation (104). Furthermore, because
MARCHS8 and the highly glycosylated form of M protein
colocalise at the Golgi complex, MARCHS8 degrades the highly
glycosylated form of SARS-CoV-2 M protein (105). Here, we
discovered that overexpressing MARCHS8 decreased SARS-CoV-2
replication and that endogenous MARCHS deletion restored IRAV-
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induced N protein degradation. These findings suggest that
MARCHS is in charge of blocking SARS-CoV-2 replication which
is mediated by early growth response protein 1 (EGRI) and IFN-
regulated antiviral protein (IRAV).

In a lysosome-dependent mechanism, the cargo receptor
nuclear dot protein 52 kDa (NDP52) engaged with N protein to
stimulate its degradation via the E3 ubiquitin ligase MARCHS. This
was facilitated by the promotion of IRAV production by EGR1
(106). K48-linked poly-ubiquitination of N protein at lysine residue
143 was catalysed by MARCHS, and IRAV-mediated degradation
of N protein was prevented by endogenous MARCHS deletion.
Furthermore, SARS-CoV-2 replication may be inhibited by
MARCHS overexpression (106).

5.4 HSPAS8

It was discovered that an enhanced route implicated in SARS-
CoV-2 was trans-Golgi vesicle budding (65). Heat shock protein
HSPAS, a protein in this network, has been linked to late-stage viral
replication inhibition (65). Vesicle uncoating is reported to be
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facilitated by HSPAS8. HSPAS is essential for human cellular
functions, especially for its control of autophagy (107).

Ghosh et al. (108) used GO enrichment analysis to determine
the relevance of the functions that HSPA8 plays in biological
processes. In this study, it was discovered that open reading
frame 10 (ORF10) and E protein both target HSPAS, with the E
protein having an enrichment value of GO:0016071: mRNA
metabolic process with FDR- corrected p-value 4.13E-123 and
ORF10 targeting HSPA8 with an enrichment value of
GO:0016071: mRNA metabolic process and an FDR-corrected p-
value of 6.46E-132.

5.5 ERLIN1

It has been shown that Usp25 plays a critical function in
regulating cholesterol biosynthesis flux to stimulate TLR3-
dependent immune activation and prevent viral infection. Usp25
was once recognised as a deubiquitinating enzyme (DUB) that was
triggered by viral infection (109). Its function has since been defined
in the initiation of a metabolic inflammatory pathway that plays a
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crucial role in host defence. It has been demonstrated that
intracellular lipids are used by viruses as a resource for
replication, assembly, and secretion (110-113). Thus, lowering
lipid production during infection helps to reduce the resources
that viruses may access.

These studies show that this pathway is controlled by the
Usp25-Erlinl/2 complex in order to maintain proper
immunological responses to infection. The mevalonate pathway
and IFN-I signalling pathway were postulated to be parts of a
metabolic inflammatory pathway. Endoplasmic reticulum (ER)-
associated protein degradation (ERAD) may be brought on by the
build-up of viral proteins during virion formation at the ER-Golgi
interface. As a result, it was discovered that the ERAD regulator
ERLIN1 significantly reduced the late stages of SARS-CoV-2
replication (65, 114).

5.6 BST-2

As a powerful inhibitor of SARS-CoV-2 replication, BST-2; also
known as CD317 or tetherin, was discovered by Wrapp et al. (47).
BST-2 is found in the plasma membrane and in endosomes and is
transported via the ER and Golgi. It has been demonstrated to
prevent the release of various enveloped viruses, including HIV-1,
human coronavirus 229E, and SARS-CoV-1, by anchoring their
virions to the cell surface or internal membranes. These viruses bud
either at the plasma membrane or at the ERGIC (115-118).

It was shown that at 24 and 48 hours after infection, ACE2/
TMPRSS2-expressing 293T and Huh7 cells demonstrated SARS-
CoV-2 replication restriction by BST-2 (65). Martin-Sancho et al.
(65) then carried out loss-of-function research using HeLa cells,
which naturally express BST-2 (115, 116, 118). Researchers
discovered that over time, cells depleted of BST-2 generated much
more infectious particles (65). Since the reduction of BST-2 in Calu-
3 cells led to a considerable rise in SARS-CoV-2 titres at 24 and 38
hours after infection, they further confirmed this finding using
human lung epithelial cells (65). Overall, these findings provide
compelling evidence that BST-2 is involved in limiting SARS-CoV-
2 replication.

The viral assembly and budding host restriction factors and
their proposed mechanisms are summarised in Table 3. SARS-CoV-
2 has developed countermeasures to the antiviral activity of host
restriction factors, facilitating its replication. These evasion
strategies are discussed next.

6 Viral innate immune
evasion strategies

Inducing an inflammatory response that restricts viral
replication is one of the innate immune system’s main functions
during a viral infection. In order to get over this host defence,
coronaviruses have developed a number of evasion techniques. By
lowering IEN levels, SARS-CoV-2 can selectively avoid antiviral
innate immune responses; individuals with mild to moderate
COVID-19 have low blood levels of type I and IIT IFNs (119).
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Moreover, SARS-CoV-2 infection inhibits the generation of type I
and III IFNs at the post-transcriptional stage by blocking the release
of mRNA from transcription sites and/or inducing the nucleus to
degrade transcripts (120).

SARS-CoV-2 also encodes many proteins that disrupt
signalling, effector activity, RLR sensing pathways, and IFN
induction. For example, the MDA5 caspase activation and
recruitment domain (CARD) requires ISG15 conjugation, also
known as ISGylation, in order for it to be activated following
RNA virus infection. SARS-CoV-2 PLpro de-ISGylates MDA5 to
inhibit MDAS5 activation (121). SARS-CoV-2 ORF9b, N, and M
proteins can also inhibit the production of pro-inflammatory
cytokines and IFN-B by interfering with the RIG-I and MDA5
pathways (122-126).

The TLR3 pathway can also be blocked by ORF9b (124).
Compared to its SARS-CoV orthologue, ORE3b inhibits the
induction of type I IFN more effectively (127). IFN-f expression
and ISG activation are inhibited by SARS-CoV-2 ORF6 and ORF8
(123).NSP1 and NSP14 from SARS-CoV-2, as well as perhaps other
viral proteins, can obstruct translation and stop the production of
IFN signalling pathway components (128-130). It appears that the
SARS-CoV-2 N protein inhibits the aggregation of viral RNA with
MAVS to avoid the stimulation of the IFN pathway (131).

Encoding antagonists of certain ISGs is another viral tactic; this
has been shown for BST-2, which otherwise prevents the release of
formed virus particles, such as HIV-1 (115, 116). Known viral BST-
2 antagonists include the Ebola virus glycoprotein (132), KSHV K5
(133, 134), and the lentiviral accessory proteins Vpu and Nef (135-
138). There is growing evidence that ORF7a is a BST-2 antagonist
for SARS-CoV and SARS CoV-2, capable of directly binding to
BST-2 and changing its glycosylation pattern (65, 118).

According to a similar research, the SARS-CoV S protein
functions as a BST-2 antagonist (139). This finding was validated,
and it was extended to the S protein of SARS-CoV-2 (140). While the
BST-2 cell surface levels in several cell lines were actively reduced by
the SARS CoV and SARS-CoV-2 S proteins, ORF7a showed little to
no such activity, which is consistent with the two viral proteins’

TABLE 3 Viral assembly and budding host restriction factors.

Host
restriction
factor

Proposed mechanism

APOBEC3 Viral replication is restricted by executing fatal editing
through the action of cytidine deaminase.

OAS RNaseL, an OAS1-3 downstream eftector, restricts viral
spread by destroying cellular and viral RNA when activated.

MARCHS Disrupts nascent virion formation by degrading N, S and M
proteins when activated.

HSPAS8 Restricts SARS-CoV-2 virion release by uncoating vesicles
before virions bud.

ERLIN1 The role of ERLINT in restricting the flow of cholesterol
biosynthesis to activate the immune system in a TLR3-
dependent manner and prevent viral infection.

BST-2 Restricts the release of SARS-CoV-2 virion by attaching it to

the cell surface or intracellular membranes.
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complementary but distinct ways of BST-2 antagonistic interactions
(140). Furthermore, albeit to varying degrees, S and ORF7a both
altered overall BST-2 levels. SARS-CoV-2 S and ORF7a of the virus
only slightly decreased total cellular BST-2, while SARS-CoV-2 S
(which was also intrinsic to SARS-CoV-2 ORF7a) potently decreased
total BST-2 protein levels (140).

More understanding of SARS-CoV-2 immune evasion tactics
and the PRRs, IFN, and cytokine-production pathways that might
oppose them may lead to the identification of additional
mechanistic targets for treatment development.

7 Host-directed therapies

Given the rise in drug resistance among pathogens, there is an
urgent need to refocus attention on host-directed therapies for the
effective treatment of infectious illnesses. This becomes particularly
significant when it comes to viral infections, because the pathogen
encodes few genes and is mainly dependent on the host for
persistence and proliferation. As a result, future research on
antiviral medications should focus more on finding molecules of
host pathways that are regularly hacked by several viruses. These
host cellular proteins are an attractive target for the broad synthesis
of anticipatory antivirals.

Many disease outbreaks have impacted the world over the last
few decades, including SARS-CoV (2003), HIN1 (2009), MERS-
CoV (2012), Ebola (2014), and SARS-CoV-2 (2019). Improving our
understanding of the processes behind host-pathogen interactions
and infectious disease states is essential if we are to prevent
imminent damage. With these findings in hand, proactive steps to
stop such epidemics in the future can be taken. The ability to
systematically assess and anticipate the host features that contribute
to the disease cycle would be a more effective tool for controlling
outbreaks. Finding a subgroup of viruses with the capacity to spread
quickly must thus be a key goal for research.

The emergence of COVID-19 has prompted the investigation of
several therapeutic options. Over 7,000 clinical studies for COVID-
19 have been registered, an astounding number by any standard
(141). Vaccine approaches, widely discussed elsewhere (142), and
therapeutic approaches might be classified as immunomodulatory
or antiviral. FDA approval of remdesivir and EUA for the antivirals
molnupiravir, paxlovid (a combination of nirmatrelvir and
ritonavir), sotrovimab, and monoclonal antibody cocktails came
from clinical trials of these medicines. Furthermore, evidence
suggested that CRISPR/Cas was also usable for diagnosis and
treatment of SARS-CoV-2 infection. -Next, we discuss host-
directed therapies directed against SARS-CoV-2.

7.1 Genetic approaches to harness
restriction factors for therapy
and prevention

Restriction factors can target conserved viral components or

produce an unfavourable cellular environment for replication,
hence impeding the development of resistance in viral infections.
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Furthermore, antiviral effectors may “overpower” viral antagonists
or evasion mechanisms at higher expression levels in genetic drift,
despite the fact that well-adapted pathogens, like SARS-CoV-2
variants, are typically largely resistant to restriction factors at
expression levels naturally achieved in infected individuals (30).

Therefore, it is highly desirable to induce endogenous restriction
factors under control without triggering systemic immunological
activation. For instance, it was possible to specifically induce the
expression of APOBEC3G and 3B in HEK293T and CEM-SS cells,
which do not ordinarily exhibit these restriction factors (143), using
an engineered Cas9-based transcriptional activation system
developed by Konermann et al. (144).

In this method, a single guide RNA (sgRNA) recruits a DNA-
cleavage-incompetent Cas9 nuclease, coupled to the powerful VP64
transactivation domain, to certain promoter regions. The two
terminal loops on the sgRNA are especially involved in
interactions with the MS2 bacteriophage coat protein. This
protein is produced as a fusion that comprises transcription
activation domains that are derived from heat shock factor 1 and
the NF-«B subunit p65. Expression of particular target genes was
potently stimulated upon binding of this complex, known as
synergistic activation mediator (SAM), to its target site upstream
of the transcriptional start site. Significantly, proviral APOBEC
signature alterations were caused in target cells by the activation of
APOBEC3G and APOBEC3B (143), providing proof of concept
evidence that increased expression of restriction factors have
suppressive effects on viral replication in vitro.

Although the removal of viral dependence factors is an intriguing
strategy, it is only feasible if these cellular proteins do not perform
important physiological roles. Using restriction factor modification to
make them resistant to viral antagonists or active against SARS-CoV-
2 offers another exciting possibility for the use of genome editing
techniques in clinical development. For instance, N protein alterations
make SARS-CoV-2 resistant to human TRIM5a’s premature
uncoating, but they offer no defence against other species’ TRIM50.
orthologues (145). Therefore, methods to prevent SARS-CoV-2
replication might include modifying endogenous human TRIM50.
or expressing heterologous TRIM50.. Feline immunodeficiency virus
(FIV), a lentivirus that is vulnerable to species-specific restriction
factors similar to SARS-CoV-2, finds a natural host in cats, providing
proof of concept (146). The introduction of TRIMCyp into the cat
germline completely protected its lymphocytes from FIV infection
(146). Preventing viral antagonists from inactivating restriction
factors would be another tactic. Indeed, it has been demonstrated
that human APOBEC3G is spared from destruction by the HIV-1
auxiliary protein Vif due to a single amino acid alteration (D128K)
(147). Therefore, human restriction factors that are unlikely to have
negative consequences might entirely restore their action against
human diseases like SARS-CoV-2 by changing just a few, or even a
single, amino acid.

7.1.1 Potential challenges for genomics-based
antiviral therapy

There have been several reported effective uses of CRISPR/Cas9
technology thus far for anti-viral modification of significant viral
illnesses. However, there are many obstacles to overcome before it
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can be implemented as human antiviral therapy. Prioritising the
reduction of any off-target action is necessary to guarantee safety in
an in vivo application. A disastrous consequence for a host cell
might arise from the incorrect digestion of a crucial host gene that
bears a strong resemblance to the 20 bp seeding plus protospacer
adjacent motif (PAM) sequence of the CRISPR/Cas9 target site. A
different version of Cas9 called Cas9nickase, which has a reduced
off-target property due to its induction of a single strand DNA
cleavage instead of a double strand one, is highly recommended for
human use in order to tightly control this potential off-target
activity of the CRISPR/Cas9 system (148, 149). For the clinical
implementation of a CRISPR/Cas9-based antiviral approach, three
CRISPR/Cas systems with high gene-editing efficiency and little off-
target cleavage should be a far safer option (150-152).

The second a major obstacle to the successful clinical translation
of this new technology is the delivery of CRISPR/Cas9 components
into each virus-infected cell. This is because residual virus-infected
cells that have not been corrected may act as a new viral reservoir,
dispersing a new virion to previously corrected normal cells.

Third, another issue that must be resolved before the CRISPR/
Cas9 system is implemented in clinical settings is the emergence of
viral resistance to it via the creation of a viral escape mutant. It is
imperative to carefully choose the most conserved and important
viral genome regions while designing gRNA in order to prevent this
problem. The most exacting and ideal gRNA selection is necessary
for the effective CRISPR/Cas9-mediated control of a viral infection
brought on by a population of viruses with a wide range of sequence
variations (quasi-species). Furthermore, it has been demonstrated
that a number of single gRNA-based monoplex strategies become
ineffective against viruses as a result of the selection of a mutant
virus strain with a changed target site that the CRISPR/Cas9 system
can no longer cleave (153-157).

Fourth, a more thorough validation of the safety of the CRISPR/
Cas9-based host-targeting antiviral strategy is required. One
common example of an indirect use of the CRISPR/Cas9 system
is the suggestion of eliminating host components necessary for a
certain stage of a viral life cycle. The host-targeting technique aided
by CRISPR/Cas9 appears to benefit from far lower viral resistance as
compared to directly altering a virus’s DNA. It is not simple to
choose a host dependence factor, though, as they are both necessary
for a virus and optional for a host. To forecast the potential adverse
effects of this antiviral medication, a thorough investigation of the
human immunological response to the CRISPR/Cas system must
also be carried out. Practically speaking, the majority of infected
individuals should benefit from this CRISPR/Cas9-based antiviral
medication if its cost is kept within a reasonable range (158).

8 Conclusion and future perspectives

The fast global appearance and dissemination of SARS-CoV-2
over the past few years has significantly altered virus research. This

Frontiers in Virology

10.3389/fviro.2024.1462283

dynamic has seen the monthly production of more than 10,000 new
SARS-CoV-2 papers (159). In order to provide a thorough overview
of the host immune response to SARS-CoV-2 at this time, this review
includes some of the most pertinent and cited immune response
information. This collection of data reflects the context and current
level of knowledge in a dynamic and constantly changing field. The
development of targeted therapies, such as antivirals and
immunomodulatory medicines, which can lessen the severity of
infection and restrict viral propagation, can benefit from an
understanding of the interactions between the virus and the host
immune system. Additionally, by assisting in the identification of
possible treatment targets and the development of efficient preventive
measures, this knowledge can aid with pandemic preparedness.

As new data are provided globally, the subjects addressed here
need to be continually re-evaluated. Through such contemplation,
pharmacological target selection may be improved, and the
molecular underpinnings of disease can be clarified and
understood. Understanding the molecular mechanism by which
SARS-CoV-2 inhibits IFN production and signalling for drug
targets and pathogenesis can point to additional potential
treatments, such as IFN mimicry, small molecules, solubilizable
ACE2 in place of monoclonal antibodies (160), prophylactic RIG-I
agonists (161), or nanobody-fusions targeting particular ORFs.
Clinical trials might further investigate a variety of already
available and authorised IFN receptor agonists (ropeginterferon
alfa-2b, peginterferon alfa-2b, efc.). The management of COVID-
19, SARS-CoV-2, and upcoming pandemics may be done in the
most efficient way thanks to these points of constant assessment.

An interesting, if complicated, field of study is the continuous
molecular arms race between viruses and their hosts. It is
astounding that certain restriction factors may remain to suppress
modern viral infections even after existing for many millions of
years (67, 97, 162). Since restriction factors are generally widely
active and viral infections often cannot simply acquire resistance
through point mutations, they typically have certain benefits over
other antiviral medicines. However, certain well adapted viral
infections have developed specialised antagonists and are
therefore little impacted by the constraints present in their native
hosts. However, if restriction factors are resistant to viral
antagonists or expressed at abnormally high levels, then even
well-adapted viruses are often successfully suppressed. Therefore,
effective restriction factor induction or genetic alteration constitute
viable approaches to improve viral replication control. According to
recent research, millions of years of coevolution between the virus
and the host may have fuelled the development of cytokines that
may be utilised to raise certain subsets of restriction factors to levels
high enough to prevent viral reproduction without inducing
deleterious inflammation (30). We however still don’t fully
understand how the many inducers and effectors of this first-line
antiviral defence interact with one another. Infectious viral
infections continue to grow and pose a serious threat to public
health despite massive scientific efforts and notable advancements.
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As a result, a deeper comprehension of the framework including
effectors and modulators of the antiviral immune response is
imperative and might result in the generation of novel therapeutic
or preventative strategies.
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