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Severe respiratory syndrome coronavirus 2 (SARS-CoV-2) and other
coronaviruses depend on host factors for the process of viral infection and
replication. A better understanding of the dynamic interplay between viral
pathogens and host cells, as well as identifying of virus-host dependencies,
offers valuable insights into disease mechanisms and informs the development
of effective therapeutic strategies against viral infections. This review delves into
the key host factors that facilitate or hinder SARS-CoV-2 infection and replication,
as identified by CRISPR/Cas9-based screening platforms. Furthermore, we
explore CRISPR/Cas13-based gene therapy strategies aimed at targeting these
host factors to inhibit viral infection, with the ultimate goal of eradicating SARS-
CoV-2 and preventing and treating related coronaviruses for future outbreaks.
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Introduction

The COVID-19 pandemic represents a global health crisis that has impacted billions of
lives worldwide, posing unprecedented challenges to healthcare systems, economies, and
social structures across the globe. Despite the World Health Organization (WHO) declaring
the end of COVID-19’s emergence phase on 5 May 2023, the disease continues to pose a
global health threat, and the risk of new variants to emerge remains. It is therefore crucial to
comprehend the mechanism through which SARS-CoV-2, the causative agent, takes control
of the host cell machinery during infection, which shall aid in the development of novel
therapeutic approaches. SARS-CoV-2, a member of the Coronaviridae, is an enveloped,
positive-sense single-stranded RNA virus with a genome length of approximately
30 kilobases (Fehr and Perlman, 2015; Wang et al., 2020). The infection begins with
binding of the virus to receptors and fusing with the membrane, both on the plasma
membrane and within endosomes, depending on mutations on the spike protein. This
process releases the viral nucleocapsid into cytoplasm, where it undergoes translation to
produce viral proteins using genomic RNA as template, then viral replication transcription
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complexes of virus form on double-membrane vesicles (DMVs),
resulting in copies of new viral genome. These copies are then
packaged via budding process into mature virions and then released
from infected cells (Fung and Liu, 2019; Daniloski et al., 2021). The
identification of host factors critical for infection is important for
elucidating virus-host interaction and pathogenesis mechanisms,
and can offer new strategies for prevention and antiviral therapy.

RNA interference (RNAi) and Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) have proven effective in
identifying host factors essential for infection by various viruses
(Puschnik et al., 2017). CRISPR/Cas9-based screening platforms,
such as loss-of-function CRISPR knockout (CRISPRKO) and gain-
of-function CRISPR activation (CRISPRa), have emerged as the
crucial methods for pinpointing host genes crucial for SARS-CoV-
2 infection (Baggen et al., 2021; Daniloski et al., 2021; Hoffmann
et al., 2021; Schneider et al., 2021; Wang et al., 2021; Wei et al., 2021;
Biering et al., 2022; Israeli et al., 2022; Rebendenne et al., 2022).
These cutting-edge techniques are driving the development of novel
therapeutic strategies aimed at eradiating the disease. During each
step of the viral life cycle, specific cellular proteins are hijacked and
play crucial roles; for example, previous studies have shown that
angiotensin-converting enzyme 2 (ACE2) is exploited as the viral
entry receptor, additionally, cellular proteases, such as
Transmembrane Serine Protease 2 (TMPRSS2), Cathepsin L
(Ctsl), and furin, are important for the activation of the viral
spike(S) protein (Benton et al., 2020; Hoffmann et al., 2020).
Significantly, recent CRISPR-based screens have identified several
novel host factors involved in coronavirus infection. The fact that

well-known viral entry receptors or cofactors, such as ACE2,
TMPRSS2 and cathepsin L, are ranked among the top list of
CRISPR screenings (Wei et al., 2021; Biering et al., 2022;
Rebendenne et al., 2022), underscores the value of this
methodology in discovering the host factors involved. Herein, we
summarize recent findings on some of the top-ranked host factors,
especially roles in virus-host interaction and implications for
antiviral therapeutics (Figure 1).

TMEM41B

Genome-scale CRISPR-Cas9 knockout screens were performed
using human Huh-7.5 (.1) (Schneider et al., 2021; Wang et al., 2021)
or Huh7 (Baggen et al., 2021) hepatoma cells to identify
Transmembrane protein 41B (TMEM41B) as a host factor for
SARS-CoV-2. Additionally, utilizing same screening method,
TMEM41B remain among the top hits in Huh7 cell lines for
Middle East Respiratory Syndrome Coronavirus (MERS-CoV)
and seasonal alpha-coronavirus Human coronaviruses (HCoV-
229E) (Kratzel et al., 2021; Trimarco et al., 2021). It has also
been identified in B3GALT6-deficient human haploid (HAP1)
cells for Zika and Yellow Fever Viruses (Hoffmann et al., 2021).
These findings reinforce the notion that TMEM41B serves as a
broad-spectrum host factor for infection caused by coronaviruses
and other types of viruses (Baggen et al., 2021; Hoffmann et al., 2021;
Kratzel et al., 2021; Schneider et al., 2021; Trimarco et al., 2021;
Wang et al., 2021). TMEM41B is integral endoplasmic reticulum

FIGURE 1
Schematic illustration of the SARS-CoV-2 life cycle, including binding, membrane fusion, uncoating, RNA replication, transcription, translation,
packaging, and release. The top-ranked host genes from the CRISPR screen that are involved in viral replication cycle are highlighted in red.
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(ER)-located transmembrane protein whose physiological function
is currently not well understood. Previous research has
demonstrated that this protein is not only crucial for synaptic
transmission in motor circuit neurons (Imlach et al., 2012; Lotti
et al., 2012), but also essential for the autophagy pathway, as it is
involved in the early stages of autophagosome formation and plays a
key role in intracellular lipid mobilization (Moretti et al., 2018;
Morita et al., 2019; Shoemaker et al., 2019). Mechanistic studies of
the role of TMEM41B in SARS-CoV-2 infection have revealed that,
like the flavivirus replication cycle (Hoffmann et al., 2021),
TMEM41B is involved in post-entry to facilitate the ER
membrane remodeling essential for forming replication organelles
(Schneider et al., 2021). The most prominent replication organelles
induced by SARS-CoV-2 infection are double-membrane vesicles
(DMVs), which are formed by reshaping the endomembrane in the
host cells (Baggen et al., 2021; Hoffmann et al., 2021; Sun et al., 2021;
Trimarco et al., 2021; Ji et al., 2022). Facilitating the formation of
nsp3/4 complexes is thought to be the critical mechanism by which
TMEM41B contributes to the DMV biogenesis, as these complexes
are able to create curvature in the ER through “zipping” interactions
(Ji et al., 2022). Another study has shown that TMEM41B may
contribute to the formation of viral replication complexes by
mobilizing cholesterol and other lipids, which in turn facilitates
the expansion and curvature of host membranes (Trimarco et al.,
2021). Importantly, the function of TMEM41B is validated in vitro;
for example, the infectivity of SARS-CoV-2 was strongly decreased
in Huh 7.5 and A549ACE2/TMPRSS2 cells by genetic deletion of
TMEM41B. Conversely, the reintroduction of TMEM41B cDNA
restored the infectivity of SARS-CoV-2 in these cell lines (Schneider
et al., 2021).

TMEM106B

The lysosomal transmembrane protein TMEM106B was
identified as notable host factor in multiple Genome-wide
CRISPR based genetic screens in Huh7 (Baggen et al., 2021) and
Huh7.5.1 (Schneider et al., 2021; Wang et al., 2021) cells required for
SARS-CoV-2 infection. TMEM106B is a 274 amino acid
transmembrane protein that is located in late endosomes and
lysosomes. It is not well characterized and has only recently
gained attention due to its involvement in frontotemporal
dementia, which is the second leading cause of pre-senile
neurodegeneration. TMEM106B plays a crucial role in regulating
various aspects of lysosome function, including size, number,
mobility, and trafficking (Luningschror et al., 2020). Its
importance lies in its pivotal role in lysosome acidification,
achieved through its interaction with the proton pump vacuolar,
ATPase accessory protein 1 (Klein et al., 2017). Previous reports
have indicated that SARS-CoV-2 S-pseudotyped virus entry requires
endosomal acidification (Hoffmann et al., 2020; Ou et al., 2020).
Furthermore, overexpression of TMEM106B specifically enhances
cell entry by pseudoviruses carrying SARS-CoV-2 spike protein, and
it has been observed that TMEM106B has a high-level expression in
airway epithelium from patients with COVID-19 compared to non-
infected patients (Baggen et al., 2021). Based on these findings, it is
believed that the expression of TMEM106B increases susceptibility
to SARS-CoV-2 by promoting endosomal acidification or acting as

an endosomal cofactor, thereby facilitating the delivery of the SARS-
CoV-2 genome into the cytoplasm (Baggen et al., 2021). This was
further supported by the fact that genetic depletion of TMEM106B
decreased SARS-CoV-2 infection in Huh7.5.1, Huh7, Hep3B, NCI-
H2110, A549, NCI-H1975, as well as primary bronchial epithelial
cells (HBECs), and this effect was reversed by complementing with
TMEM106B cDNA indicating the specificity and efficiency of this
gene target (Baggen et al., 2021; Wang et al., 2021). Interestingly, the
high expression of TMEM106B expression in the brain compared to
the lung might contribute to neurological symptoms such as stroke,
brain hemorrhage and memory loss in COVID-19 patients (Uhlen
et al., 2015; Varatharaj et al., 2020). Therefore, TMEM106B targeting
may prevent neurological symptoms associated with COVID-19.

GATA6

CRISPR-based genome-wide gene knockout screen was
performed to identified GATA binding protein 6 (GATA6)
scored as the second strongest proviral factor in the human lung
epithelial cell line Calu-3 in response to SARS-CoV-2 (Israeli et al.,
2022). GATA6 is a member of a small family of zinc finger DNA-
binding transcription factor that play an important role in the
regulation of visceral endoderm differentiation and it is the only
GATA family member expressed in the distal epithelium of the
developing lung (Yang et al., 2002). GATA6 was upregulated in
SARS-CoV-2 infected lung and has been reported to be critical for
SARS-CoV-2 cell entry by binding to the ACE2 promoter and
directly regulating its transcription (Islam and Khan, 2020; Israeli
et al., 2022). The manipulation of GATA6 targeting through
CRISPR abrogation provides protection to Calu-3 cells from
SARS-CoV-2 infection as well as other variants of concern
(VOCs), including Alpha, Beta and Delta (Israeli et al., 2022).
Elevated expression of GATA6 has been observed in COVID-19
patients compared with healthy individuals indicating the clinical
relevance of GATA6 to SARS-CoV-2 infection.

Mucins

Membrane associated mucins were identified in lung epithelial
Calu-3 cell line for SARS-CoV-2 infection through gain-of-function
CRISPRa screen (Biering et al., 2022; Rebendenne et al., 2022).
Mucins are a family of high molecular weight O-glycosylated
glycoproteins and are the primary constituent of mucus lining
the epithelial tract of the lungs and gut (Lillehoj et al., 2013).
Mucins can be divided into two types: transmembrane mucins,
such as MUC1 or MUC4, and secreted, gel-forming mucins, such as
MUC5AC and MUC5B. They have a well-established role in host
defense against pathogens (McAuley et al., 2017; Chatterjee et al.,
2020). Previous studies have reported that at cell level, CRISPR-
mediated overexpression mucins (MCU1, MCU4, MUC21) had a
potent impact on decreasing SARS-CoV-2 replication in Calu3 cells
(Rebendenne et al., 2022). Moreover, when endogenous mucins are
digested with protease, the cells become more permissive to SARS-
CoV-2 infection (Biering et al., 2022). Additionally, mucins have
been shown to restrict infection of multiple SARS-CoV-2 variants,
including alpha (B.1.1.7), beta (B.1.351), gamma (P.1), epsilon
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(B.1.429) and WA/1(Biering et al., 2022). Furthermore, at tissue
level, it has been observed that all four transmembrane mucins
(MCU1, MCU4, MUC13, MUC21) are upregulated in SARS -CoV-
2 infected human lung tissue, and MCU1, MCU4 are increased in
infected hamster and mouse lung tissue (Biering et al., 2022). All
these suggested that mucins may serve as antiviral host receptors.
Moreover, significant upregulation consistent with a protective role
was detected in the epithelial cell fraction of human bronchoalveolar
lavage fluid (BALF) from patients with SARS-CoV-2 infection
(Biering et al., 2022). The evidence that mucins play a protective
role against SARS-CoV-2 infection in vivo is supported by the fact
that a triple membrane-anchored mucin KO mouse
(Muc1−/−/Muc4−/−/Muc16−/−) exhibited a higher level of
SARS-CoV-2 N protein and RNA, as well as a higher viral titer,
when compared to wild-type control mice (Biering et al., 2022).
Importantly, it was believed that mucins affect the step of cell
binding to restrict SARS-CoV-2 entry (Biering et al., 2022). In
contrast to transmembrane mucins, gel-forming mucins such as
MUC5AC have been shown to play a proviral role in SARS-CoV-
2 infection (Biering et al., 2022).

CRISPR/Cas13-based gene therapy to
target host factors

Targeting host proteases represents a viable strategy for
preventing and treating COVID-19. However, despite several
host protease inhibitors showing efficacy in blocking the entry of
coronaviruses (e.g., SARS-CoV-2 and SARS-CoV-1) in vitro, their
therapeutic effects in animal model have been limited (Zhou et al.,
2015; Liu et al., 2020). Gene therapy using CRISPR/Cas9, a powerful
tool for targeted gene editing, provides a potential alternative
method for targeting host proteases. However, the possibility of
introducing unwanted irreversible DNA changes using CRISPR/
Cas9 is a major obstacle to its therapeutic application (Pummed,
2018). The CRISPR/Cas13d (CasRx) RNA targeting system offers a
way to transiently knockdown host proteases at the mRNA level
without causing off-target effects that are typical of RNA

interference (RNAi) strategies (Birmingham et al., 2006; Sigoillot
et al., 2012; Konermann et al., 2018). CasRx is highly efficient and
specific in RNA knockdown, and RNA interference effects have not
been reported for Cas13 guide RNAs in mammalian cells (Cox et al.,
2017; Konermann et al., 2018). The small size of the CasRx enzyme
makes it suitable for packaging into an adeno-associated (AAV)
vector (Konermann et al., 2018). However, clinical application of
AAV vectors is limited because of the viral immunogenicity, the
small percentage of cells targeting, viral production difficulties, and
tumorigenic concern (Thomas et al., 2003; Hardee et al., 2017;
Colella et al., 2018; Nguyen et al., 2020). Lipid nanoparticles (LNPs)
have been successfully employed in clinical settings for the delivery
of therapeutic agents and vaccines (Mullard, 2018; Jackson et al.,
2020). We have recently developed chemically engineered LNPs that
encapsulate CRISPR/Cas13d, enabling effective control of SARS-
CoV-2 infection by specifically targeting a robust host factor known
as Ctsl (Figure 2) (Cui et al., 2022). Ctsl is an important endosomal
cysteine protease that faciliates viral entry through priming the virus
endosome membrane fusion (Liu et al., 2020). This approach
demonstrated the ability to extend the survival of mice that were
lethally infected with SARS-CoV-2, by reducing the viral load in the
lungs, suppressing the expression of proinflammatory cytokines/
chemokines, and mitigating the severity of pulmonary interstitial
inflammation. Importantly, the effectiveness of post-infection
treatment suggests the CRISPR could be a potential treatment for
SARS-CoV-2 (Cui et al., 2022).

Conclusion and future perspectives

In the past two decades, three human beta-coronaviruses have
emerged and caused outbreaks that have generated significant global
health concerns. Among these viruses, SARS-CoV and Middle East
respiratory syndrome (MERS) have relatively high fatality rates, with
MERS still sporadic, while SARS-CoV-2 is the most recent and
widespread coronavirus to cause a global pandemic. This virus has
resulted in millions of deaths and substantial morbidity worldwide,
making it a major public health crisis. Since the beginning of the

FIGURE 2
Schematic depiction of lung-targeting LNPs encapsulating CRISPR/Cas13d mRNA/pre-gCtsl demonstrated efficacy in controlling of SARS-CoV-
2 infection.
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COVID-19 pandemic at the end of 2019, the identification of host
factors has become a central focus of the biomedical research
community. Genome-wide CRISPR/Cas9-based screening has
been instrumental in identifying novel host factors of viral
pathogens (Daniloski et al., 2021; Wei et al., 2021). By
comprehending the host factors necessary for viral replication
and infection, we can identify potential targets for developing
new antiviral therapies or repurposing existing drugs (Puschnik
et al., 2017; Cui et al., 2022). In this review we have summarized
several newly identified host factors, including TMEM41B,
TMEM106B, GATA6, and mucins. The identification and
characterization of these host factors will provide
valuable insights into host-targeted therapeutic strategies for
SARS-CoV-2 and related coronavirus outbreaks in the future.

Amid the ongoing fight against the SARS-CoV-2 infection, a
range of vaccines—including Pfizer and Moderna’s mRNA
vaccines—and medications such as remdesivir and paxlovid, have
been granted emergency use authorization to save lives. Developing
vaccines and drugs is typically a time-consuming endeavor, and the
rapid emergence of SARS-CoV-2 variants may undermine the
effectiveness of existing treatments. Given that infections caused
by SARS-CoV-2, including its variants, as well as other
coronaviruses, critically depend on host factors, some of which
are not amenable to small molecule strategies, utilizing the CRISPR/
Cas system—particularly the reversible and specific RNA-targeting
CRISPR/Cas13—offers substantial promise in the fight against
current and future coronavirus infections. Compared to DNA
targeting/editing, the reversible and flexible characteristics of
Cas13-based RNA-targeting/editing have the potential to alleviate
existing ethical barriers, such as those concerning the impact on
future descendants and the therapeutic genome editing of late-onset
disorders. This, in turn, opens up new avenues for safe clinical
interventions, thereby expanding the realm of possibilities (Gold
et al., 2021). However, the specificity of Cas13 effectors in
mammalian cells remains a topic of debate. This originates from
the scenario where, upon binding to a target RNA, the
Cas13 complex undergoes a conformational change. This change
activates the nuclease domains that can be exposed on the surface of
the complex, leading not only to the cleavage of the target RNA, but
also to the incidental cleavage of bystander RNAs—a phenomenon
referred to as collateral activity, which is commonly observed in
bacterial systems (Abudayyeh et al., 2016; East-Seletsky et al., 2016).
Our group, alongside other groups, has consistently observed no
evidence of this activity in eukaryotic cells across various
experiments (Abudayyeh et al., 2017; Konermann et al., 2018;
Huynh et al., 2020; Kushawah et al., 2020; Cui et al., 2022), and
the extensive utilization of Cas13 in other studies further supports its
safety and absence of such activity (Cox et al., 2017; He et al., 2020;
Wessels et al., 2020; Li et al., 2021). Conversely, preliminary yet
limited evidence has started to suggest that collateral activity might

occur in certain mammalian cells when targeting specific RNAs
(Ozcan et al., 2021; Xu et al., 2021; Kelley et al., 2022; Li et al., 2023;
Shi et al., 2023). This introduces an element of doubt regarding the
practical implementation of Cas13-based therapeutics. Interestingly,
the recently developed CRISPR-Csm complexes, a multi-protein
effector from type III CRISPR systems, presents itself as an appealing
RNA target tool in eukaryotic cells with minimal off-target effects,
providing renewed hope for the effective and safe utilization of
CRISPR RNA-targeting in the future (Colognori et al., 2023).
Finally, it is crucial to mention the need for the advancement of
LNP delivery systems, designed specifically to selectively deliver the
CRISPR RNA-targeting tool to the upper and lower respiratory
systems. Although the current Selective Organ Targeting (SORT)
LNP delivery system has shown promising results in a limited range
of tissues, including the lungs (Cheng et al., 2020), the practical
application of this technology calls for further enhancements to
ensure the effective and safe delivery. In summary, the LNP-CRISPR
RNA-targeting approach must undergo rigorous efficacy and safety
assessments before it can be responsibly considered for human
application.
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