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Editorial on the Research Topic
Recent highlights in the development of therapeutic antiviral strategies

Recent developments in antiviral therapies are at the forefront of medical research,
shaping the landscape of viral disease management and offering new hope in the fight
against viral infections. Biotherapies, in the realm of antiviral treatments represent a cutting-
edge approach to combat viral infections. These therapies leverage biological agents such as
antibodies, interferons, or engineered immune cells to directly target viruses, or host factors,
to improve the immune response. One notable example is the development of monoclonal
antibodies, which have shown remarkable effectiveness in neutralizing viruses like SARS-
CoV-2. The development of interferon-based therapies is another notable recent innovation.
These treatments stimulate the host immune response, which improves its capacity to
fight viral infections such as Hepatitis B Virus (HBV) infection. Recently, nucleic acid
technologies have revolutionized antiviral strategies. mRNA vaccines, exemplified by those
designed to combat COVID-19, have demonstrated effectiveness and adaptability against
emerging viral variants. However, challenges persist in the pursuit of effective antiviral
treatments. New therapeutic strategies need to be developed to overcome viral resistance.
Beyond therapeutic strategies, a comprehensive approach to antiviral efforts includes a focus
on prevention, early detection, and public education. Vaccination campaigns, innovative
strategies for rapid viral detection, and public awareness programs all contribute to the fight
against viral infections and improve global health outcomes.

In this Research Topic, we have collected original research and review articles covering
many different aspects of therapeutic antiviral strategies.

Among them, several manuscripts mainly focused on antiviral therapies against
coronaviruses. In an elegant study, Andreu et al. report for the first time the broad-spectrum
antiviral activity of a Dextran sulfate-based extrapolymeric substance produced by the lactic
acid bacterium Leuconostoc mesenteroides B512F. They evaluated the toxicity and antiviral
efficacy upon inhalation of this exopolysaccharide substance in mouse models susceptible to
SARS-CoV-2 infection, and demonstrated a strong inhibition of SARS-CoV-2 infection in
vivo. Moreover, they also demonstrated a broad-spectrum antiviral activity of this substance
against several enveloped viruses such as SARS-CoV-2, HCoV229E, HSV-1, in in vitro
models and in human lung tissue. In another study, Piacentini et al. showed that the anti-
infective drug nitazoxanide has a potent antiviral activity against three human seasonal
coronaviruses HCoV-229E, -NL63, and OC43 in cell culture. Nitazoxanide does not affect
HCoV adsorption, entry or uncoating, but acts at post-entry level, interfering with the
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spike glycoprotein maturation. Together, these two studies propose
promising tools for the treatment of seasonal coronavirus
infections. Finally, Guan et al. summarized the antiviral
mechanisms of stress granules (SGs) and provided new insights
into the development of SG-targeted antiviral drugs according to
different pathways, particularly in the context of SARS-CoV-2.

Apart from the example of the study of Andreu et al.
using a bacterium deriving molecule as antiviral treatment, other
works presented in this Research Topic have used such antiviral
approaches. In an interesting study, Wiggins et al. engineered
two bacterial strains (Lactobacillus casei and Lactococcus lactis)
for expressing scytovirin, a lectin deriving from cyanobacteria,
on the bacterial surface. They demonstrated that both bacterial
strains neutralize pseudotyped Ebolavirus in a cell-based assay.
In a similar way, Kan et al. proposed a potential new drug
to treat porcine epidemic diarrhea virus (PEDV) infection,
by using Lactiplantibacillus plantarum supernatant. This acts
by promoting the balance of intra- and extracellular Ca
2+ concentrations, thereby inhibiting PEDV proliferation with
depends on intracellular Ca 2+ level.

In another work, Qi et al. evaluated the potential for synergistic
effects of combination therapies to treat chronic hepatitis B
infection. They presented two combination approaches aiming
to target HBsAg and HBV-DNA. The first involved the use of
antibodies followed by the administration of a therapeutic vaccine.
The second combined antibodies with Entecavir. In both cases,
they have shown that they constitute promising strategies to treat
hepatitis B.

Finally, three reviews present current knowledge in antiviral
approaches for chosen viruses. In the first one, Peng et al. presented
functional epitopes and neutralizing antibodies of vaccinia virus,
and discussed their potential value in the context of smallpox
prevention and treatment. In a second manuscript, Afzal et al.
reviewed current advances in therapeutic strategies, immune-based
therapies and vaccine candidates for Hantavirus infections. Lastly,
Gourin et al. presented the state of the current knowledge about
anti-human cytomegalovirus (HCMV) therapies. They described
the various molecules developed against HCMV with their mode
of action, preclinical tests, clinical studies and possible resistance.

Significant progress has been made over the past decades in the
development of new antiviral therapeutic approaches. In addition
to the discovery and development of treatments for viral infections
for which we do not yet have a strategy, the main challenge is to
develop therapeutic approaches to overcome resistance mutations
and toxicity of approved therapies. Overall, this Research Topic

Frontiers in Microbiology

10.3389/fmicb.2023.1338999

covered a large panel of antiviral strategies including new drugs,
immune-based therapies, therapeutic antibody, and vaccine, and
offer new perspectives for therapeutic intervention.
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School of Public Health and The Second Affiliated Hospital, Zhejiang University School of Medicine,
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Stress granules (SGs) are distinct RNA granules induced by various stresses, which
are evolutionarily conserved across species. In general, SGs act as a conservative
and essential self-protection mechanism during stress responses. Viruses have a
long evolutionary history and viral infections can trigger a series of cellular stress
responses, which may interact with SG formation. Targeting SGs is believed as
one of the critical and conservative measures for viruses to tackle the inhibition
of host cells. In this systematic review, we have summarized the role of SGs
in viral infection and categorized their relationships into three tables, with a
particular focus on Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) infection. Moreover, we have outlined several kinds of drugs targeting SGs
according to different pathways, most of which are potentially effective against
SARS-CoV-2. We believe this review would offer a new view for the researchers
and clinicians to attempt to develop more efficacious treatments for virus
infection, particularly for the treatment of SARS-CoV-2 infection.

KEYWORDS

stress granule, viral infection, SARS-CoV-2, drug design, antiviral drugs

1. Introduction

In eukaryotic cells, the membraneless organelles composed of mRNA and proteins are
called RNA granules (Anderson and Kedersha, 2009). Stress granules (SGs), one type of RNA
granules, transiently form in the cytoplasm during cellular stress and are evolutionarily
conservative in animals and plants (Spector, 2006; Reineke and Neilson, 2019). SGs are involved
in the regulation of transcription and translation which is essential for maintaining cellular
homeostasis. Life is full of transient stress, and eukaryotic cells have developed sophisticated
coping mechanisms to deal with a bombardment of cellular challenges (Morimoto, 2011; Li
et al., 2013). SG formation appears to be a prudent and essential mechanism during stress
responses; it reduces energy use, restores cellular homeostasis, and increases cell viability under
damaging conditions (Mahboubi and Stochaj, 2017).

SGs are composed of multiple factors including translation initiation factors, polyadenylated
RNA, small ribosomal subunits, and numerous RNA binding proteins (RBPs; Thomas et al.,
2011; Aulas and Vande Velde, 2015). These components can be divided into three grades (Fan
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and Leung, 2016). The innermost part exists in almost all SGs induced
by various stress conditions. It consists of a 48S pre-initiation complex,
along with stalled mRNA transcripts, such as poly (A)-binding
protein-1 (PABP-1), eukaryotic initiation factor 3 (eIF3), eukaryotic
initiation factor 4B (eIF4B), eukaryotic initiation factor 4F (eIF4F),
and eukaryotic initiation factor 4A (eIF4A), etc., (Anderson and
Kedersha, 2002). The middle part contains some scaffold proteins,
such as GTPase-activating protein SH3 domain-binding protein 1/2
(G3BP1/2) and T cell intracellular antigen 1 (TIA-1; Matsuki et al.,
2013). The outermost part contains variant signaling proteins based on
the various cellular environment. Various amounts and sizes of SGs
with specific stress-related components (i.e., protein and RNA) would
be formed differently depending on the cell types, stress situations, and
changes in action time (Moeller et al., 2004). In brief, as a rapid
response signaling hub, SG with complex structures plays an important
regulatory role in a variety of stress injuries. Along with this, it is
reasonable to speculate that misregulated SG dynamics may induce an
inaccurate cellular state of physiological activity of both RNA
metabolism and protein homeostasis (Li et al., 2013; Portz et al., 2021).

Abnormal metabolism of SGs has been found in a variety of
diseases, including but not limited to cancer, neurodegenerative
diseases (NDs), viral infections, autoimmune disease, cataracts,
glaucoma, diabetes, and brain ischemia (Moujaber et al., 2017). Given
that SGs have drawn widespread concern in recent years, the
correlations between cancer or NDs and SGs have already been widely
described (Chen and Liu, 2017; Gao et al., 2019; Hu et al., 2022), while
reviews about the role of SGs in viral infections are less understood.
Some studies point out that viral infections can trigger a series of
cellular stress reactions and consequently regulate the assembly or
disassembly of SGs (Mclnerney et al, 2005), suggesting the
importance of SGs in balancing the translation of host-and virus-
encoded mRNAs (Reineke and Neilson, 2019; Eiermann et al., 2020).
In this review, we mainly focus on recent advances in the correlation
between viruses and SGs, which may provide insight into developing
new effective antiviral treatments in clinical application.

To better understand the relationship between SGs and anti-virus,
this review first briefly describes the background of SGs and the
information about viruses. Based on the interactions between SG and
viruses, viruses were categorized into three main groups, i.e.,
inhibition, promotion, and temporary promotion of SG formation.
Secondly, this review further recapitulates the role of SGs in the
regulation of antiviral response, especially for several important
antiviral function pathways of SGs are also highlighted. In particular,
given that Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) has made the most far-reaching impact in the world since
2019, this review also summarizes the current evidence regarding the
connection between SARS-CoV-2 and SGs, aiming to provide insights
into developing novel SG-based drugs for clinical treatment of SARS-
CoV-2 infection.

2. The dynamic processes of SGs

SG formation appears to be a conservative and essential mechanism
during stress responses. Once the cell recovers to its normal situation,
SGs would transiently disassemble. The assembly and disassembly of
SGs are regulated by environmental and physiological factors (Protter
and Parker, 2016; Moujaber et al., 2017). By adjusting the balance
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between the translational repression mRNA and translating mRNAs,
SG formation can handle the timely and appropriate response to stress
conditions (Protter and Parker, 2016). The biogenesis of SGs under
normal physiological conditions is usually divided into five phases
based on the specific composition and localization of mRNPs
(Anderson and Kedersha, 2008). Phase one: stalled initiation and
ribosome runoff. Phase two: primary aggregation and nucleation. Phase
three: secondary aggregation. Phase four: integration and signaling.
Phase five: mRNA triage. SG disassembly is the reverse process. Large
SGs are decomposed into small particles, and these small particles are
subsequently depolymerized or removed (Kedersha et al., 2005). Along
with the disappearance of stress, SGs are decomposed rapidly from the
cytoplasm of cells through the chaperone pathway or autophagy
pathway (Wheeler et al., 2016). These phases occur sequentially in
normal conditions (the flow chart shown in Figure 1). Moreover, in
some pathological conditions, such as hypoxia, a common feature of
numerous pathological conditions, including myocardial infarction,
stroke, inflammation, and malignant tumors, SG formation may inhibit
cell apoptosis through translation arrest, prevention of unfolded
proteins accumulation (Arimoto et al., 2008). Besides, SGs share many
components with neuronal granules in neurons, which clearly indicates
that SGs affect neurodegenerative diseases, amyotrophic lateral sclerosis
(ALS) disease, frontotemporal lobar degeneration (FTLD), Alzheimer’s
disease (AD) and Spinal muscular atrophy (SMA; Anderson et al., 2015;
Brownsword and Locker, 2022; Hu et al., 2022).

Once SGs are absent in cells for some reasons, it may cause various
abnormal physiological activities and even the occurrence of diseases
(Gao et al.,, 2019). For instance, the deficiency of G3BP1 leads to
abnormal synaptic plasticity, calcium homeostasis in neurons, and
increases apoptotic cell death (Zekri et al., 2005; Martin et al., 2013).
TIA-1 knockout (KO) mice worsen hepatic steatosis and fibrosis
(Dolicka et al., 2022) and dysregulate expression of lipid storage and
membrane dynamics factors in nervous tissue (Heck et al., 2014). In
the case of viral infections, in G3BP1 KO cells, the replication
efficiency of mammalian orthoreovirus (MRV) is significantly
improved (Carroll et al., 2014). In murine TIA-1-related protein
(TTIAR) KO cells, West Nile virus (WNV) growth is decreased (Li
et al, 2002). In the following texts, we will mainly focus on the
relationship between SGs and viral infection.

3. Viral infection regulates the SG
formation in double ended manners

During the process of viral infection, the assembly and
disassembly of SGs are intensively regulated (McCormick and
Khaperskyy, 2017). There has been evidence showing that viral
infection could interfere with SG formation through various
mechanisms (White and Lloyd, 2012), such as inhibiting translational
initiation (Linero et al., 2011), sequestering SG components (such as
TIA-1, and G3BP1/2) (Nikolic et al., 2016), and interacting with key
SG proteins to form stable viral ribonucleoprotein (RNP) complexes
(Abrahamyan et al., 2010). However, some viruses have developed
mechanisms to blunt host responses and manipulate SGs to evade host
defenses (Kim et al., 2016). Viruses can regulate SG formation by three
major manners: inducing SG formation, inducing SG transient
formation, or inhibiting SG formation. Protein kinase R (PKR), one
of the major innate immune mechanisms, is the primary sensor
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SGs-targeted antiviral drugs. The dynamic change of SGs is a complex process regulated by many post-translational modifications, protein remodeling
complexes, and microtubule networks. The assembly of SG is divided into five phases. Phase one: SG assembly begins with stalled translation initiation,
and ribosomes flow out to convert into mRNPs. Phase two: primary aggregation and nucleation occur when heterogeneous 48S-bound transcripts
bind to self-aggregation RNA-binding proteins, such as G3BP1/2, TIA-1, tristetraprolin (TTP), and fragile X mental retardation protein (FMRP). Phase
three: secondary aggregation and crosslinking occur when PABP-1 is bound to poly(A)-containing transcripts and smaller oligomers crosslink to
assemble microscopic invisible aggregates. Phase four: some transcripts bind to multiple SG nucleating proteins, which enhance the cross-linking
process to form progressively larger SGs, and then recruit non-RNA-binding proteins (e.g., TRAF2, plakophilins, SRC3, FAST). Phase five: specific
transcripts are sorted out of SGs by translation initiation, assembling into other RNA granules. The disassembly of SGs is the reverse process. Novel
drugs have been identified to affect the process of SGs assembly via different mechanisms.

responsible for host defense against invading viral pathogens via rapid
inhibition of SG formation upon viral infection (Gao et al., 2022). And
PKR is activated by double-stranded RNA (dsRNA) viruses. For the
specific way of inducing SG transient formation, some RNA viruses
activate the PKR pathway, resulting in the phosphorylation of
eukaryotic initiator factor 2A (eIF2a) and promoting SG formation at
the early stage of viral infection. Nevertheless, in the later stage of
infection, they utilize several mechanisms to antagonize SG formation,
such as G3BP1/2 cleavage and PKR inactivation to inhibit SG
formation in turn (Ng et al., 2013; Okonski and Samuel, 2013). In the
following text, we describe these three categories of viruses in detail.

3.1. Viruses induce SG formation

The first type of virus induces SG formation to aid viral RNA
replication (Table 1). The “induced SGs” viruses are dedicated to
activating eIF2a and/or recruiting SGs” core components.

Many viruses target the PKR/eIF2a pathway to trigger SG
assembly and destroy the homeostasis of cells. For example, Sindbis
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virus (SINV) and Respiratory syncytial virus (RSV) infection activate
PKR and induce eIF2a phosphorylation, which lead to SG assembly
(Lindquist et al., 2011; Jefferson et al., 2019). Under oxidative stress
and RSV infection, exposure to polyhexamethylene guanidine
phosphate (PHMG-p) remarkably increases eI[F2a phosphorylation
and significantly increases SG formation (Choi et al., 2022). Given the
limited space available, more targeted proteins of viruses are listed in
Table 1. Beyond PKR, the virus can also activate other eIlF2u kinases
in cells. Porcine reproductive and respiratory syndrome virus
(PRRSV) alternatively activates PKR-like endoplasmic reticulum
kinase (PERK) to phosphorylate e[F2a and consequently stimulates
cells to produce SGs (Zhou et al., 2017). Porcine hemagglutinating
encephalomyelitis virus (PHEV) infection induces endoplasmic
reticulum (ER) stress, activates the UPR, then activate PERK/
PKR-elF2a axis, as a result, promoting SG formation (Shi et al., 2022).
Rift Valley fever virus (RVFV) reduces the PKB/mTOR (the protein
kinase B, mechanistic target of rapamycin) signaling pathway, thereby
increasing the activity of eIF4E binding protein 1/2 (4EBP1/2) to
inhibit the translation process, and then cause transient SG assembly
(Hopkins et al., 2015). Vesicular stomatitis virus (VSV) infection of
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TABLE 1 Viruses induce SG formation.

10.3389/fmicb.2023.1138864

Species Type Mechanism of formation Refs

CSFV (+) ssSRNA | PKR phosphorylation, eIF2a phosphorylation Liu et al. (2015)
HSV-2 dsDNA Deletion of virion host shutoff protein (Vhs) inhibits elF2a phosphorylation Finnen et al. (2014)
PRRSV (+) ssSRNA | elF2a phosphorylation by PERK activation Zhou et al. (2017)
PHEV (+) ssRNA activated PERK/PKR-elF2a axis Shi et al. (2022)

RSV (=) ssRNA | PKR-mediated aggregation of SGs Lindquist et al. (2011)
RVFV (=) ssRNA | Down-regulation of PKB/mTOR signaling pathways and increased the activity of 4EBP1/2 proteins Hopkins et al. (2015)
SINV (+) ssSRNA | Activation of GCN2 through its viral RNA; infection induces eIlF2a phosphorylation, which leads to SG assembly | Jefferson et al. (2019)
TBEV (+) ssRNA Recruitment of TIA-1 and TIAR Albornoz et al. (2014)
TGEV (+) ssSRNA TIA-1/TIAR aggregation and elF2a phosphorylation Sola et al. (2011)

VSsv (=) ssRNA | elF2a phosphorylation and SG-like particle formation and aggregation Dinh et al. (2013)

Vv dsDNA Deletion of E3L activates PKR Simpson-Holley et al. (2011)

HSV-2, Herpes simplex virus type 2

TABLE 2 Viruses trigger SG formation temporarily.

Species Type Mechanism of formation Refs

HCV (+) ssRNA Phosphorylation level of elF2a determines SG formation and depolymerization Ruggieri et al. (2012)

MHV (+) ssSRNA Addition of eIF2a phosphorylation Raaben et al. (2007)

MRV dsRNA The high phosphorylation level of elF2a and interaction between G3BP1 and pNS Qin et al. (2009), Qin et al. (2011) and

Carroll et al. (2014)

PEDV (+) ssRNA Caspase-8-mediated cleavage of G3BP1 inhibits SG assembly and SG assembly is impaired by | Sun et al. (2021) and Guo et al. (2022)
silencing G3BP1

PV (+) ssRNA Protease 2A can induce the generation of SGs at first, and the cleavage of G3BP1 by PV3C Dougherty et al. (2015) and Yang et al.
protease leads to SG depolymerization later (2018)

WNV (+) ssRNA W956IC can efficiently induce SGs through PKR activation Courtney et al. (2012)

host cells will induce elF2a phosphorylation and promote SG-like
particle formation and assembly (Dinh et al., 2013).

Besides, TIA-1/TIAR can be recruited to their replication sites to
form SGs when host cells are infected by tick-borne encephalitis virus
(TBEV) (Albornoz et al., 2014). Porcine transmissible gastroenteritis
virus (TGEV) infection will also induce TIA-1/TIAR aggregation and
elF2a phosphorylation, resulting in SG assembly at the late stage (Sola
etal, 2011). Given that the regulation of SG formation is crucial for
the replication of infected viruses, drugs that inhibit SGs by bypassing
PKR (or other kinases) and/or eIF2a phosphorylation may have
therapeutic potential to control the virus replication.

3.2. Viruses trigger SG formation
temporarily

The second type of virus is featured to temporarily trigger SG
formation in the early replication cycle but limit SG formation in the
late replication cycle (Table 2).

The vast majority of these viruses regulate SG dynamics by
regulating elF2a phosphorylation. Hepatitis C virus (HCV)
infection rapidly induces the production of SGs in the early stage,
and then the depolymerization of SGs occurs later, and this change
happens depending on the phosphorylation level of elF2a (Ruggieri
et al,, 2012). In the early stage of infection, mouse hepatitis
coronavirus (MHV) causes SG formation by promoting the
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elF2a phosphorylation (Raaben et al., 2007). MRV induces SG
formation (Qin et al., 2009) in the early stage of infection, but the
SG formation is reduced in the late stage of infection, regardless of
the high elF2a phosphorylation (Qin et al., 2011). Although natural
WNYV infection does not induce SGs, the W956IC (a lineage 2/1
chimeric WNV infectious clone) efficiently induces SGs through
PKR activation to phosphorylate elF2a at the early infection stage
(Courtney et al., 2012).

Overexpression of G3BP may induce spontaneous SG formation
(White and Lloyd, 2012). It has also been reported that MRV can
recruit the viral non-structural protein uNS to interact with G3BP1,
which interferes with SG assembly (Carroll et al., 2014). Epidemic
diarrhea virus (PEDV) infection results in the cleavage of G3BP1 and
this process is mediated by caspase-8 (Sun et al., 2021). And PEDV
replication is significantly enhanced when SG assembly is impaired
by silencing G3BP1 (Guo et al,, 2022). Besides, protease 2A of
poliovirus (PV) induces the generation of SGs at first, and the
cleavage of G3BP1 by PV3C protease leads to SG disassembly later
(Yang et al., 2018).

3.3. Viruses inhibit SG formation

Contrary to the above mechanisms, a prevalent group of viruses
impinges on SG formation throughout the process of infection in
Table 3.
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TABLE 3 Viruses inhibit SG formation.

10.3389/fmicb.2023.1138864

Species Type Mechanism of inhibition Refs

CHIKV (+) ssRNA GADD34 to enhance the dephosphorylation of elF2a Clavarino et al. (2012)

CVB3 (+) ssRNA G3BP1 cleavage Fung et al. (2013)

DENV (+) ssSRNA recruit TIA/TIAR to replication complexes Emara and Brinton (2007)

EBOV (—) ssRNA Inhibition of PKR pathway by VP35 Le Sage et al. (2017)

EMCV (+) ssRNA G3BP1 cleavage Ng et al. (2013)

FCV (+) ssRNA The viral protease NSP6 to cleave G3BP1 Humoud et al. (2016)

FMDV (+) ssRNA L protein to stably interact with G3BP1 Visser et al. (2019)

HCMV dsDNA Encodement of pTRSI to interact with PKR Vincent et al. (2017)

HIV-1 ssRNA-RT Assembly of SHRNP Abrahamyan et al. (2010)

HSV dsDNA Inhibition of PERK activation and elF2a phosphorylation by surface Mulvey et al. (2007) and Finnen et al. (2016)
glycoprotein gB; UL41 interferes with SG formation through its
endoribonuclease activity

HTLV-1 ssRNA-RT Interaction with HDAC6 through Tax Legros et al. (2011)

1AV (=) ssRNA Inhibition of PKR activation by NS1; Regulation of SGs assembly by DDX3X Khaperskyy et al. (2012), Khaperskyy et al. (2014)

and Kesavardhana et al. (2021)
1BV (+) ssRNA Inhibition of PKR activation through NSP2 ; Up-regulation of GADD34 Wang et al. (2009) and Burgess and Mohr (2018)
; Increase dephosphorylated activity of PP1

JEV (+) ssRNA G3BP1 isolation and interaction with CAPRIN1 Katoh et al. (2013)

KSHV dsDNA Expression of ORF57 to bind to PKR Sharma et al. (2017) and Sharma and Zheng (2021)

Mengovirus (+) ssRNA PKR-dependent aggregation of G3BP1 by L protein Reineke et al. (2015)

MERS-CoV (+) ssRNA Inhibition of PKR-mediated elF2a phosphorylation Nakagawa et al. (2018)

MeV (=) ssSRNA Inhibition of PKR-dependent SG aggregation by protein-C Randall and Goodbourn (2008)

PRV dsRNA Dephosphorylation of elF2a Xu et al. (2020)

Rotavirus dsRNA Block the PKR-eIF2a phosphorylation; Transferation of PABP from cytoplasm Montero et al. (2008), Lopez and Arias (2012) and
to nucleus Dhillon and Rao (2018)

SARS-CoV-2 (+) ssRNA The N protein attenuates SG formation by localizing to the SGs and Bouhaddou et al. (2020) and Gordon et al. (2020b)
sequestering G3BP1/2 from their interacting proteins

SEV ssSRNA-RT The transcription product interacts with TIAR to inhibit the generation of SGs | Iseni et al. (2002)

TMEV (+) ssRNA Expression of leader (L) protein to stably interact with G3BP1 Borghese and Michiels (2011)

WNV (+) ssRNA Interaction with TIA-1 and TIAR to inhibit SG formation Li et al. (2002) and Emara and Brinton (2007)

ZIKV (+) ssRNA Hijack of G3BP1 and CAPRIN1 Hou et al. (2017)

Some viruses encode PKR inhibitors, thereby avoiding
PKR-mediated phosphorylation of eIlF2a and SG formation
(Malinowska et al., 2016). Given the limited space available, only
some mediate proteins of viruses were described in detail, and
we have listed more target proteins of viruses in Table 3. For example,
influenza A virus (IAV) and infectious bronchitis virus (IBV) inhibit
the activity of PKR to block the phosphorylation of elF2a by the
non-structural protein 1 (NSP1) and non-structural protein 2
(NSP2), respectively, which in turn inhibits SG formation
(Khaperskyy et al., 2014; Burgess and Mohr, 2018). Intriguingly,
Middle East respiratory syndrome Coronavirus (MERS-CoV)
inhibits the SG formation by inhibiting PKR-mediated elF2a
phosphorylation, while lacking subunits 4a and 4b MERS-CoV
induces the SG formation (Nakagawa et al., 2018). For rotavirus-
infected host cells, it blocks host protein synthesis, PKR activation,
elF2a phosphorylation, and modification of cellular translation
machinery (Lopez and Arias, 2012). Beyond the PKR pathway, there
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are other pathways, e.g, PERK pathway,
phosphorylation of elF2a. Herpes simplex virus (HSV), as a dsSDNA
virus, inhibits the activation of PERK and hinders the elF2a

phosphorylation through the surface glycoprotein B (Mulvey et al.,

regulating the

2007). In addition, several other viruses regulate the elF2a
dephosphorylation. Chikungunya virus (CHIKV) induces the
expression of DNA-damage-inducible 34 (GADD34) to increase the
dephosphorylation of elF2a (Clavarino et al, 2012). And
Pseudorabies virus (PRV) infection significantly inhibits the SG
formation by dephosphorylating eIF2a, such as Chikungunya virus
(CHIKV) and Pseudorabies virus (PRV; Xu et al., 2020).

Moreover, except for regulating the phosphorylation of elF2a,
viruses can inhibit SG formation via interaction with SG components,
especially the scaffold proteins, e.g., G3BP1 and TIA-1. For example,
Theiler’s murine encephalomyelitis virus (TMEV) and foot-and-
mouth disease virus (FMDV; Visser et al., 2019) interfere with SG
formation by leader (L) protein to stably sequester G3BP1. Similarity,
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the Japanese encephalitis virus (JEV) and Zika virus (ZIKV) sequester
G3BP1 by interacting with the cell cycle-associated protein 1
(CAPRIN1; Hou et al,, 2017). Moreover, feline calicivirus (FCV),
2013),
coxsackievirus B3 (CVB3; Fung et al., 2013) can produce the viral

encephalomyocarditis virus (EMCV; Ng et al, and
protease to cleave G3BP1, thereby disrupting the assembly of SGs
(Humoud et al., 2016). In addition to G3BP1, TIA-1/TIAR are also
targeted by viruses to interfere with SG formation. The 3" stem-loop
structure in WNV, Sendai virus’s (SEV) transcription product, and
dengue virus (DENV) could interact with TIA/TIAR which inhibit SG
formation (Li et al., 2002; Emara and Brinton, 2007). Beyond scaffold
proteins, other SG core components are also involved in viral infection
(Iseni et al., 2002; Emara and Brinton, 2007; more detail in Table 1).
Human immunodeficiency virus type 1 (HIV-1) significantly inhibits
SG formation by assembling the Staufenl-containing HIV-1-
dependent ribonucleoproteins (SHRNP) in host cells (Abrahamyan
et al., 2010). Moreover, the host DEAD-box box helicase 3X-linked
protein (DDX3X) also coordinates various antiviral responses in IAV
infection, including regulation of SG assembly (Kesavardhana et al.,
2021). Taken together, the core components of SGs (G3BP1, TIA-1/
TIAR, HDAC6, SHRNP, DDX3X, GADD34, PP1) can be regulated by
viruses to eventually affect SG formation.

It is worth mentioning that SARS-CoV-2 can also inhibit SG
formation. Given the global pandemic caused by SARS-CoV-2, this
review makes effort to elaborate on the interactive relationship
between SARS-CoV-2 and SGs. SARS-CoV-2, a positive-sense single-
stranded RNA (ssRNA) virus (Zhang et al., 2019), includes 30kb of
genomic RNA and four structural proteins (the crown spike (S)
glycoprotein, the membrane (M) protein, ion channels envelope (E)
protein, and nucleocapsid (N) protein; Wang Q. et al., 2020). And post-
translational modifications (PTMs) related to SARS-CoV-2, like
glycosylation and phosphorylation, are also pathogenic (Cheng et al.,
2022). The S protein consists of two subunits, S1 and S2, which play a
key role in receptor recognition and virus-cell membrane fusion. The
glycosylation of SARS-CoV-2 mainly occurs on the S protein, which
mediates the interaction with cellular receptors angiotensin-converting
enzyme 2 (ACE2). After binding to ACE2, the S protein would alter its
conformation, then resulting in viral membrane fusion (Zhou et al.,
2020). As for the N protein, it has two distinct RNA-binding domains,
involved in multiple aspects of the viral life cycle, including viral
genomic RNA replication and virion assembly. The RNA intercalator
mitoxantrone disrupts N protein assembly invitro and in cells
(Somasekharan and Gleave, 2021). Furthermore, the N protein is
highly produced in infected cells to increase the efficiency of
subgenomic viral RNA transcription, regulate host cell metabolism
(Liu W. et al,, 2020), and mediate the suppression of host antiviral
responses (Nabeel-Shah et al., 2022; Wang et al., 2022). The interaction
between the N protein and G3BP1/2 supports SARS-CoV-2 infection.
Some studies agree that the N protein could disrupt SG formation by
sequestering G3BP1/2 from interacting with other proteins (Stukalov
etal., 2021; Kim et al., 2022). The non-structural protein 1 (Nsp1) of
the virus can decrease the level of G3BP1, which is associated with
nuclear accumulation of the SG-nucleating protein TIAR (Dolliver
etal., 2022). Besides, methyltransferases 1 (PRMT1) methylates SARS-
CoV-2N protein at residues R95 and R177. It is reported that the
methylation of R95 can regulate the ability of N protein to suppress SG
formation (Cai T. et al., 2021). Meanwhile, the phosphorylation of the
N protein can also interfere with the SG formation (Cheng et al., 2022).
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For instance, the inhibition of SG formation by SARS-CoV-2 may
be mediated through the interaction of N protein with casein kinase 2
(CK2) subunits, like G3BP1/2, casein kinase 2 beta/casein kinase 2
alpha 2 (CSNK2B/CSNK2A2; Gordon et al., 2020D).

To summarize, viruses have evolved several mechanisms to
counteract the restrictive effect of translational repression. Some
viruses, mainly ssRNA viruses, replicate by inducing or controlling SG
formation (Tables 1, 2). Other viruses achieve efficient replication by
preventing SG formation via a variety of mechanisms. This strategy is
the most popular choice for viruses, including ssRNA viruses, dssSRNA
viruses, dsDNA viruses, and retroviruses (Table 3).

4. The antiviral effect of SGs

As described above, SGs can interact with virus replication via
multiple mechanisms, which might be promising targets for antiviral
intervention. Given that SARS-CoV-2 belongs to the type of virus that
inhibits SG formation, in this section, we outline the reported small
molecules that can trigger SG formation and discuss the prospects for
developing antiviral drugs (Figure 1).

4.1. The pathways involved in anti-virus

It is generally believed that SG formation can affect translation,
which will inhibit viral replication (Nikolic et al., 2016). The translation
of some viruses is strictly dependent on the 40S subunit and eIF4G,
and these translation initiation factors are retained in SGs, which is not
conducive to the translation of viral proteins (Liu Y. et al., 2020). PKR
and PERK are the two enzymes related to translation and PKR
activation during certain viral infections. Meanwhile, the assembly of
the viral replication complex is affected when G3BP1 or TIA-1/TIAR
remains in the SG, (Fritzlar et al., 2019). For instance, the 3’ terminal
neck structure of WNV, TBEV, ZIKV, and JEV can interact with TIA-1/
TIAR to regulate viral replication (Bonenfant et al., 2019). Some viruses
like Vaccinia virus (VV), MRV, and DENV recruit G3BP1 to assist the
replication of viruses around the viral replication complex. The RNA
recognition receptor retinoic acid-inducible gene-I (RIG-I) is retained
in SG and activated by dsRNA in SG to activate the innate immune
response of cells (McInerney et al., 2005). In both human and mouse
cells, the deletion of G3BP1 leads to insufficient binding of RNA by
RIG-I (Cai H. et al., 2021). In conclusion, the cell can sense the virus
from multiple aspects, inhibit its translation, and resist viral infection.
It is the SG that can provide a platform for the recognition of
pathogene-related molecular patterns, activates the immune signaling
pathway of host cells. Therefore, SGs are generally considered to
have antiviral effects upon viral infection (Yang et al, 2019;
Zhang et al., 2019).

4.2. SG-targeted antiviral small molecules

4.2.1. miRNAs targeted gene coded
SG-associated protein

Previous studies have found that miRNAs can be used as targeting
SGs. Three miRNAs have been reported, hsa-miR-615-3p, hsa-miR-
221-3p, and hsa-miR-124-3p, which target at least two of the five key
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genes coded SG scaffold proteins (Prasad et al., 2021). One of the
studies have shown that mitogen-activated protein kinase-activated
protein kinase 2 (MAPKAPK?2) in the lungs of SARS-CoV-2 patients
could be reduced by hsa-miR-615-3p (Jafarinejad-Farsangi et al.,
2020). The hsa-miR-221-3p, which targets ADAM17 (a disintegrin
and metallo protease 17), is upregulated in hamster lung tissue
infected by SARS-CoV-2 (Kim et al., 2020). It has been shown that
SARS-CoV-2 hijacks DEAD box polypeptide 58 (DDX58), but
hsa-miR-124-3p binds to DDX58 and inhibits SARS-CoV-2 genome
replication eventually (Arora et al., 2020). Besides, hsa-miR-124-3p is
found to be down-regulated in JEV-infected human neural stem cells
(Mukherjee et al., 2019) and reduced pro-inflammatory cytokines
Interleukin 6 (IL-6) and tumor necrosis factor alpha (TNFa) to
prevent lung injury (Liang et al., 2020).

4.2.2. Compounds targeted phase one in SG
assembly

The major signaling pathways that regulate SG formation include
the eIF2a and eIF4F pathways, and mTOR. As we mentioned in the
background, PKR and eIF2a kinases are responsible for SG formation
under different stresses, which provide effective drug targets for
therapeutic intervention (Wang F. et al., 2020). Several small
molecules have been reported to induce eIF2a phosphorylation. The
RAF1/MEK/ERK kinase (Rubisco assembly factor 1, mitogen-
activated protein kinase kinase, extracellular signal-regulated kinase)
inhibitor sorafenib (Abdelgalil et al., 2019) and the anti-tumor drug
5-fluorouracil (5-FU; Kaehler et al., 2014) have been found to induce
SGs assembly, inhibit cell proliferation and promote apoptosis via
PKR-mediated eIF2a phosphorylation. Bortezomib, a peptide
boronate inhibitor, efficiently induces SGs in many cancer cells and
elF2a phosphorylation.

In addition, PP1 and GADD34 are induced by phosphorylated
elF2a, and GADD34 provides negative feedback on elF2a
phosphorylation (Walter and Ron, 2011). Okadaic acid and
salubrinal are well-known PP1 inhibitors (Nakagawa et al., 2018).
These two chemicals may interfere with the interaction between
PP1 and GADD34 and prevent e[F2a dephosphorylation. Okadaic
acid is another well-known PP1 inhibitor (Nakagawa et al., 2018).
It has been reported that viruses interfere with SG formation
through the dephosphorylation of eIF2a by PP1 and GADD34
(Fusade-Boyer et al., 2019). These two chemicals may interfere with
the interaction between PP1 and GADD34 and prevent
elF2a dephosphorylation.

The key eIF4F cap-binding complex components (eIF4A, eIF4E,
and elF4G) also mediate SG formation, which are candidates for
coronavirus therapeutic targets. The promotion of G3BP aggregation
by eIF4A inhibitors may partly explain their antiviral activities
(Gordon et al., 2020a). Pateamine A (PatA) and silvestrol are natural
products that disrupt eIF4A function and prevent translation,
resulting in SG formation. Studies have shown that inhibition of SGs
by Silvestrol affects the synthesis and replication of IAV protein (Slaine
etal., 2017). Treatment of early viral infection by PatA and silvestrol
will promote SG formation, arrest viral protein synthesis, and lead to
failure of viral genome replication. PatA binds irreversibly to eIF4A,
blocks IAV replication long-term after discontinuation, and inhibits
TAV replication. In contrast, the antiviral effect of silvestrol is fully
reversible, leading to rapid SG clearance and recovery of viral protein
synthesis upon discontinuation. This study supports the feasibility of

Frontiers in Microbiology

10.3389/fmicb.2023.1138864

targeting the core host protein synthesis machinery to prevent viral
replication (Slaine et al., 2017).

4.2.3. Compounds targeted phase two in SG
assembly

Targeting SG components may influence the dynamics of SGs.
Particularly, G3BP1/2 and TIA-1 are essential for the initiation of SG
formation. Small molecules targeting these proteins have the potential
for antiviral therapy.

G3BP1/2 contains RNA-binding domains to assist RNA binding.
Many viruses affect SG formation through G3BP1/2. Arsenite induces
SG formation, probably via inducing the dephosphorylation of
G3BP1/2 at Ser149 (Gallouzi et al., 1998). CK2 accelerates SG
disassembly by promoting G3BP1 phosphorylation (Reineke et al.,
2017). Silmitasertib, a CK2 inhibitor, inhibits CK2 and promotes SG
formation, showing potent antiviral activity (Ahamad et al., 2020;
Gordon et al., 2020a). Clinical trials of silmitasertib as a potential drug
for SARS-CoV-2 treatment are currently under consideration (Yadav
etal,, 2022), suggesting that CK2 plays a role in regulating the SARS-
CoV-2 life cycle. Similar to silmitasertib, TMCB also interferes with
the disassembly of SGs by targeting CK2 and interacting with the
carboxy-terminal domain (Ahamad et al., 2020; Wang F et al., 2020).
Besides, the cells pre-treated with CK2 inhibitor 5-0xo0-5,6-
dihydroindolo-(1,2-a) quinazoline-7-yl acetic acid (IQA) generates
2.5-fold SG production after Mengo virus with mutant L protein
(Mengo-Zn) infection (Langereis et al., 2013) and cannot decompose
SGs (Reineke et al.,, 2015). It is suggested that IQA can inhibit virus-
induced SG breakdown (Reineke et al., 2017). Tetrabromocinna mic
acid (TBCA) is also a specific CK2 inhibitor. TBCA treatment alone
neither alters nor induces SG formation, but residual SGs in cells are
increased under arsenite stress (Reineke et al., 2017). This feature has
become a new strategy for TBCA to combine other drugs to fight
viral infection.

Usually, as a scaffold protein of SG, TIA-1 is an RNA-binding
protein and is associated with RNA and other proteins to form SGs in
vivo. Interaction of TIA-1/TIAR with WNV, ZIKV, TBEV, PV, and
DENV products in infected cells interferes with SG formation (Emara
and Brinton, 2007; White and Lloyd, 2011; Albornoz et al., 2014;
Bonenfant et al., 2019). Boric acid also balances the anti-apoptotic
elF2a-SGs pathway and pro-apoptotic pathway via promoting TIA-1
translocation from the nucleus to SGs (Henderson et al., 2015).
Moreover, C85 (troxerutin) is very effective for SG formation induced
by TIA-1 overexpression or arsenite treatment (Hu et al., 2017). Even
more, it has been approved for human therapeutic usage by FDA and
found to act as a SARS-CoV-2 main protease inhibitor, representing
potential treatment options (Farhat and Khan, 2021). Particularly, C85
could stabilize SGs and perturb the equilibrium between reversible SG
assembly and disassembly.

4.2.4. Compounds targeted phase four in SG
assembly

Microtubules are intracellular structures involved in the biological
processes of cell division, organization of intracellular structures, and
intracellular transportation. Microtubule disruption would delay SG
formation, in which, as a consequence, SGs are formed smaller in size,
greater in number, and variable in distribution (Nadezhdina et al.,
2010). Based on enrichment analysis, Bexarotene (also known as
targretin) has been found to upregulate the expression of SG proteins
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(i.e., DYNC1HI, DCTNI1, and LMNA) in rats (Prasad et al., 2021).
These proteins are associated with microtubules. Recently, Yuan et al.
have shown that Bexarotene effectively inhibited SARS-CoV-2
replication in vitro (Yuan et al., 2020). It has been previously shown
that AM580 and tamibarotene belong to the same drug class as
Bexarotene, showing broad-spectrum antiviral activity against
influenza virus, enterovirus A71, Zika virus, adenovirus, MERS-CoV
and SARS-CoV (Yuan et al., 2019). Moreover, NDV infection induces
canonical SGs and relatively small round granules are formed after
treatment with nocodazole (Noc), a microtubule-disrupting drug.
Unlike the large and irregular SGs in NDV-infected cells, Noc
treatment induces marked microtubule depolymerization, inducing
the formation of small, round granules (Sun et al., 2017). Taking
current findings together, compounds targeting the protein elements
of SGs have the promising potential for antiviral effect on SARS-
CoV-2 infection.

5. Conclusion

In this review, we provide an overview of the composition,
function, dynamic regulation, and viral-related mechanisms of SGs to
help understand the role of SGs in viral infection. We then focus on
the regulating function of SGs in the context of viruses, in particular
the PKR-elF2a pathway, via which many viruses induce or inhibit SG
formation by directly affecting elF2a phosphorylation. Specifically,
we depict the interaction between SARS-CoV-2 and SG. We believed
that several small molecules, including some inhibitors disrupting the
interaction of G3BP1/2 with N protein, PRMT inhibitors, and CK2
inhibitors, could be considered as new therapeutic targets against
SARS-CoV-2 infection via the regulation of SG assembly and
dynamics. We also summarize potential antiviral drugs targeting on
SGs, including small molecule compounds, such as Salubrinal,
Okadaic acid PatA, silvestrol, and Noc. Finally, we describe the
mechanism of anti-SARS-CoV-2, including Silmitasertib, TMCB,
Bexarotene, and three miRNAs. Overall, our review summarizes the
antiviral mechanisms of SGs and provides new insights into the
development of SG-targeted antiviral drugs, particularly, the potential
drugs against SARS-CoV-2.
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Dextran sulfate from Leuconostoc
mesenteroides B512F exerts
potent antiviral activity against
SARS-CoV-2 in vitro and in vivo
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The emergent human coronavirus SARS-CoV-2 and its resistance to current
drugs makes the need for new potent treatments for COVID-19 patients
strongly necessary. Dextran sulfate (DS) polysaccharides have long demonstrated
antiviral activity against different enveloped viruses in vitro. However, their poor
biocavailability has led to their abandonment as antiviral candidates. Here, we
report for the first time the broad-spectrum antiviral activity of a DS-based
extrapolymeric substance produced by the lactic acid bacterium Leuconostoc
mesenteroides B512F. Time of addition assays with SARS-CoV-2 pseudoviruses
in in vitro models confirm the inhibitory activity of DSs in the early stages of
viral infection (viral entry). In addition, this exopolysaccharide substance also
reports broad-spectrum antiviral activity against several enveloped viruses such
as SARS-CoV-2, HCoV229E, HSV-1, in in vitro models and in human lung tissue.
The toxicity and antiviral capacity of DS from L. mesenteroides was tested in vivo
in mouse models which are susceptible to SARS-CoV-2 infection. The described
DS, administered by inhalation, a new route of administration for these types of
polymers, shows strong inhibition of SARS-CoV-2 infection in vivo, significantly
reducing animal mortality and morbidity at non-toxic doses. Therefore, we
suggest that it may be considered as a potential candidate for antiviral therapy
against SARS-CoV-2.

KEYWORDS

virology, SARS—CoV-2, dextran sulfate, antivirals, nebulization

1. Introduction

Several microorganisms, both prokaryotic and eukaryotic, can produce and secrete to the
environment extracellular polymeric substances (EPSs) (Bello-Morales et al., 2022), highly
heterogeneous and variable polymers composed by carbohydrates, proteins, lipids, nucleic
acids and humic substances (More et al., 2014; Bello-Morales et al., 2022). EPSs may perform
important adaptive functions, including protection from adverse external conditions and
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attachment to surfaces leading to the formation of biofilms
(Flemming et al., 2016; Costa et al.,, 2018). EPSs can also exert
antimicrobial activity (Poli et al., 2010; Xiao and Zheng, 2016),
and the antiviral effect of these substances against several viruses,
including herpes simplex virus type 1 (HSV-1) (Marino-Merlo
etal, 2017; Sdnchez-Leon et al,, 2020), herpes simplex virus type 2
(HSV-2) (Arena et al,, 2005), or influenza virus (Zheng et al., 2006),
has been reported.

The antiviral effect of sulfated polysaccharides and other
polyanions has been known for decades (Witvrouw et al,
1994). Initially, HSV-1 was inhibited by heparin and other
related polyanions (Nahmias and Kibrick, 1964; Nahmias et al,
1964; Takemoto and Fabisch, 1964; Vaheri, 1964). Then, several
polysulfates were demonstrated to have a high inhibitory effect
against human immunodeficiency virus (HIV) in cell culture (Ito
et al., 1987; Baba et al., 1988a; Bagasra and Lischner, 1988; Handa
et al, 1991; Witvrouw et al, 1994). Other enveloped viruses,
including HSV-2, influenza A virus, respiratory syncytial virus
(RSV), cytomegalovirus (CMV), vesicular stomatitis virus (VSV),
Sindbis virus, Semliki Forest virus and arenaviruses were also
proven to be highly susceptible to polyanions in vitro (Baba
et al., 1988b; Andrei and De Clercq, 1990; Mastromarino et al.,
1991; Liischer-Mattli et al., 1993; Schols et al., 2016; Sanchez-
Leon et al., 2020; Bello-Morales et al., 2022). Furthermore,
a recent study has demonstrated that dextran sulfate (DS), a
branched gluocpolysaccharide produced by lactic acid bacteria,
inhibits infection of a SARS-CoV-2-pseudotyped HIV-1-based
vector in vitro (Izumida et al., 2022). These findings generated
great initial hope, since, besides their potent antiviral capacity,
sulfated polysaccharides were non-toxic in animals and non-
specific, so they might be used against different variants or even
different viruses.

However, early expectations were followed by wide skepticism
when in vivo studies showed a poor bioavailability after oral and
intravenous administration (Witvrouw et al., 1994). Nevertheless,
we still consider that polyanions might be a promising clinical
strategy as antivirals against enveloped viruses (Bello-Morales et al.,
2022). The key question is how to administer them. Although the
poor bioavailability revealed by studies on drug administration led
to abandon them as antiviral candidates, we proposed that this
difficulty could be overcome by the use of other administration
strategies, such as nebulization of aerosols to reach the low
respiratory tract (Bello-Morales et al., 2022).

The zoonotic COVID-19 pandemic arisen in late 2019 posed
a serious threat to global health and economy. The severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) (Gorbalenya
et al, 2020), the causal agent for this coronavirus disease,
has been responsible for millions of infections and deaths. To
date, the World Health Organization (WHO), has reported
more than 633 million confirmed cases of this disease in the
world, including more than 6.6 million deaths [World Health
Organization (WHO), 2022]. Two other zoonotic coronaviruses
have also caused fatal disease in humans in the last two
decades: the severe acute respiratory syndrome coronavirus
(SARS-CoV), emerged in China in 2002, and the Middle East
respiratory syndrome coronavirus (MERS-CoV), appeared in the
Middle East in 2012 (Enjuanes et al, 2016; Choudhary et al,
2021).
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Regarding COVID-19 therapeutics, science and technology
have come together to produce numerous vaccines in record time
(Sarangi et al., 2021). However, besides prevention, the lack of
efficient drugs to treat COVID-19 and other respiratory viruses
makes imperative to continue the search for useful antiviral
agents to treat this kind of viruses. Here we report for the
first time the antiviral effect of a dextran sulfate (DS) from
Leuconostoc mesenteroides B512F against SARS-CoV-2 in vitro
and in vivo. In this work, antiviral assays in mice have been
carried out applying the exopolymer by inhalation, a novel
administration route for sulfated polyanions. Unlike previous
reports using other administration strategies, our results show
antiviral effect in mice treated with this inhaled dextran sulfate.
This result opens a promising clinical alternative for treatment
of infections produced by SARS-CoV-2 and other respiratory
viruses.

2. Materials and methods
2.1. Cell lines

The Vero cell line, derived from the kidney of an adult
African green monkey, was kindly provided by Dr. Enrique
Tabarés (UAM, Madrid, Spain). The Huh-7 cell line (Nakabayashi
et al., 1982) was generously provided by Dr. Sonia Zuiiga (CNB-
CSIC, Madrid, Spain). HeLa cells (CCL-2) and Vero-E6 cells
(CRL-1586) were purchased from the American Tissue Culture
Collection (ATCC). Human embryonic kidney HEK293T cells
native or expressing human ACE2 were generated by lentiviral
transduction with vector CSIB and selection in blasticidin S
(Horndler et al.,, 2021). All cell lines were routinely tested for the
absence of mycoplasma.

Cell lines were cultured in low-glucose Dulbecco’s modified
Eagle medium (DMEM) (Life Technologies) supplemented
with 5% fetal bovine serum (FBS), penicillin (50 U/mL) and
streptomycin (50 pg/mL) at 37°C in a humidified atmosphere of
5% CO;.

2.2. Lung tissue

Lung tissues were obtained from patients with no history
of COVID-19 and with a recent negative PCR test for SARS-
CoV-2 infection undergoing thoracic surgical resection at the
Thoracic Surgery Service of the Vall dHebron University Hospital
(Barcelona, Spain). Cell extraction was performed as described in
Grau-Exposito et al. (2022). Briefly, non-neoplastic tissue areas
were dissected into small blocks and digested with collagenase
IV (Gibco) and DNase I (Roche) for 30 min at 37°C and 400
rpm, and mechanically digested with a pestle. The resulted cellular
suspension was subjected to several filtrations and washes with
PBS and finally resuspended with RPMI 1640 supplemented with
5% FBS, 100 U/ml penicillin and 100 ug/ml streptomycin. Cell
number and viability were evaluated with the LUNA Automated
Cell Counter (Logos Biosystems).
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2.3. Viruses

HCoV-229E expressing a GFP reporter protein was generously
provided by Dr. Volker Thiel, from the University of Bern. This
virus was propagated on Huh-7 cells for 5 days at 33°C with
5% CO,. The infectious titer of the virus stocks was determined
according to the Reed and Muench formula (Reed and Muench,
1938) on Huh-7 cell monolayers by the endpoint dilution assay
described in Andreu et al. (2021). HSV-1 K26-GFP (a kind gift
from. Dr. Prashant Desai; Johns Hopkins University, Baltimore,
USA) was obtained by fusion of green fluorescent protein (GFP)
with HSV-1 capsid protein VP26 (Desai and Person, 1998). K26-
GFP was propagated and titrated in Vero cells. Minute virus of
mice (MVM, prototype strain) (Crawford, 1966), which can infect
human tumor cells (Riolobos et al., 2010) was kindly provided by
Dr. José M. Almendral (CBMSO, Madrid, Spain). SARS-CoV-2
virus (isolate Navarra-2473) was obtained from the nasal sample
of a COVID-19 patient admitted to the University of Navarra
Clinic (Pamplona, Spain) (Maestro et al., 2021), and was gently
provided by Dr. Cristian Smerdou (CIMA, Universidad de Navarra,
Spain). The SARS-CoV-2 strain NL/2020 was provided by Pablo
Gastaminza (CNB-CSIC, Madrid, Spain).

Lentiviral particles expressing either SARS-CoV-2 spike (St)
protein (Wuhan, truncated) or vesicular stomatitis virus (VSV)
protein and GFP reporter protein were generated as in Horndler
et al. (2021). Briefly, pseudoviruses were obtained by co-
transfecting plasmids pCMVA (gag/pol), p-HR-SIN-GFP and either
a truncated S envelope (pCR3.1-St) or VSV envelope (pMD2.G)
using the JetPEI transfection reagent (Polyplus Transfection). Viral
supernatants were obtained after 24 and 48 h of transfection and
pooled. Polybrene (4 ug/ml) was added to the viral supernatants
before the addition to ACE24+HEK293T cells.
centrifuged for 70 min at 2,100 rpm at 32°C and left in culture
for 48 h. Finally, cells were resuspended with 5mM EDTA and
fixed for flow cytometry analysis. Both LV-St and LV-VSV were
titrated on ACE2-+HEK293T cells by analysis of GFP+ cells on
a FACSCanto™ II Flow Cytometer (Becton-Dickinson), and data
were processed with FlowJo software (BD, version 10.6.2).

SARS-CoV-2 pseudotyped VSV*AG(Luc)-S was
generated following the protocol previously described in
Grau-Expdsito et al. (2022).

Cells were

spike

2.4. Reagents

Chondroitin sulfate sodium salt from shark cartilage (C4384,
P1), dextran sulfate sodium salt from Leuconostoc mesenteroides
B512F M,, >500,000 Da (D8906, P2), dextran sulfate sodium salt
M,, 7,000-20,000 Da (D51227, P3), and dextran sulfate sodium salt
M, ~40,000 Da (42867, P4) were purchased from Sigma-Aldrich
(Supplementary Figure 1). All were diluted in water to the stock
concentrations and stored at 4°C. Such reagents were used in the
cytotoxicity and antiviral assays. P2 was the only one that was
subjected to SARS-CoV-2 in vivo in mouse models.

The different molecular weight polymers were produced by
limited hydrolysis and fractionation. The dextran sulfate P2
was obtained from bacterial culture and subsequent chemical
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transformation. Regarding P2, fractionation of dextran was
performed by ethanol, in which the largest molecular weight
dextrans precipitate first. Esterification with sulfuric acid was
carried out under mild conditions. The dextran sulfate P2 presents
an off-white color appearance and comes in powder form. It has a
molecular weight >500,000 Da (dextran starting material) and the
sulfur content of the polymer is 16.9% (measured by S/C relation
analysis), which is equivalent to ~2.3 sulfate groups per glucosyl
residue. The pH of the polymer (1% in water at 25°C) is 7.3 and
the solubility in water is 100 mg/ml, being purity >95%. When
solubilized, its color changes to a very faint yellow.

2.5. Analysis of cell viability

The cytotoxicity of the polymers in Huh-7, ACE2-+HEK293T,
Vero, Vero E6, and HeLa cell lines was quantified using a
CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay
Kit (Promega) based on MTT reagent. Non-confluent monolayers
of cells plated in 96-well tissue culture plates were grown for
24h before use. Cells were then treated for 48h with P1, P2,
P3, and P4 at concentrations ranging from 0 to 1,000 pg/ml
Four replicates were performed for each concentration. The
cells were then incubated as indicated by the manufacturer of
the kit, and the resulting colored solution was quantified using
the scanning multiwell spectrophotometer iMarkTM Microplate
Reader (BioRad), measuring the absorbance at 595nm. The
readouts obtained from the MTT assay were further normalized to
the value of untreated cells, and CCs( values were calculated.

2.6. Viral assays in cell lines

2.6.1. Time of addition experiments

Time of addition experiments with HSV-1 K26 GFP and
pseudoviruses LV-St and LV-VSV were performed to study the
phase of infection at which candidate compounds exerted their
antiviral activity. Vero and ACE2+HEK293T cell cultures were
grown in 48-well culture plates and inoculated at a MOI of 0.1
with HSV-1 K26-GFP or pseudoviruses, respectively for 1h in
the presence or absence of the compounds at a temperature of
37°C. Several protocols were tested in which candidate compounds
were added before, during, or/and after viral infection (Figure 2A).
After 1h of adsorption, the virus was washed and replaced with
fresh 5% FBS complete medium containing or not the tested
compounds. At 24 hours post-infection (h p.i.), cells were fixed for
flow cytometry analysis.

2.6.2. Antiviral assays with HCoV-229E, HSV-1 K26
GFP, and MVM

Hereunder, the antiviral activity of the polymers (in contact
with cell cultures at all times) was assayed. Cells were seeded in 48-
well culture plates and treated for 1 h with either P1, P2, P3, or P4
at arange of concentrations between 0 and 1,000 jug/ml. Then, each
cell line was infected with its corresponding virus at a specific MOI
in the presence of the candidate compounds. Subsequently, the

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1185504
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Andreu et al.

virus was removed, and cells were washed with PBS and maintained
in a fresh culture medium containing the polymers, in a humidified
atmosphere. Cells were fixed for flow cytometry at different h p.i.,
according to the virus used: (i) HSV-1 K26-GFP infection (MOI
0.1) in Vero cells at 37°C; samples were collected at 24 h p.i; (ii)
HCoV-229E infection (MOI 0.5) in Huh-7 cells at 33°C; samples
were gathered at 48 h p.i,; (iii) MVM infection (MOI 0.5) in HeLa
cells at 37°C; samples were collected at 24 h p.i.

2.6.3. Antiviral assays with LV-St and LV-VSV
pseudoviruses

As for pseudoviruses assays, ACE2+HEK293T cells were
seeded in 96-well tissue culture plates and infected with either LV-St
or LV-VSV (MOI 0.1) previously mixed for 1 h with the compounds
at different concentrations, and in the presence of polybrene
(4 pg/ml), and transduced as previously described (Section 2). At
48h p.i, cells were fixed for flow cytometry.

2.6.4. Antiviral assays with SARS-CoV-2

SARS-CoV-2 in vitro infection experiments were performed
by the CNB Antiviral Screening Platform using the methodology
described in Fabrega-Ferrer et al. (2022). Briefly, Vero-E6 cells
were inoculated with SARS-CoV-2 (strain NL/2020) at a MOI
of 0.01 in the presence of the PI1, P2, P3, and P4. Remdesivir
(RMDV) was used as a positive control (Pruijssers et al., 2020).
At 48h p.i., cells were fixed for 20 min at room temperature with
a 4% formaldehyde solution in PBS, washed twice with PBS and
incubated with incubation buffer (3% BSA; 0.3% Triton X100 in
PBS) for 1h. A monoclonal antibody against the N protein was
diluted in the incubation buffer (1:2000, v/v; Genetex HL344)
and incubated with the cells for 1h; after this time, cells were
washed with PBS and subsequently incubated with a 1:500 (v/v)
dilution of a goat anti-rabbit conjugated to Alexa 488 (Invitrogen).
To control for unexpected toxicity of the compounds, nuclei
were stained with DAPI (Life Technologies) during the secondary
antibody incubation as recommended by the manufacturer. Cells
were washed with PBS and imaged using an automated multimode
reader (TECAN Spark Cyto) (Fabrega-Ferrer et al., 2022). All data
are referred to controls where infection efficiency was determined
in the presence of the vehicle.

2.7. Viral assays in lung tissue

Duplicates of five-fold serial dilutions of the four polymers
were tested in human lung tissue (HLT) cells using at least
three different donors. HLT cells were added at a density of
300,000 cells/well and incubated with the compounds for 1h
before infection. Then, a MOI of 0.1 of the VSV*AG(Luc)-S virus
was added to the wells, and plates were spinoculated at 1,200 g
and 37°C for 2h. After the infection, fresh RPMI medium was
added to the wells and cell suspensions were transferred into a
96-well flat-bottom plate. Cells were then cultured overnight at
37°C in a 5% CO; incubator. Each plate contained the following
controls: no cells (background control), cells treated with medium
(mock infection), cells infected but untreated (infection control)
and cells infected and treated with the drug camostat mesylate
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(52874, Sigma) as a positive control (Grau-Expdsito et al., 2022).
After 20 h, cells were incubated with Britelite plus reagent (Britelite
plus kit; PerkinElmer) and then transferred to an opaque black
plate. Luminescence was immediately recorded by a luminescence
plate reader (LUMIstar Omega). In parallel, drug cytotoxicity was
monitored by luminescence. To evaluate cytotoxicity, the Cell Titer-
Glo Luminescent kit (Promega), was used. Data were normalized
to the mock-infected control, after which ECsy and CCs, values
were calculated.

2.8. Immunofluorescence microscopy

After viral assays and infections, cells grown on glass coverslips
were fixed in 4% paraformaldehyde for 20 min and rinsed with
PBS. All cells were then permeabilized with 0.2% Triton X-
100, rinsed, and incubated for 30 min at room temperature with
incubation buffer. For MVM infected HeLa cell samples, a rabbit
polyclonal antiserum against the VP2 N-terminal domain was
used for 1h of incubation (Maroto et al., 2004). Subsequently,
an anti-rabbit antibody conjugated to Alexa 488 (Invitrogen) was
added for another 1h. Nuclei were stained with DAPI for 10 min.
After thorough washing, coverslips were mounted in Mowiol and
imaged using the LSM 710 Inverted Confocal Microscope (Zeiss).
Processing of confocal images was performed using the Fiji-Image]
software (version Image J 1.53¢).

2.9. Flow cytometry analysis

To perform FACS analysis, cells were dissociated by 1 min
incubation with 0.05% trypsin/0.1% EDTA (Invitrogen) at room
temperature and washed and fixed in 4% paraformaldehyde for
15min. Finally, cells were rinsed and resuspended in PBS. Cells
were analyzed using a FACSCalibur Flow Cytometer (BD). Data
were processed with Flow]Jo software (BD, version 10.6.2).

2.10. In vivo toxicity evaluation of polymer 2

To evaluate the toxicity of P2 in vivo, C57BL/6]-WT mice
were used. 18 mice (8 weeks old) were purchased from Charles
River Laboratories Spain and maintained at the Animal Facility
of the Centro de Biologia Molecular Severo Ochoa (CBMSO,
CSIC-UAM, Madrid, Spain). After two weeks of acclimatization,
mice were separated into three groups (n = 6) and were mock-
inoculated (with PBS) or inoculated (with P2 at concentrations 5
and 50 mg/ml diluted in PBS) by inhalation for 30 min for four
consecutive days. The inoculation of the animals was performed
in a hermetic chamber (35 x 28 x 15cm). The chamber has a
removable perforated partition, so that it can be divided into two
compartments of variable size, allowing simultaneous treatment
of animals from different sex/bucket. P2 was nebulized using
the portable nebulizer device OMRON CompAIR C28P (Omron
Healthcare, NE-C28P), which uses air pressure to turn liquids into
a mist that can be inhaled. After the exposure to the acute doses
of polymer, mice were allowed free access to food and water and
monitored daily for morbidity, mortality, and behavioral changes.
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On day 15, mice were sacrificed with CO, and exsanguinated by
cardiac puncture to obtain whole blood for analysis of blood counts
and profiles. Several parameters were analyzed to monitor renal,
hepatic, and immunological basic profiles. Body weight gain from
day 0 (inoculation) to day 15 (sacrifice) was also monitored to
exclude weight loss or lack of weight gain that would be indicative
of toxicity.

2.11. In vivo antiviral evaluation of polymer
2

The antiviral potential of P2 was also evaluated in vivo.
The mice used in this experiment (Tg-K18hACE2 mice) were
obtained from the Jackson Laboratory [SN34860-B6.Cg-Tg (K18-
hACE2) 2Prlmn/J.]. The Tg-K18hACE2 transgenic mice express
hACE2 under the control of the human cytokeratin 18 promoter
in airway epithelial cells (McCray et al., 2007). The original
colony was expanded in our facility to produce the experimental
cohort. Hemizygous animals were bred with C57BL6/] WT mice
and offspring was genotyped according to Jackson’s Separated
PCR Assay.

Tg-K18hACE2 mice (8 weeks old) were maintained in the
Biosafety level 2 Animal Facility of the CBMSO. 12 Tg-K18hACE2
mice were moved to the Biosafety level 3 Animal Facility of the
CBMSO, separated into two groups of six individuals each, and
after acclimatization, all of them were infected intranasally with
a sub-lethal dose of SARS-CoV-2 10* PFU/ml of SARS-CoV-2
(Navarra 2473 strain). On days 4, 5, 6, and 7 p.i, mice were
mock-inoculated (with PBS) or inoculated (with P2 at 50 mg/ml
diluted in PBS) by inhalation for 30 min for four consecutive days.
The inoculation of the animals was performed following the same
procedure as for the toxicity test (Figure 1). Following acute dose
polymer exposure, mice were allowed free access to food and water
and were monitored daily for body weight, morbidity, mortality,
and behavioral changes (piloerection, lethargy/stagger, eyes closed,
hunched posture). Mice were euthanized at 8 d p.i, and lungs
were collected from each individual. Lung tissue was processed for
biomolecular analysis and histology.

2.12. RNA isolation

Murine lung tissues were collected in 1mL Trizol reagent
(TRIReagent®, Sigma) and total RNA was extracted following
the manufacturer’s protocol. The concentration of RNA was
determined by NanoDrop ND-1000 Spectrophotometer
(ThermoScientific, Waltham, MA, USA) and its integrity was
measured by the Bioanalyzer (Agilent 2100).

The RT-qPCR reactions were provided by the Genomics and
NGS Core Facility (GENGS) at the CBMSO. The GENGS facility
is part of the PTI+ Global Health (CSIC). The SARS-CoV-2 RT-
qPCR assay is based on the “GENGS-3V2F SARS-CoV-2 RT-qPCR
assay” [protected by CSIC as trade secret (5723-2020)], replacing
the detection of the human gene for a mouse gene. Therefore,
the assay detects three viral genes (N1, N2 and ORF1) and one
mouse gene. This mouse gene is used as a positive internal control
to confirm correct sample collection, correct RNA extraction and
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the absence of RT-qPCR inhibitors, to avoid false negative results.
Viral genes amplifications indicate a SARS-CoV-2 RNA positive
sample. Only mouse gene amplification indicates a SARS-CoV-2
RNA negative sample.

RT-qPCR reactions were performed in multiplex in 384-well
plates (Shell® 384-Well PCR Plates White Well Clear shell Bio-Rad
CN HSP-3805) with a final volume of 10 pl and using a one-step
RT-qPCR supermix. Each 10 pl reaction mixture contained 2.5
il of mastermix, 0.2 pl of primers mix, 0.2 pul of probes and 4
pl of diluted RNA sample. To discard a potential contamination
of reagents and/or primer-dimer artifacts a no template control
(NTC) reaction was carried out using all the reagents except the
sample. RT-qPCR reactions were performed in a CFX Opus 384
Real Time PCR System (Bio-Rad).

To determinate the number of copies of SARS-CoV-2 RNA by
absolute quantification, a standard curve of Synthetic SARS-CoV-2
RNA Control 2 (Twist Bioscience, MN908947.3) was performed.
This curve was obtained with a qPCR over a five-point 1/10
dilution curve made from the starting SARS-CoV-2 RNA standard
concentration (10,000 copies/well). The correlation coefficient
obtained for the curve was 0.993.

2.13. Histology and tissue staining

Half of the lung tissue was fixed in 10% formalin for 2h and
then transferred to 30 % sucrose overnight. Subsequently, the tissue
was fixed with OCT and stored at —80°C. Lung sections were cut
on a cryostat (LEICA CM 1950) in 15pM slices. Sections were
collected on slides (SuperFrost Plus™ Adhesion) and left at room
temperature for 2-3 h and then stored at —80°C.

For hematoxylin-eosin (H&E) staining, slides were placed in
the hematoxylin cuvette for 20 min (Mayer’s hematoxylin solution,
Sigma), once thawed at room temperature. Subsequently, they were
washed with water for 5 min and briefly shaken to dry them. Then,
they were stained with eosin for 2min (5ml 1% eosin, 180 ml
70% ethanol, 2 ml acetic acid). The slides were thoroughly washed
with 100% ethanol and Neo-Clear (Sigma). Finally, slides were
prepared using Neo-Mount (Sigma) as mounting medium. Images
were obtained using the CKX41 Inverted Microscope and Digital
Camera EP50 (Olympus-Life Science).

For immunohistochemistry analysis, the streptavidin-biotin
immunohistochemical (IHC) technique (modified with the use
of polymers) was used. Thermal antigen recovery was carried
out by heating a pressure cooker with citrate buffer pH 6 with
an electric plate, in which the slides were placed in a metal
rack at maximum temperature for 3 min. After tempering, the
samples were incubated in a 3% hydrogen peroxide solution in
methanol and washed in TBS (tris-buffered-saline) buffer pH
7.4. The samples were then incubated in 2.5% horse serum in
a humid chamber to prevent drying. Subsequently, the excess
serum was removed, and the primary antibody was added:
monoclonal antibody against SARS/SARS- COV2 - B46F (MAI-
7404, Invitrogen). In negative controls, the primary antibody was
replaced by TBS buffer. After the incubation period, the slides were
washed in TBS buffer and incubated with polymer (ImmPRESS-VR
Polymer Reagent, Vector Laboratories). This was followed by two
washes in TBS buffer. Subsequently, development was performed
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FIGURE 1
Schematic timeline of the antiviral experiments performed with SARS-CoV-2 in the mouse model C57BL6/J-k18-hACE2. The image shows the
hermetic chamber where the nebulization of the animals was performed.

(ImmPACT NovaRED Substrate Kit, Peroxidase). After developing,
the samples were counterstained with haematoxylin (Gemini AS
Automated Slide Stainer, Thermo Fisher Scientific) and, finally, the
slides were mounted.

For lung damage semi quantification, tissue sections stained
with H&E according to standard procedures for examination by
light microscopy were analyzed and scored blindly for lung damage
by a board-certified veterinary pathologist. A multiparametric,
semiquantitative scoring system was further used to assess the
magnitude of histomorphological and histopathological changes
in lung tissues based on the following criteria: expansion
of parenchymal wall, edema, intra-alveolar hemorrhage,
inflammatory cell infiltrates, degeneration of alveolar epithelial
cells, bronchiole epithelial cell damage. For each histopathological
parameter, a score of 0-3 was ordinally assigned, where 0 indicated
normal or no change; 1 indicated less than 10%; 2 indicated
10—50%; and 3 indicated more than 50% of lung regions affected.
The cumulative scores of the severity of the three sections provided

the total score per animal.

2.14. Ethic statements

This study was carried out in strict accordance with
the European Commission legislation for the protection of
animals used for scientific purposes (directives 86/609/EEC and
2010/63/EU). Mice were maintained under specific pathogen-
free conditions at the CBMSO (CSIC-UAM) animal facility. The
protocol for the treatment of the animals was accepted by the
“Comité de Etica de la Investigacion” of the Universidad Auténoma
of Madrid, Spain and approved by the “Consejeria General del
Medio Ambiente y Ordenacion del Territorio de la Comunidad
de Madrid” (PROEX 168.6/22). Animals had unlimited access to
food and water, and at the conclusion of the studies they were
euthanized in a CO, chamber, with every effort made to minimize
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their suffering, followed by lung collection and exsanguination by
cardiac puncture to obtain whole blood.

As for human lung tissue cells, the study protocol was approved
by the Clinical Research Committee [Institutional Review Board
number PR(AG)212/2020] from the Vall dHebron University
Hospital in Barcelona, Spain. Samples were obtained from adults,
all of whom provided their written informed consent.

2.15. Statistics

All statistical analyses were performed using GraphPad Prism
(version 8.0.1, GraphPad Software, Inc.). Data were subjected to
Mann-Whitney-U tests (non-parametric samples) or two-tailed
Students T-tests (parametric samples) to determine significant
differences between groups, and P values < 0.05 were considered
statistically significant. For the CCsyp and ECsy values, which
indicate the concentration of the compound that leads to a 50%
reduction in cell viability and viral infection, respectively, non-
linear fit regression models were used (four parameters). For the
analysis of the Kaplan-Meier survival curve, the Gehan-Breslow-
Wilcoxon tests were performed.

3. Results

3.1. Antiviral assays in cell lines

3.1.1. Time of addition experiments with HSV-1
K26-GFP in Vero cell line

Four different DS polymers were selected for our study:
chondroitin sulfate sodium salt from shark cartilage (P1), dextran
sulfate sodium salt from Leuconostoc mesenteroides B512F My,
>500,000 Da (P2), dextran sulfate sodium salt My, 7,000-20,000 Da
(P3), and dextran sulfate sodium salt M, ~40,000 Da (P4).
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FIGURE 2

Time of addition experiments indicate that P2 interferes with early stages of HSV-1 K26 GFP, LV-VSV and LV-St infection. (A) Schematic figure of the
times where the compound was present in the assay. Cells were cultured in 48-well plates and subjected to four different protocols: (I) Preincubation
of cells with P2 for 1 h; (Il) Mix of the virus and P2 for 1h and addition to the cells with post-incubation with P2; (lll) Presence of P2 during all steps;
(IV) Post-incubation of cells with P2 after viral adsorption. At 24 h, cells were collected for flow cytometry. The red bar represents viral infections; the
black bar represents P2. Percentage of infection (+GFP cells) normalized to the non-infected cells for each protocol using (B) HSV-1 K26-GFP in
Vero cells. (C) LV-VSV in ACE2+HEK293T cells. (D) LV-St in ACE2+HEK293T cells. Triplicate experiments were performed for each data point (n = 4),
and the value is presented as mean of the percentage of normalized infection + S.E.M. *p < 0.05 and **p < 0.0001 were considered significant as

Regarding time of addition experiments, HSV-1 K26-GFP was
selected as the reference virus for this assay, since numerous
previous studies have demonstrated the strong inhibitory activity
of DSs against this virus in vitro (Piret et al., 2000; Witvrouw
et al., 2016). Furthermore, the experiment was also assayed with
pseudoviruses LV-St and LV-VSV, which enter via the interaction
between the protein spike S and the cell receptor ACE2, imitating
the way of entry of SARS-CoV-2. These experiments (Figure 2A)
were performed in these models to confirm that the inhibitory
effects of DS polymers take place on the steps of viral entry (Dyer
et al, 1997; Pirrone et al, 2011). When the compounds were
added before and/or during viral adsorption, they managed to
reduce the viral infection (Figures 2B-D, results of P2 shown).
Nonetheless, when they were added just after viral adsorption, no
significant decrease in viral particles was detected. The best results
were obtained when the compounds were left during all steps
(Figure 2, Protocol III), where the infection drastically decreased
by more than 90% in HSV-1 infection, and approximately an
80% in both pseudoviruses infections. Therefore, results suggest
that the polymers interfere predominantly with the early phase of
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infection. We selected protocol III as the optimal one to apply in
the following trials.

3.1.2. Antiviral assays against enveloped viruses
HSV-1, HCoV229E, LV-VSV, and LV-St

First, the cytotoxicity of P1, P2, P3, and P4 at 48 h was evaluated
in all cell lines by using an MTT assay. None of them exerted
toxic effects at any concentration (ECsg values over 1 mg/ml in all
cell lines tested). On the contrary, the polymers conserved cellular
viability above 80%. In addition, compounds P3 and P4 were able
to increase cell viability above 100% on average (Figures 3A-D).

After selecting protocol III as the optimal for the following
studies (Figure 3D), different types of cell lines were cultured and
infected with their corresponding viruses in the presence of the
polymers at different concentrations during all steps. Infection was
monitored by the expression of the GFP reporter protein, which
was expressed by all viruses used in these assays. Unsurprisingly,
all DS polymers (P2, P3, and P4) drastically decreased the infection
at concentrations ranging from 10 to 1,000 wg/ml, but chondroitin
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FIGURE 3

Antiviral assays and cytotoxicity of P1, P2, P3, and P4 against enveloped viruses. Results for (A) HSV-1 K26 GFP in Vero cell line, (B) HCoV-229E in
Huh-7 cells, (C) LV-VSV in ACE2+HEK293T cells and (D) LV-St in ACE2+HEK293T cell line. Each cell line was incubated during all steps with the
polymers at concentrations ranging from 0 to 1,000 wg/ml and subsequently infected with its corresponding virus at a specific MOI. Above,
fluorescence microscopy images of cells infected with the virus show GFP+ signal corresponding to viral infection. Below, dose-response curves for
ECs0 and CCsg values were determined by a non-linear fit model with variable response curve (four parameters); red dots show percentage of
infection and green dots represent percentage of viability compared to untreated cells. Triplicate experiments were performed for each data point (n
= 3), and the value is presented as mean percentage of infection/viability + S.E.M. For some conditions, S.E.M. values are so small that they are not
visible on the plot. (E) ECsp and CCsq values + S.D for each polymer.
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sulfate sodium salt (P1) had no inhibitory effects on HSV1 K26-
GFP infection (Figure 3A).

A similar pattern was observed for the rest of enveloped viruses
tested. Fluorescence microscopy images (Figures 3A-D) reported a
decrease in GFP+ signal corresponding to viral infection in cells
treated with the compounds compared to untreated samples, a
decrease that was lower in P1-treated cells. Except for the VSV-St
virus, P1 reported the highest ECsg values (Figure 3E). In addition,
P2 and P4 were the compounds that reported the lowest ECs
values in the non-linear fitting regression curves against HSV 1
K26-GFP, HCoV-229E, LV-VSV, and LV-St infections, with a wide
protective window in all tested cell lines.

All polymers neutralized the entry of the SARS-CoV-2S
protein-pseudotyped lentivirus LV-St in a dose-dependent manner.
This, added to the time-of-addition experiments, suggests that
the candidate compounds primarily interfere with early aspects
of infection.

3.1.3. Antiviral assays against SARS-CoV-2

To confirm the antiviral potential of the candidate polymers
against SARS-CoV-2, they were diluted and mixed with a virus
stock to inoculate Vero E6 cells. The antiviral activity was further
confirmed by immunofluorescence microscopy, to estimate virus
propagation. Cell viability was also evaluated in parallel to infection
(DAPI, Figure 4A) and in non-infected cells (MTT, Figure 4A). No
cytotoxicity was observed at the assayed doses. In fact, compounds
P3 and P4 showed again high viability values in the MTT assay. As
for the antiviral assay, DS from L. mesenteroides (P2) was highly
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effective in reducing infection efficiency, as suggested by SARS-
CoV-2N protein staining (Figure 4B). Furthermore, P2 reduced
the infection to the same levels as the cells treated with RMDV
(positive control), the only clinically approved antiviral for the
treatment of COVID-19 patients (National Insitutes of Health
Antiviral Therapy, 2022).

3.1.4. Antiviral assays against the non-enveloped
minute virus of mice

To assess whether the antiviral activity of the DS polymers
was limited to enveloped viruses (Bello-Morales et al., 2022), the
compounds were tested against non-enveloped MVM in the HeLa
cell line. As expected, none of the polymers were able to reduce
the infection of this virus (Figure 5A). Furthermore, none of the
compounds exhibited cytotoxic effects (CCsy values greater than
1,000 pug/ml) (Figure 5B), but whereas fluorescence microscopy
images and flow cytometry data revealed that the percentage of
infection remained around 100%.

3.2. Antiviral assays in human lung tissue
cells

Following the promising results obtained in cell lines models,
the next step was to demonstrate the antiviral activity of DS
polymers in models closer to the clinic. A rapid platform for the
identification of viral entry inhibitors by using human lung tissue
(HLT) was used (Grau-Expdsito et al., 2022). Cell suspensions from
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FIGURE 5
Polymers P1, P2, P3, and P4 do not exert antiviral activity against non-enveloped virus MVM in the Hela cell line at non-toxic concentrations. Cells
were incubated all the time with the polymers at concentrations ranging from 0 to 1,000 wg/ml, and subsequently infected with MVM at a MOI of 0.5.
(A) Above, fluorescence microscopy images of cells infected with the virus show GFP+ signal corresponding to viral infection. Below, dose-response
curves for ECsg and CCsg values were determined by a non-linear fit model with variable response curve (four parameters); red dots show
percentage of infection and green dots represent percentage of viability compared to untreated cells. Triplicate experiments were performed for
each data point (n = 3), and the value is presented as mean of the percentage of normalized infection &+ S.E.M. For some conditions, S.E.M. values are
so small that they are not visible on the plot. (B) ECso and CCsg values for each polymer in Hela cells.

primary HLTs were obtained from three different patients with
negative PCR tests for SARS-CoV-2, processed, and cultured for
the assay. HLT cells were subjected to VSV*AG (Luc)-Spike virus
in the presence of a 1/5 serial dilution of the different candidates
tested. 20 h post-exposure, antiviral activity and cell viability were
measured by luminescence. Camostat mesylate was the drug used
as a positive control (results not shown) due to previous reports
describing high antiviral activity in this HLT model (Grau-Expdsito
etal., 2022) and in precision-cut lung slices (Hoffmann et al., 2021).

Preliminary assays revealed that the calculated ECsy and
CCsp values in cell line models differed drastically from the
values in HLT cells for the same concentration. Therefore, the
concentration of polymers was increased, with 25 mg/ml being
the maximum concentration tested. Polymers P2 and P3 were the
compounds that most effectively inhibited SARS-CoV-2 entry into
HLT cells without affecting cell viability (ECsg values of 972.7 and
4275.3 ug/ml, respectively). Therefore, the potential benefit of DS
from L. mesenteroides during the early phase of infection was again
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demonstrated. Nonetheless, P1 and P4 induced a slight viral entry
suppression at high concentrations (Figures 6A, B).

3.3. In vivo toxicity evaluation of polymer 2
in mice

After confirming the tolerability and antiviral efficacy of the
polymers in vitro, with DS from L. mesenteroides (P2) standing
out as the compound that achieved the lowest EC5y values in
immortalized cell lines and primary cell cultures, we wanted
to evaluate whether inhalation treatment could be effective in
protecting mice susceptible to SARS-CoV-2 infection.

First, the toxicity evaluation of the candidate compound was
performed. 18 C57BL6/] mice were mock-inoculated or inoculated
with different single doses of P2 for four consecutive days (Section
2.10). Several parameters were analyzed, such as body weight

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1185504
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Andreu et al.

10.3389/fmicb.2023.1185504

A
HLT cells
150 P1 150 1504 P2 -150
125; 125 1254 125
1004 ¥ 100 1004 100
751 ® 75 751 -75 B
> 50 s 50 50 -50 EC50 CC50
I (ng/ml) (ng/ml)
() 251 -25 254 e [25 L
[={ Y S 1 I P - >25000 >25000
> 0 40 200 1000 500025000 0 40 200 1000 500025000 M
o\o [P1] pg/mi [P2] pg/mi : P2 957.7 £ 82.32 >25000
P3 P4 o [ p3 " >
+ 150, e s . o1s0|Z| P3| 4075323557 | >25000
° = | P4 >25000 >25000
1251 125 1257 s [125[<
[}
1004 -100 1004 = 100
75 -75 75 4 -75
504 -50 504 -50
254 -25 25+ -25
c T T T T T 1 0 c T T T T T T 0
0 40 200 1000 500025000 0 40 200 1000 500025000
[P3] pg/ml [P4] pg/ml
FIGURE 6
Percentage of viral entry in HLT cells exposed to VSV*AG (Luc)-Spike in the presence of compounds P1, P2, P3, and P4. HLT cells were incubated
with VSV*AG (Luc)-Spike virus in the presence of a 1/5 serial dilution of the different polymers tested. Antiviral activity and cell viability were
measured 20 h p.i by luminescence. (A) Non-linear fit model with variable response curve (four parameters) from at least three independent
experiments in replicates is shown (red lines). Cytotoxic effect on HLT exposed to drug concentrations in the absence of virus is also shown (green
lines). (B) CCsp and ECsp values of each drug for HLT cells. Triplicate experiments were performed for each data point (n = 3), and the value is
presented as mean of the percentage of viral entry/viability + S.E.M.

change (Figure 7A). Regarding WBCs count (Figure 7B), liver
(Figure 7C), and renal markers (Figure 7D), all data remained
within normal parameters established in mice by the clinical
laboratory responsible for the biochemical analysis. ALT and
AP enzymes in P2-treated mice seemed to decrease, while GOT
and Gamma-GT values tended to increase, but without statistical
significance. For 15 days there were no significant changes in any
of the parameters between the control and experimental groups.
No toxic signs such as hypothermia, weakness, diarrhea, or ataxia
were observed. Hypochromia and anisocytosis tests were negative.
There were also no signs of acute pain, distress, or weight loss. The
maximum concentration tested (P2 50 mg/ml) did not show any of
these signs and was selected as the dose used for the antiviral assay.

3.4. In vivo antiviral activity evaluation of P2
in mice
Being 50 mg/ml the concentration of P2 that exhibited no toxic

effects in mice, its antiviral effect against SARS-CoV-2 was tested
in vivo. Tg-K18hACE2 mice were infected intranasally with 10*
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PFU/ml of SARS-CoV-2, and treated or mock-treated on days 4,
5, 6 and 7 with nebulized P2 50 mg/ml, as previously described.
Animals treated with P2 gained weight (Figure 8A), while those
treated with PBS started to stop eating and thus their body weight
decreased. Kaplan-Meier survival curve (Figure 8B) reports that
50% of the PBS-treated mice died before the end of the experiment,
showing a significant mortality kinetic. In contrast, none of the
P2-treated individuals died prematurely. Regarding clinical signs
(Figure 8C), all PBS-treated mice exhibited piloerection, lethargy,
eye closure, and hunched posture on days 7-8 p.i. These results
report a significant difference in morbidity, since mice treated with
P2 remained clearly asymptomatic.

The viral load in the lungs of the mice was also calculated
by quantitative reverse transcription PCR (RT-qPCR). Virus yield
in lung tissues was significantly reduced in P2-treated mice,
suggesting that viral replication has been suppressed (Figure 9A).

Finally, to evaluate whether treatment with P2 at a
concentration of 50 mg/ml caused any significant morphological
difference in lung tissue compared to PBS-treated mice,
histopathological studies were performed. To assess this, lung
tissue was analyzed by histology on day 8 p.i. Lung damage
quantification reveals significant differences between treated and
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FIGURE 7
Polymer 2 shows no toxic effects in an in vivo mouse model. Eighteen C57BL6/J WT mice were distributed in three different groups (n = 6) and were
mock-inoculated (PBS) or inoculated (P2 at the concentrations of 5 or 50 mg/ml diluted in PBS) by inhalation for 30 min for four consecutive days in
a hermetic chamber. On day 15, mice were sacrificed and whole blood was obtained by cardiac puncture. (A) Percentage of body weight change, (B)
WBC count, (C) liver markers alanine transaminase (ALT), alkaline phosphatase (AP), aspartate aminotransferase (AST), and Gamma-glutamyl
transferase (Gamma-GT), and (D) renal markers urea, creatinine, potassium, and sodium levels were analyzed. Mean (n = 6) + S.E.M are shown, and
statistical comparisons were performed using the Mann-Whitney-U test.

non-treated animals (Figure 9B). This damage was evaluated by
detecting an expansion of the parenchymal wall, desquamation
and degeneration of alveolar epithelial cells, edema, and multi-
nucleated cell formation, among others. Gross pathology revealed
macroscopic manifestations of red lesions and discoloration in
lungs of PBS treated mice (Figure 9C, Supplementary Figure 2).
In the PBS treatment group, extensive lung epithelial surface
disruption and cellular debris are observed; however, no such
disruptions were found in the 50 mg/ml P2 group. Such features
of diffuse alveolar damage have been described in human lung
tissues of patients with positive PCRs for SARS-CoV-2 and
COVID-19 symptoms. To support RT-qPCR results, SARS-
CoV-2N protein expression was detected in lung tissue from
infected mice by immunohistochemistry (IHC) (Figure 9D). In
PBS-treated mice, the staining corresponding to the presence
of the virus was more intense compared to the P2-treated ones.
These results indicate that P2 is well tolerated by the lung
epithelium both in vitro and in vivo and that this polymer
exerts promising antiviral efficacy at the 50 mg/ml concentration
in vivo.
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4. Discussion

Dextrans  are  high  molecular branched

glucopolysaccharides produced from sucrose by lactic acid

weight

bacteria (LAB) belonging to the Lactobacillaceae family. The
DS P2 used in this work is a dextran derived from Leuconostoc
mesenteroides strain B512F. It is composed of a linear chain of
glucose monomers with approximately 95% o-D-(1,6) linkages,
accounting the remaining a-D-(1,3) linkages for the branching of
dextran. Regarding the branch lengths, the average branch length
is less than three glucose units (Lindberg and Svensson, 1968; Larm
et al,, 1971), although other methods have indicated branches of
greater than 50 glucose units (Senti et al., 1955; Bovey, 1959).

The safety of dextrans is endorsed by the inclusion of dextran
70 in the 22nd (2021) WHO Model List of Essential Medicines
[World Health Organization (WHO), 2021]. On the other hand, the
toxicity of dextran sulfate sodium (DSS) depends on its molecular
weight. DS orally administered to humans did not exert significant
side effects or systemic absorption (Abrams et al., 1989). However,
administration of 1-5% high molecular weight DSS in drinking
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water induced acute intestinal injury in mice (Chassaing et al., 2014;
Kiesler et al., 2015; Munyaka et al., 2016; Park et al., 2021).

DS is anticoagulant when administered intravenously. When
administered by infusion, this polymer has shown to trigger, among
other side effects, mild epistaxis, thrombocytopenia or transient
elevations in alanine and aspartate aminotransferases (Flexner
etal., 1991). However, the effects of DS administered by inhalation
in humans or animal models had not been reported before. Here we
have demonstrated for the first time the absence of significant side
effects of DS after inhalation administration in a mouse model.

Numerous studies have also correlated the molecular weight
and degree of sulfation of sulfated polysaccharides with their
antiviral activity (Ray et al,, 2022). Our in vitro assays support
this hypothesis since P2 (My: 500kDa) reported the lowest ECsg
values, followed by P4 (M,: 40 kDa) and finally P3 (M,,: 7-20
kDa) (Witvrouw et al., 2016). However, P1 (chondroitin sulfate
from shark cartilage) did not show remarkable antiviral effects.
Chondroitin sulfate polymers have been shown to have weaker
antiviral effects compared to DS polymers in HSV-1 (Nyberg et al.,
2004), and only the chondroitin sulfate type E purified chain from
squid cartilage has exhibited potent antiviral activity against HSV-1

Frontiers in Microbiology

(Bergefall et al., 2005). As for SARS-CoV-2, chondroitin sulfates do
not show competitive binding to S protein (Kwon et al., 2020), and
a recent study reported no activity of chondroitin sulfate against
VSV- pseudotyped SARS-CoV-2 vector (Izumida et al., 2022).

The mechanism of action by which DSs exert their antiviral
activity depends mainly on non-covalent interactions between the
negative charges of the polymers and the positive charges on the
virion envelopes (Bello-Morales et al., 2022). This interaction is
not specific, as DS polymers have demonstrated antiviral activity
against several viruses that use different receptors to enter cells.
Furthermore, the polymers tested in our study lack inhibitory
activity against the non-enveloped virus MVM, supporting the
key role of the interaction between the viral envelope and the
compounds. This suggests that their antiviral properties might
be a universal phenomenon against enveloped viruses. Not only
electrostatic forces, but also van der Waals forces, H-bonds,
hydrophobic effects, cation bridging, or steric interactions favor the
contact of virions and DSs (Bello-Morales et al., 2022).

Since these polymers have shown low toxicity and potent
antiviral activity in vitro and in vivo, we suggest that they may
have promising preventive clinical use, also due to their low
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Effect of P2 on viral RNA levels and histology of Tg-K18hACE2 mice lung samples. (A) Viral genome copies in lung tissue determined by RT-qPCR. (B)
Semi-quantification of the lung damage. (C) Hematoxylin and eosin (H&E) staining and (D) immunohistochemistry (IHC) images of N protein of
SARS-CoV-2 of infected mice lung tissue 8 days p.i (scale bar, 100 um, n = 6), treated with either PBS or 50 mg/ml P2. Arrows show the presence of
cumulative virions. Two representative cryosections from two different mice of the same group are shown. Mean (n = 6) £+ S.E.M. are shown.
Statistical comparisons were made using Mann-Whitney-U tests; **p = 0.0152.
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FIGURE 10

Possible strategy of administration of P2. In a patient with suspected SARS-CoV-2 infection, or in early stages of infection, the DS-based polymer is
nebulized via aerosols to access the nasal cavity and pulmonary alveoli. Airborne virions can be trapped by the polymer before they attach and enter
the respiratory epithelium, thus reducing viral infection.

cost and ease of production. SARS-CoV-2 infection begins via  in epithelial cells in the nasal cavity (goblet cells and a subset
respiratory droplets that are deposited in the nasal, conjunctival,  of ciliated cells), and type II pneumocytes in alveoli (Emrani
and oral mucosa. Receptors for SARS-CoV-2 are mainly expressed et al., 2021). Time of addition experiments and testing in HLT
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cells have demonstrated that the effect of our polymers takes
place mainly in the early steps of the infection. Therefore, we
propose the strategy of directly attacking the virus just when
it reaches the upper respiratory tract, the lungs, and other
target cells present in the airways. This timing is ideal for
polysulfates to trap airborne coronaviruses at the respiratory
tract level, based on the physical chemistry of polyelectrolyte
complexes (Nie et al, 2021; Vert, 2021). Nonetheless, viral
replication and shedding could continue for several weeks in
the case of severe patients, so repetitive administration should
be considered. As part of post COVID-19 syndrome, the
persistence of respiratory symptoms, especially dyspnea and
cough, beyond four weeks from the outbreak of symptoms
appears to be common (Vaddsz et al, 2020; Montani et al,
2022). Therefore, the precise treatment of respiratory symptoms
is important in long-term prospective follow-up studies. The
window to treat emerging SARS-CoV-2 infection before its peak
is longer in humans compared to the mouse model (Sheahan
et al, 2020), and our trials were performed in young mice
(disease severity increases with age), so this must be taken into
account in treatment design. The main drawback of polyanions
is their low bioavailability, which can be avoided by using
appropriate administration strategies here proposed, such as
gargling, inhalation, and nasal spraying of an aqueous solution
to access the oral and nasal cavities, or aerosol nebulization
(Figure 10) to access pulmonary alveoli (Bello-Morales et al.,
2022). All things considered, we suggest the inhalation with
nebulized P2 in combination or not with current antiviral therapies
for prevention.

In conclusion, this study highlights the broad-spectrum
antiviral properties of exopolymers produced by L. mesenteroides
B512F against SARS-CoV-2, and it also shows that inhalation
is a suitable administration route for treating the infection.
In vivo assays reported in this work showed no signs of toxicity
and demonstrated a drastic inhibition of SARS-CoV-2 infection
in mice treated with dextran sulfate 50 mg/ml. In addition,
it is broadly active in vitro against various enveloped viruses,
including the coronavirus HCoV-229E, and HSV-1. The low
cost, speed of production, and the ease of application makes
this polymer a good alternative for the prevention of COVID-
19.
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Chronic infection with the hepatitis B virus (HBV) is a leading causes of liver
cirrhosis and hepatocellular carcinoma. However, managing HBV treatments
is challenging due to the lack of effective monotherapy. Here, we present two
combination approaches, both of which aim to target and enhance the clearance
of HBsAg and HBV-DNA. The first approach involves the use of antibodies to
continuously suppress HBsAg, followed by the administration of a therapeutic
vaccine in a sequential manner. This approach results in better therapeutic
outcomes compared to the use of these treatments individually. The second
approach involves combining antibodies with ETV, which effectively overcomes
the limitations of ETV in suppressing HBsAg. Thus, the combination of therapeutic
antibodies, therapeutic vaccines, and other existing drugs is a promising strategy
for the development of novel strategies to treat hepatitis B.

HBYV, therapeutic antibodies, therapeutic vaccine, nucleotid analogs, combination
(combined) therapy

1. Introduction

Since the discovery of the Australia antigen by Blumberg et al. in 1965, chronic hepatitis B
(CHB) has been considered a neglectable public health concern for almost 60 years (Blumberg
et al., 1965). However, the fact remains that 296 million people with CHB urgently require
effective eradication therapeutics, as CHB is a leading cause of liver cirrhosis and hepatocellular
carcinoma (Jeng et al., 2023). Currently, interferon-based therapies and nucleos(t)ide analogs
(NAs) are the only two primary treatment options available for hepatitis B virus. Interferon-o
and its pegylated version offered long-lasting virologic response with restricted effectiveness and
frequent adverse effects (Ye and Chen, 2021). NAs are an effective treatment for reducing the
levels of HBV-DNA in patients and are generally well tolerated. However, achieving functional
cure of HBV, as indicated by HBsAg seroconversion, is rare achieved with NAs (Broquetas and
Carrion, 2022). Collectively, development of effective therapeutics for CHB is still in urgent need.

As our understanding of chronic HBV infection deepens, it becomes clear that the primary
obstacle to achieving a functional cure for HBV is the high level of peripheral HBsAg, which
acts as a brilliant decoy to evade the immune system. During the past few decades, various
monotherapies targeting HBsAg through distinct pathways have demonstrated promising but
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limited outcomes in both preclinical and clinical studies. Therapeutic
vaccine, antibody and siRNA are the most commonly used types of
monotherapies for treating CHB. In terms of HBV therapeutic
vaccines, a minor decline of HBsAg has been observed in clinical trials
of TG1050, BRII-179 and NASVAC (Zoulim et al., 2020; Akbar et al.,
2021; Ma et al., 2021). Clinical trials of therapeutic antibodies such as
HH-003, BRII-877, and VIR-3434 have been reported to transiently
induce HBsAg loss by 1-2 log IU/mL. Similarly, comparable reduction
of HBsAg has also been observed in clinical trials of siRNA such as
JNJ-3989, arc-521, and VIR-2218 (van den Berg et al., 2020). While all
the aforementioned monotherapies have shown inspiring outcomes,
achieving the functional cure of HBV remains rare.

In addition to monotherapy, emerging combination strategies
have demonstrated remarkable therapeutic efficacy. The effectiveness
of therapeutic vaccines has been shown to increase through the
knockdown of virus antigen expression via siRNA in preclinical
studies (Michler et al., 2020). Moreover, effective inhibition of HBV
expression has been reported through a combination of HBV targeted
therapy and PD-1 immune checkpoint blockade (Zhen et al., 2021).
Furthermore, treatment of HBV infection with nucleic acid polymers
and peg-IFN has resulted in functional cure in 35% of participants
(Bazinet et al, 2021). Thus, the strategic design of various
monotherapy combinations may effectively attain functional cure
for HBV.

In our preview studies, we reported several HBV therapeutic
antibodies that target different domains of HBsAg. Among these
mAbs, the E6F6 mAD binds to a linear epitope (aa 119-125 of HBsAg),
while the 129G1 mAb recognizes the ‘second loop’ linear epitope (aa
137-151 of HBsAg; Zhang et al., 2016). Additionally, a bat HBV core
antigen derived therapeutic vaccine presenting HBsAg-aall3-
135(SEQ13) has been designated as a therapeutic vaccine (Zhang
et al., 2020). Administration of all three of these interventions
demonstrates substantial HBsAg and HBV-DNA loss in HBV-carrier
mouse. Here, to assess the potential synergy effect of HBV therapeutic
antibodies with other interventions, we evaluated the extent of HBsAg
and HBV-DNA loss through the administration of mouse-originated
and humanized HBV
mouse models.

therapeutic antibodies in multiple

2. Materials and methods
2.1. Mouse

For AAV-HBV mouse model, based on C57BL/6 strain, was
developed using rAAV8-1.3HBV (ayw) purchased from Beijing
FivePlus Molecular Medicine Institute Co. Ltd. Each mouse was
intravenously injected with 2.5x 10" vg AAV-HBV. Assessments were
conducted 4 weeks after AAV-HBV infection to establish immune
tolerance. To facilitate the following assessments, a serum HBsAg titer
ranging from 1x 10°-2 x 10*IU/mL was selected. To ensure that each
group of AAV-HBV mice had the same baseline level of HBsAg, mice
of the same age were divided into groups based on their serum
HBsAg titer.

The HBV-transgenic (HBV-Tg) mouse, aged between 10 and
12 weeks, were kindly provided by Pei-Jer Chen (NTU, Taiwan; Wu
et al,, 2010). To enable the subsequent assessments, a serum HBsAg
titer ranging from 1x 10°-2 x 10*IU/mL was selected. To ensure that
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each group of HBV-tg mice had a consistent baseline level of HBsAg,
mice of the same age were divided into groups based on their serum
HBsAg titer.

2.2. Antibodies

The 129G1 mADb were produced using hybridoma technology and
characterized as previously described (Huang et al., 2012). Babl/c F1
Mice were subjected to intraperitoneal injections of paraffin oil to
saturate peritoneal macrophages and prevent phagocytosis of
antibody-secreting cells. After a 3-day incubation period, E6F6
hybridoma cells were administered intraperitoneally, and ascites were
collected 3 to 7 days thereafter. The collected ascites was then subjected
to centrifugation at 12,000 revolutions per minute for a duration of
10 min, followed by a 1:1 blending of the ascites supernatant with
saturated ammonium sulfate. The mixture was allowed to precipitate
on ice for a duration of 30 min before the precipitate was re-suspended
in System A liquid of the Protein A column purification system.
Subsequent centrifugation at 12,000 revolutions per minute for 10 min
resulted in the discarding of the supernatant. The remaining solution
was filtered and applied to a Protein A column for purification. The
162 and rc162 mAb used in this study were provided by our partner,
Yangsheng TANG Co., Ltd.

2.3. Vaccines

The CRT3-SEQ13 gene fragment was synthesized by GENEWIZ,
Inc. (Suzhou, China), and subsequently cloned into the pTO-T7
expression vector, which had been previously constructed in our lab
(Luo et al, 2000). Following transfection of correct plasmids
expressing CR-T3-SEQ13 into Escherichia coli strain ER2566 (Yang
etal,, 2005). The transfected ER2566 were cultured in an Erlenmeyer
flask at 37°C for 4 h. Subsequently, IPTG was added, and the culture
was incubated overnight at 16°C. The resulting precipitation was
resuspended in lysis buffer containing 20mM PB pH 6.0, 150 mM
NaCl, and 5mM EDTA. Sonication was performed for 3-4 min per
bottle of bacteria, followed by centrifugation at 25,000 g for 20 min to
collect the supernatant. The supernatant was heat-treated at 60°C for
20min in a water bath, followed by another round of centrifugation at
25,000 g for 20 min to collect the supernatant. Saturated ammonium
sulfate was slowly added to the supernatant in a 10:3 ratio (supernatant:
ammonium sulfate) while stirring, and the mixture was left at 4°C for
2h (or overnight). The mixture was then centrifuged, and the
supernatant was discarded. The resulting precipitate was dissolved in
PBS. If the precipitate did not dissolve after 10 min, DTT was added
in a 5mM concentration gradient up to a maximum of 20 mM. The
solution was then filtered through a 0.22um filter and purified through
ultracentrifugation using a sucrose density gradient (20, 40, 60, 80%)
at 23,000 rpm for 10h at 4°C. The desired protein was dialyzed in PBS,
and the buffer was changed at least three times. The antigens were
mixed with alum adjuvant using the protocol previously described
(Zhang et al, 2015). The CR-T3-SEQ13 protein and vaccine
formulation used in this study were kindly provided by our partner,
Xiamen Innovax Biotech Co., Ltd.

To prepare the sample for electron microscopy, the protein was
diluted in PBS at a 2x gradient. Negative staining of the protein
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solution was performed by placing a drop on a copper grid and
staining with 1-2% phosphotungstic acid (PTA) at pH 6.5-7.0 for
5-10s, followed by drying for observation under a transmission
electron microscope.

2.4. Virological indicators

The HBV DNA levels in the mouse serum specimens were
measured using a real-time qPCR assay from Premix Ex Taq™
(Takara, Dalian, China). The primer sequences were as follows:
5-TTTCACCTCTGCCTAATCAT-3" and 5'-TCAGAAGGCAAAA
AAGAGAGTAACTC-3". The probe sequence was 5-HexCCTTGG
GTGGCTTTGGGGCATGGA-1-3".

The HBsAg chemiluminescent quantitation kit and HBeAg
quantitation ELISA kit were obtained from Beijing Wantai Biological
Pharmacy Enterprise Co., Ltd. The mouse serum was diluted at a ratio
of 1:1000 using ED11. The chemiluminescence plate was equilibrated
to room temperature, and 20 uL of the sample dilution was added.
Following this, 100 pL of the sample and 5 standard samples (45, 9, 1.8,
0.36, and 0.072) were added and incubated at 37°C for 1h.
Subsequently, 50 pL of the enzyme-labeled secondary antibody was
added and incubated at 37°C for 1h. The plate was washed five times
to remove any excess liquid, and any residual moisture was removed
by shaking the plate dry. Finally, 100 pL of the color developing solution
(A +B) was added, and the third reading was recorded. The actual IU
value of the sample was calculated based on the standard samples.

The anti-SEQ13 and anti-CRT3-SEQ13 titers were detected using
indirect ELISA kits developed by Beijing Wantai Biological Pharmacy
Enterprise Co., Ltd. The anti-162 mAb titer was detected using indirect
ELISA kits developed by Yangsheng TANG Co., Ltd. The recombinant
HBsAg protein (CHO cell-derived, Wantai Biological Pharmacy
Enterprise Co., Ltd., Beijing, China) or synthesized SEQ13 peptide
(Jingju, Xiamen, China) was added at a concentration of 200 ng per well
to coat the wells. Nonspecific binding was prevented by blocking with
a solution of 2% bovine serum albumin (BSA) and 10% sucrose in
phosphate-buffered saline (PBS). A series of sample dilutions ranging
from 10 to 10,000 were prepared. During the assay, 100 uL of the
specimens were added to the reaction well and incubated at 37°C for
60min. Antibody titers was detected through horseradish peroxidase
(HRP)-conjugated anti-mouse/human pAb (Thermo Scientific,
Rockford, United States). Following the reaction of the chromogenic
substrate and the stop solution, measure the absorbance of each well at
450nm and 630nm. The maximum dilution fold that yielded an
OD450 nm- 630 nm value greater than 0.1 was used to calculate the
antibody titer as follows: titer = (OD450 nm- 630 nm) /0.1 x dilution fold.

2.5. Quantification and statistical analysis

Statistical analyses were conducted using Prism 8 software
(GraphPad). The bars rep-resent the mean. For datasets containing
more than two groups, both normality and homogeneity of variance
tests were performed. If these tests were passed, an ordinary one-way
ANOVA with Tukey’s post-hoc test was performed to compare the
means of each group. If only the normality test was passed, Brown-
Forsythe and Welch ANOVA tests were used, followed by the Kruskal-
Wallis test and Dunnett T3 test for post-hoc comparisons. If neither
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test was passed, the Kruskal-Wallis test and Dunn’s method were
employed to compare the mean rank of each group. For datasets
containing only two groups, an unpaired t-test was performed if both
normality and homogeneity of variance tests were passed. If only the
normality test was passed, an unpaired t-test with Welch’s correction
was used. If neither test was passed, the Mann-Whitney test was
performed to compare the mean rank of each group.

3. Results

3.1. Manufacturing and characterization of
therapeutic agents for hepatitis B virus

The current investigation focuses on exploring the potential of the
therapeutic vaccine CRT3-SEQ13 and therapeutic anti-HBV antibodies
129G1, E6F6, and 162 for managing hepatitis B virus (HBV) infection.
These agents are promising candidates for treating chronic HBV
infection, as they have exhibited significant inhibitory effects on HBV
in various HBV-carrying mouse models and have induced high levels
of anti-HBV humoral immune response (Zhang et al., 2016, 2020).

CRT3-SEQ13 exists as polymeric particles with 180 or 240 copies
in PBS buffer. The protein purity of the four proteins was assessed using
SDS-PAGE (Figure 1A), and their degree of polymerization was
evaluated using HPLC (Figure 1B). The results showed that the protein
purity was optimal, and the degree of polymerization met the expected
standard. Since CRT3-SEQ13 is a virus-like particle (VLP), particle
formation was assessed by transmission electron microscopy negative
staining, and the results confirmed the expected particle formation
(Figures 1C,D). To verify the immunogenicity of CRT3-SEQ13,
wildtype C57BL/6 mice were administered intramuscularly. The serum
anti-immunogen assessment demonstrated that two injections of CRT3-
SEQ13 on day 0 and day 14 induced potent and sustained humoral
response (Figures 1E,F). The HBV therapeutic antibodies, 129G1, and
E6F6, were produced and characterized as reported (Zhang et al., 2016).

3.2. Administration of therapeutic
antibodies over the long-term promotes
functional cure

In our previous research on HBV therapeutic antibodies,
we demonstrated that administration of antibodies can lead to
prolonged suppression of HBV. However, it is unclear whether long-
term antibody administration can promote functional cure of HBV.

To address this question, we assessed short-term (Figure 2A) and
long-term (Figure 2C) therapeutic antibody administration in an
AAV-HBV mouse model. Short-term administration of E6F6
maintained mouse serum HBsAg at baseline levels during treatment,
but HBsAg levels rebounded rapidly 12 days after the end of treatment
and returned to baseline levels in 30 days (Figure 2B).

In contrast, long-term therapeutic antibody administration was
highly effective, with sustained suppression of serum HBsAg over a
monitoring period of 171 days (Figure 2D). The absence of rebound
in serum HBsAg levels for 71 days after treatment suggests that these
AAV-HBV mice may have achieved functional cure.

These results demonstrate that long-term administration of
therapeutic antibodies can effectively eradicate HBV infection, while
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short-term administration is insufficient to achieve eradication. These
findings are promising for the treatment of HBV in preclinical studies.
However, frequent antibody injections may pose challenges for patient
compliance during clinical practice. Therefore, multiple HBV
combination interventions have been evaluated to facilitate HBV
eradication and improve patient compliance.
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3.3. Sustained suppression of HBsAg
ameliorates therapeutic vaccine efficacy in
central tolerance mouse model

In order to assess the potential synergy effect of HBV therapeutic
vaccine and antibody, we conducted a sequential administration of
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FIGURE 2
Sustained E6F6 administration eradicate HBV infection efficiently. (A) AAV-HBV mice (n=8/group; HBsAg: 1x10°-2x10*U/mL) were administrated with
E6F6 intravenously as indicated by blue arrows, the time of blood sampling was indicated by red arrows. Vehicle was injected intravenously as control.
Schematic representation of the short-term E6F6 therapy procedure. (B) Time kinetic of HBsAg in male AAV-HBV mice during short-term E6F6
administration. (C) AAV-HBV mice (n=4/group; HBsAg: 1x10°-2x104U/mL) were administrated with E6F6 intravenously. Schematic representation of
the long-term E6F6 therapy procedure. (D) Time kinetic of HBsAg in male AAV-HBV mice during long-term E6F6 administration. Results were
representative of three independent experiments. Statistical analyses were performed between red line and black line. *p<0.05; **p<0.01; ***p<0.001;
***%n<0.0001.

CRT3-SEQ13 and 129G1 in HBV-transgenic (HBV-tg) mouse model.  corresponds to the typical HBsAg titer observed in the majority of
HBV-tg mice were carefully selected based on their serum HBsAg ~ CHB patients. To ensure a thorough evaluation, the mice were
levels, ranging from 1x10°IU/mL to 2x10‘IU/mL, which  subjected to a rigorous injection schedule: 17 injections of 129G1
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monoclonal antibody at three-day intervals over a 48-day period, as
depicted in Figure 3A, followed by six administrations of CRT3-
SEQ13 on days 30, 44, 51, 58, 65, and 72. To account for the gender-
related nature of HBV infection, we used both male and female
HBV-tg mice to assess the therapeutic potential of this
combination therapy.

Remarkably, in the female HBV-tg mouse, circulating HBsAg
129G1
administration in both the monotherapy and combination therapy

levels were maintained below 10IU/mL following

groups (Figures 3B,E). As anticipated, serum HBsAg titers returned
to baseline level after 129G1 was discontinued in 129G1 monotherapy
group. It is noteworthy that the administration of CRT3-SEQ13
monotherapy resulted in a significant reduction of serum HBsAg
levels from 5,500 IU/mL to 300IU/mL in the female HBV-tg mouse
model (Figure 3B). While both CRT3-SEQ13 monotherapy and
combination therapy produced similar results in suppressing serum
HBsAg at the endpoint of assessment, the combination therapy
displayed superior efficacy in maintaining serum HBsAg levels
throughout the 107-day study period. Moreover, there were no
significant differences observed in epitope-specific (SEQ13) and
vaccine-specific (CRT3-SEQ13) antibody levels between the CRT3-
SEQ13 monotherapy group and combination therapy group in the
female HBV-tg mouse (Figures 3C,D).

In male HBV-tg mouse, the administration of CRT3-SEQ13
monotherapy led to a significant decrease in serum HBsAg levels from
17,000IU/mL to 6,000IU/mL (Figure 3E). Furthermore, the
combination therapy group achieved a much more substantial
reduction in serum HBsAg levels, plummeting from 17,0001U/mL to
1,200I1U/mL in the male HBV-tg mouse. This impressive decline was
made possible by the efficient facilitation of HBsAg clearance through
the administration of 129G1 mAb in combination therapy. Still,
epitope-specific (SEQ13) and vaccine-specific (CRT3-SEQ13)
antibodies did not show significant difference in CRT3-SEQI3
monotherapy group and combination therapy group in male HBV-tg
mouse (Figures 3EG).

These results indicate that HBV therapeutic antibody
monotherapy is insufficient in sustaining the restraint of circulating
HBsAg in a high HBsAg load scenario, but the administration of
129G1 monoclonal antibody over a period of 48 days significantly
improves the efficacy of CRT3-SEQ13.

3.4. Prolonged repression of HBsAg
promotes therapeutic vaccine efficacy in
peripheral tolerance mouse model

In order to further validate the synergistic effect of HBV
therapeutic vaccine and antibody, CRT3-SEQ13 and 129G1 were
administrated sequentially in AAV-HBV mouse model (Figure 4A).
The results showed that circulating HBsAg level in AAV-HBV was
maintained below 10IU/mL in both monotherapy and combination
therapy groups upon 129G1 administration (Figure 4B). However, it
was observed that serum HBsAg levels in the 129G1 monotherapy
group quickly rebounded to baseline levels following the
discontinuation of the 129G1 treatment on day 48. In contrast, the
CRT3-SEQ13 monotherapy group did not display a significant
decline in serum HBsAg titer in the AAV-HBV mouse model when
compared to the control group. Interestingly, the combination
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therapy group exhibited a notable reduction in HBsAg levels,
remaining under 2,000 [U/mL upon CRT3-SEQ13 administration,
with two out of five mice exhibiting HBsAg levels under 1001U/mL
at the endpoint of assessment. Moreover, the immunogen-specific
antibody titers in the AAV-HBV mouse model were found to rise
rapidly within 7 days of CRT3-SEQ13 administration. Besides, both
epitope-specific (SEQ13) and vaccine-specific (CRT3-SEQ13)
antibody titers did not exhibit any significant differences between the
CRT3-SEQ13 monotherapy group and combination therapy group
(Figures 4C,D).

Collectively, these results demonstrate that the administration of
129G1 enhances the efficacy of CRT3-SEQ13 in the peripheral
tolerance mouse model, showcasing the potential of this combination
therapy in treating chronic hepatitis B infections.

3.5. Preclinical evaluation of humanized
HBV therapeutic antibody

In order to fully explore the therapeutic potential of therapeutic
antibody and entecavir (ETV), we conducted a series of preclinical
experiments using both the AAV-HBV and HBV-tg mouse models. A
single shot of humanized 162 mAb was administrated, experimental
design is shown in Figure 5A. Specifically, different dosages of 162
mAb were administered, including 1 mg/kg (1mpk), 5mg/kg (5mpk),
and 30 mg/kg (30mpk), along with Entecavir (ETV) which was given
via drinking to assess the synergy potential of 162 mAb and
ETV. We also included a vehicle group which received the solvent of
162 mAb as control.

In the AAV-HBV mouse model, we observed a remarkable
decrease in serum HBsAg levels from 6,600 IU/mL to 7001U/mL,
300IU/mL and 100IU/mL in the 1mpk group, 5 mpk group and 30
mpk group, respectively, on day 2 post 162 mAb administration
(Figure 5B). Similarly, in the HBV-tg mouse model, we observed a
significant reduction in serum HBsAg levels from 4,1001U/mL to
1,500IU/mL, 500IU/mL and 200IU/mL in the 1mpk group, 5 mpk
group and 30 mpk group, respectively, on day 2 post 162 mAb
administration (Figure 5C). In both AAV-HBV and HBV-tg mouse
model, ETV monotherapy did not affect HBsAg level, as expected.

We also assessed the HBV-DNA level of both the AAV-HBV and
HBV-tg mouse models, as ETV mainly interferes with HBV reverse
transcription. In the AAV-HBV mouse model, we observed a significant
reduction in serum HBV-DNA levels from 4 x 10TU/mL to 1.8 x 10°IU/
mL, 3.4x10*IU/mL, and 5.8x10*IU/mL in the 1mpk group, 5 mpk
group, and 30 mpk group, respectively, on day 2 post 162 mAb
administration (Figure 5D). Similarly, in the HBV-tg mouse model,
we observed a significant reduction in serum HBV-DNA levels from
4.1x10°TU/mL to 2.3x10°IU/mL, 1 x 10°TU/mL and 6.6 x 10°IU/mL in
the 1mpk group, 5 mpk group and 30 mpk group, respectively; on day 2
post 162 mAb administration (Figure 5E). ETV monotherapy was
effective in reducing serum HBV-DNA levels in both models, and the
combination therapy of 162 mAb and ETV did not interfere with the
therapeutic effect of each other.

Taken together, our findings suggest that the humanized 162 mAb
demonstrated a promising therapeutic potential in both AAV-HBV
and HBV-tg mouse models, and the combination therapy of 162 mAb
and ETV might work in synergy to overcome the limitations of
both monotherapies.
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FIGURE 3
The combination of therapeutic antibody and vaccine breaks central immune tolerance in HBV-tg. (A—G) Central tolerance, HBV-transgenic mice (n=4/
group; HBsAg: 1x10°-2x104U/mL) were administrated with 400ug 129Gl intravenously every 3days as indicated by blue arrows, 12ug CRT3-SEQ13 was
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injected intravenously as control. (A) Schematic representation of the combination therapy procedure used for (B—G). (B—D) Time kinetic of virological
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3.6. Maximum suppression of HBsAg
achieved through reverse chimeric HBV
therapeutic antibody administration weekly
To further investigate the pharmacodynamics (PD) and
pharmacokinetics (PK) of 162 mAb in mouse, we designed a reverse
chimeric 162(rc162) mAb, which was composed of mouse Fc and
humanized Fab. We then administered four doses of rc162 mAb to
AAV-HBV mouse models to assess its ability to retain serum HBsAg titer
over time (Figure 6A). The results showed that serum HBsAg was
significantly reduced from 4,500IU/mL to 501U/mL, 20IU/mL and
101U/mL in the Impk, 5 mpk, and 30 mpk groups, respectively, on day 2
post rcl62 mAb administration (Figure 6B). Furthermore, the
administration of rc162 mAb also led to a reduction in serum HBV-DNA
levels from 1.4x10’IU/mL to 3.5x10°IU/mL, 3x10*IU/mL, and
3x10*IU/mL in the 1mpk, 5 mpk, and 30 mpk groups, respectively

10.3389/fmicb.2023.1173061

(Figure 6C). Besides, serum HBeAg levels did not show any significant
difference after four doses of rc162 mAb administration over 29 days
(Figure 6D). In terms of pharmacokinetics, the analysis of rc162 mAb
showed a consistent antibody titer during the 29-day time course, which
was almost the opposite trend of the HBsAg titer (Figure 6E).

All in all, these findings suggest that weekly administration of
rc162 mAD can persistently suppress serum HBsAg and HBV-DNA,
which makes the combination therapy of rc162 mAb and therapeutic
vaccine a promising future prospect.

4. Discussion

Numerous preclinical and clinical trials for CHB indicated that
monotherapy alone may be insufficient to achieve functional cure
effectively. Previews studies have shown that several therapeutic
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1x10°-2x10%1U/mL) were administrated with 162 intravenously as indicated
Vehicle was injected intravenously as control. (A) Schematic representation
virological indicators in male AAV-HBV mice. Serum levels of (B) HBsAg, (D)

Humanized therapeutic antibody eradicate HBV in synergistic combination with ETV. (A—E) AAV-HBV and HBV-transgenic mice (n=8/group; HBsAg:

Serum levels of (C) HBsAg, (E) HBV-DNA. Results were representative of three independent experiments. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

by blue arrows, the time of blood sampling was indicated by red arrows.
of the combination therapy procedure used for (B-E). (B,D) Time kinetic of
HBV-DNA. (C,E) Time kinetic of virological indicators in male HBV-tg mice.

antibodies against HBV results in significant decline in HBsAg levels
upon administration. However, the suppression effect of HBsAg
cannot be sustained as antibody administration stops. Therefore, it is
crucial to reinvigorate host adaptive immunity to achieve functional
cure effectively. Base on this theory, we have designed a combination
strategy of HBV therapeutic antibody and vaccine to facilitate HBsAg
clearance. The 129G1 mAb, which targets HBsAg, was administrated
first to eliminate HBV-expressing cells and control circulating HBsAg.
After 30 days of passive immunization, CRT3-SEQ13 was introduced
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to induce host active immunity. In male mouse model with high
viremia and high antigenemia, our combination therapy demonstrated
striking therapeutic efficacy compared to monotherapy. These
promising results have given us the confidence to assess HBV
therapeutic antibody in clinical trials. In order to do so, humanized
and reverse chimeric forms of E6F6 mAb were generated and
evaluated in HBV carrier mouse. Similar therapeutic effects were
verified through pharmacodynamics and pharmacokinetics analysis.
A randomized, double-blind, placebo-controlled phase I clinical study
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Sequential administration of reverse chimeric HBV therapeutic antibody suppresses HBsAg persistently (A—E) AAV-HBV mice (n=8/group; HBsAg:
1x10°-2x10%1U/mL) were administrated with rc162 mAb intravenously every 7days as indicated by blue arrows, the time of blood sampling was
indicated by red arrows. Vehicle was injected intravenously as control. (A) Schematic representation of the combination therapy procedure used for
(B—E). (B, D) Time kinetic of virological indicators in male AAV-HBV mice. Serum levels of (B) HBsAg, (C) HBV-DNA, (D) HBeAg, (E) 162 mAb. Results

were representative of three independent experiments. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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to evaluate the safety, tolerability, pharmacokinetics of 162 mAb with
a single ascending dose in healthy adult subjects is currently active in
Australia (NCT05310487). All in all, we demonstrated that prolonged
administration of an HBsAg targeting antibody promotes therapeutic
vaccine efficacy and is well-tolerated in human.

To assess the synergy effect of HBV therapeutic vaccine and antibody
in the HBV carrier mouse, we evaluated the combination of CRT3-SEQ13
and 129G1 mAD due to the fact that E6F6 mAb directly binds CRT3-
SEQ13. We assessed multiple combination strategies of E6F6 mAb and
CRT3-SEQ13 in our pilot experiment. However, neither the
administration of E6F6 mADb first in combination with CRT3-SEQ13 nor
the administration of both E6F6 mAb and CRT3-SEQ13 at the same time
showed a synergistic effect. Based on this observation, we selected the
129G1 mADb, which recognized HBsAg but did not bind to CRT3-SEQ13.
In the second part, the humanized 162 mAb was constructed using the
Fab of E6F6 mAb, as the E6F6 mAb demonstrated the most striking
therapeutic effect among all candidates (Zhang et al., 2016). Moreover, the
E6F6 mAD recognizes an evolutionarily conserved epitope (GPCK(R)
TCT) of HBsAg and only forms a smaller immune complex. This unique
binding characteristic of E6F6 mAb is important for HBsAg clearance
through opsonophagocytosis in vivo.

In regard to the induced vaccine-specific antibody titer by CRT3-
SEQ13, little difference was detected regardless of the administration
of 129G1 mAb. These results may be perplexing as serum HBsAg titer
did make a difference. Two possible explanations exist for this issue:
First, the administration of the HBsAg therapeutic antibody is capable
of eradicating HBV-expressing cells as we have previously
demonstrated (Zhang et al., 2016). Second, we hypothesized that the
quality of antibodies induced by CRT3-SEQI3 or the immune
suppressive environment might be important for HBsAg clearance.

During the preclinical experiments of the humanized therapeutic
antibody 162 mAb, only one shot was administrated due to host
rejection. In our pilot experiments, significant anti-drug antibodies
were developed when multiple shots of 162 mAb were administered
to the subjects. The production of anti-drug antibodies might
neutralize the therapeutic efficacy of 162 mAb and induce health
problems in mice. To circumvent this issue, rc162 mAb consisting of
a mouse Fc and humanized E6F6 Fab. Without the antigenicity from
human Fc, rc162 can be administrated at multiple times without
causing side effects. Furthermore, sustained HBsAg decline can
be achieved through weekly administration of rc162 mAb.

As a sexually related disease, many studies suggest that males may
exhibit certain symptoms of hepatitis B virus (HBV) infection more
frequently than females. Specifically, males may exhibit higher HBsAg
levels, more severe liver damage, cirrhosis, and a higher incidence of
liver cancer resulting from chronic HBV infection when compared to
females. This may be attributed to the fact that male hormones (such
as testosterone) can contribute to liver damage. Sexual differences
have also been observed in mouse models, with female mice displaying
lower levels of HBsAg and HBV-DNA, making them more responsive
to treatment. This explains why therapeutic vaccine administration
alone is capable of eradicating HBV in female mice. Most of the
assessments in this manuscript were conducted on male mouse
models, which is a more stringent model, intended to emphasize the
differences between the treatments.

In this study, we have evaluated the potential for synergistic effects
of therapeutic antibody, therapeutic vaccine, and nucleoside analogs.
In addition to the interventions mentioned above, several other HBV
interventions could be considered as potential candidates in
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combination with E6F6 or CRT3-SEQ13. These include IFN-a
(interferon-alpha), another drug marketed for the treatment of HBV,
aside from NAs. Although the synergy effect of IFN-a and E6F6 or
CRT3-SEQ13 has been assessed, little to no synergy effect has been
observed. Another intervention is siRNA (small interfering RNA),
which targets and degrades HBV mRNA. A combination strategy of
siRNA administration followed by treatment with E6F6 or CRT3-
SEQI13 demonstrated robust therapeutic efficacy. However, due to
non-disclosure agreements, we are unable to present the data at this
time. In summary, we believe that our therapeutic antibody and
vaccine, in combination with other targeted therapies, may
demonstrate similar synergy effects.

In the present study, we opted to conduct a 5-week monitoring period
for assessing the therapeutic effect of E6F6 and CRT3-SEQ13 based on
our pilot experiments. Previous studies have reported that the duration of
therapeutic effect induced by these antibodies may range from 2 to
10months (Zhang et al., 2020). However, in cases where the HBV
infection is not completely eliminated, a rapid rebound of mouse serum
HBsAg has been observed after the end of treatment. Considering the
practical constraints of time and resources, we deemed it appropriate to
limit the monitoring period to 5weeks post-treatment. While we did not
present data to support sustained loss of HBsAg for several months (3 to
6months) after the end of treatment, the fact that CRT3-SEQ13
demonstrated sustained therapeutic effect for at least 40weeks (Zhang
etal,, 2020) leads us to speculate that this combination therapy may show
a similar sustained effect.

In conclusion, our data suggest that 162 mAb is an outstanding
candidate for the treatment of CHB in combination with therapeutic
antibody or nucleos(t)ide analogs. Our findings provide new insights
into the design of a therapeutic strategy against persistent viral
infection based on combination therapy of antibody and vaccine.
With numerous promising HBV monotherapies currently under
development, combining other anti-HBV candidates with 162 mAb
may further facilitate the achievement of the global hepatitis
elimination targets under the Sustainable Development Agenda 2030.
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nitazoxanide is a potent inhibitor
of human seasonal coronaviruses
acting at postentry level: effect on
the viral spike glycoprotein
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Coronaviridae is recognized as one of the most rapidly evolving virus family
as a consequence of the high genomic nucleotide substitution rates and
recombination. The family comprises a large number of enveloped, positive-
sense single-stranded RNA viruses, causing an array of diseases of varying severity
in animals and humans. To date, seven human coronaviruses (HCoV) have been
identified, namely HCoV-229E, HCoV-NL63, HCoV-OC43 and HCoV-HKUL1,
which are globally circulating in the human population (seasonal HCoV, sHCoV),
and the highly pathogenic SARS-CoV, MERS-CoV and SARS-CoV-2. Seasonal
HCoV are estimated to contribute to 15-30% of common cold cases in humans;
although diseases are generally self-limiting, sHCoV can sometimes cause severe
lower respiratory infections and life-threatening diseases in a subset of patients.
No specific treatment is presently available for sHCoV infections. Herein we show
that the anti-infective drug nitazoxanide has a potent antiviral activity against
three human endemic coronaviruses, the Alpha-coronaviruses HCoV-229E and
HCoV-NL63, and the Beta-coronavirus HCoV-OC43 in cell culture with 1Cs,
ranging between 0.05 and 0.15 pg/mL and high selectivity indexes. We found that
nitazoxanide does not affect HCoV adsorption, entry or uncoating, but acts at
postentry level and interferes with the spike glycoprotein maturation, hampering
its terminal glycosylation at an endoglycosidase H-sensitive stage. Altogether the
results indicate that nitazoxanide, due to its broad-spectrum anti-coronavirus
activity, may represent a readily available useful tool in the treatment of seasonal
coronavirus infections.

antiviral, HCoV-229E, HCoV-0OC43, HCoV-NL63, nitazoxanide, spike glycoprotein

1. Introduction

Coronaviruses (CoV), members of the family Coronaviridae (order Nidovirales), comprise
a large number of enveloped, positive-sense single-stranded RNA viruses causing respiratory,
enteric, hepatic and neurological diseases of varying severity in animals and humans (Cui et al.,
2019; Fung and Liu, 2019). Coronaviruses have the largest identified RNA genomes (typically
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ranging from 27 to 32kb) containing multiple open reading frames
with an invariant gene order [a large replicase-transcriptase gene
preceding structural (S-E-M-N) and accessory genes] (Fung and Liu,
2019). On the basis of their phylogenetic relationships and genomic
structures, CoV are subdivided in four genera: Alpha-, Beta-, Gamma-
and Delta-coronavirus; among these Alpha- and Beta-CoVs infect
only mammals, whereas Gamma- and Delta-CoVs infect birds, and
only occasionally can infect mammals (Cui et al., 2019). Human
coronaviruses (HCoV) were discovered in the 1960s and were
originally thought to cause only mild disease in humans (Cui et al.,
2019; Fung and Liu, 2019). This view changed in 2002 with the SARS
(Severe Acute Respiratory Syndrome) epidemic and in 2012 with the
MERS (Middle East Respiratory Syndrome) outbreak, two zoonotic
infections that resulted in mortality rates greater than 10 and 35%,
respectively (Cui et al., 2019; Fung and Liu, 2019). Near the end of
2019, the seventh coronavirus known to infect humans, SARS-CoV-2,
phylogenetically in the SARS-CoV clade, emerged in Wuhan, China.
SARS-CoV-2 turned out to be a far more serious threat to public
health than SARS-CoV and MERS-CoV because of its ability to
spread more efficiently, making it difficult to contain worldwide with
more than 768 million confirmed cases and over 6.9 million deaths
reported worldwide, as of July 23rd, 2023." The clinical features of
COVID-19, the disease associated with SARS-CoV-2, vary ranging
from asymptomatic state to respiratory symptoms that, in a subset of
patients, may progress to pneumonia, acute respiratory distress
syndrome (ARDS), multi organ dysfunction and death (Tang et al.,
2020; Lamers and Haagmans, 2022).

Only two HCoV, HCoV-OC43 and HCoV-229E, were known
prior to the emergence of SARS-CoV (Tyrrell and Bynoe, 1965;
Hamre and Procknow, 1966), while two more, HCoV-NL63 and
HCoV-HKU]1, were identified between 2004 and 2005 (van der Hoek
et al., 2004; Woo et al., 2005). HCoV-OC43 and HCoV-HKUT likely
originated in rodents, while HCoV-229E and HCoV-NL63, similarly
to SARS-CoV and MERS-CoV, originated in bats (Fung and
Liu, 2019).

These four HCoV (seasonal HCoV, sHCoV) are globally
distributed and are estimated to contribute to 15-30% of cases of
common cold in humans (Lim et al., 2016; Liu et al., 2021). Although
diseases are generally self-limiting, sHCoV can sometimes cause
severe lower respiratory infections, including life-threatening
pneumonia and bronchiolitis especially in infants, elderly people, or
immunocompromised patients (Pene et al., 2003; Chiu et al., 2005;
Gorse et al,, 2009; Zhang et al., 2022); in addition, besides respiratory
illnesses, sHCoV may cause enteric and neurological diseases (Arbour
etal., 2000; Jacomy et al., 2006; Risku et al., 2010; Morfopoulou et al.,
2016), while a possible involvement of HCoV-229E in the development
of Kawasaki disease was suggested (Esper et al., 2005; Shirato
etal., 2014).

Whereas all seasonal coronaviruses cause respiratory tract
infections, HCoV-OC43, HCoV-229E, HCoV-NL63 and HCoV-
HKUT1 are genetically dissimilar (Figure 1A), belonging to two distinct
taxonomic genera (Alpha and Beta), and use different receptors that
represent the major determinants of tissue tropism and host range
(Fung and Liu, 2019). HCoV-229E and HCoV-NL63 have adopted cell

1 https://covid19.who.int/
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surface enzymes as receptors, such as aminopeptidase N (APN) for
HCoV-229E and angiotensin converting enzyme 2 (ACE2) for HCoV-
NL63, while HCoV-OC43 and HCoV-HKUT1 use 9-O-acetylated sialic
acid as a receptor (Lim et al., 2016; Fung and Liu, 2019). In all cases,
sHCoV infection is initiated by the binding of the spike (S)
glycoprotein, anchored into the viral envelope, to the host receptor
(Fung and Liu, 2019).

The coronavirus spike protein is a trimeric class-I fusion
glycoprotein (Li, 2016); each monomer, with a molecular weight of
150-200kDa after N-linked glycosylation (Lim et al, 2016), is
synthesized as a fusogenically-inactive precursor that assembles into
an inactive homotrimer, which is endoproteolytically cleaved by
cellular proteases giving rise to a metastable complex of two functional
subunits: S1 (bulb) containing the receptor-binding domain
responsible for recognition and attachment to the host receptor, and
the membrane-anchored S2 (stalk) that contains the fusion machinery
(Li, 2016; Santopolo et al., 2021a). During synthesis in the infected
cell, the nascent spike is imported into the endoplasmic reticulum
(ER), where the protein is glycosylated (Sicari et al., 2020; Santopolo
etal,, 2021a). S glycoproteins passing the quality control mechanisms
of the ER are transported to the ER/Golgi intermediate compartment
(ERGIC), the presumed site of viral budding (Li, 2016; Fung and
Liu, 2019).

Despite the fact that endemic seasonal coronaviruses may cause
severe, life-threatening diseases in a subset of patients, no specific
treatment is available for sHCoV infections.

Nitazoxanide, a thiazolide originally developed as an antiprotozoal
agent and used in clinical practice for the treatment of infectious
gastroenteritis (Rossignol et al., 2001, 2006b), and second-generation
thiazolides have emerged as a new class of broad-spectrum antiviral
drugs (Rossignol, 2014). Herein we investigated the antiviral activity
of nitazoxanide against three human endemic coronaviruses belonging
to two different genera: the Alpha-coronaviruses HCoV-229E and
HCoV-NL63, and the Beta-coronavirus HCoV-OC43. We report that
nitazoxanide is a potent inhibitor of HCoV replication acting at
postentry level and interfering with Alpha- and Beta- sHCoV spike
glycoprotein maturation.

2. Materials and methods
2.1. Cell culture and treatments

Human normal lung MRC-5 fibroblasts (American Type Culture
Collection, ATCC, CCL-171) and rhesus monkey kidney LLC-MK2
cells (a kind gift from Lia van der Hoek, Academic Medical Center,
University of Amsterdam) were grown at 37°C in a 5% CO,
atmosphere in minimal essential medium (MEM, Gibco 32360-026)
for LLC-MK2 cells or EMEM (ATCC 30-2003) for MRC-5 cells,
supplemented with 10% fetal calf serum (FCS), 2mM glutamine
and antibiotics. Nitazoxanide [2-acetyloxy-N-(5-nitro-2-thiazolyl)
benzamide, Alinia] (NTZ) and tizoxanide (TIZ; Romark Laboratories,
L.C.), remdesivir (MedChemExpress), ribavirin and chloroquine
(Sigma-Aldrich), dissolved, respectively, in DMSO stock solution
(NTZ, TIZ, remdesivir) or water (ribavirin, chloroquine), were diluted
in culture medium, added to infected cells after the virus adsorption
period, and maintained in the medium for the duration of the
experiment, unless differently specified. Controls received equal
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FIGURE 1
Antiviral activity of nitazoxanide against human seasonal coronaviruses. (A) Schematic representation of genome structure, classification and receptors
of the human coronaviruses HCoV-229E, HCoV-OC43 and HCoV-NL63. ORFla and ORF1b are represented as yellow boxes; genes encoding structural
proteins spike (S), nucleocapsid (N), envelope (E), membrane (M), and hemagglutinin-esterase (HE) are shown as blue boxes, and genes encoding
accessory proteins are shown as red boxes. hAPN, human aminopeptidase N; 9-O-Ac-Sia, N-acetyl-9-O-acetylneuraminic acid; ACE2, angiotensin-
converting enzyme 2. (B—D) MRC-5 (B,C) and LLC-MK2 (D) cells mock-infected or infected with HCoV-229E (B), HCoV-OC43 (C) or HCoV-NL63 (D) at
an MOI of 0.1 TCIDs,/cell were treated with different concentrations of NTZ or vehicle immediately after the adsorption period. In the case of HCoV-
NL63, NTZ was removed at 48 h after infection. Virus yield in cell supernatants was determined at 48 (B), 96 (C) or 120 (D) hours p.i. by infectivity assay
(B,C) or RNA quantification by gRT-PCR (D). Data, expressed as TCIDso/ml (B,C) or percent of untreated control (D), represent the mean + S.D. of
duplicate samples. (E) MRC-5 cells infected with HCoV-229E or HCoV-OC43 and LLC-MK2 cells infected with HCoV-NL63 (0.1 TCIDs,/cell) were
treated with 3 pM nitazoxanide, the NTZ active metabolite tizoxanide, remdesivir, chloroquine and ribavirin after virus adsorption. In the case of HCoV-
NL63, NTZ and tizoxanide were removed at 48 h after infection. Virus yields were determined at 48 (HCoV-229E), 72 (HCoV-OC43) or 120 (HCoV-
NL63) hours p.i. by infectivity assay. Data, expressed as TCIDso/ml, represent the mean + S.D. of duplicate samples. *p < 0.05; ANOVA test.

amounts of DMSO vehicle, which did not affect cell viability or ~ drug. Microscopy studies were performed using a Leica DM-IL
virus replication. Cell viability was determined by the  microscope and images were captured on a Leica DC 300 camera

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide  using Leica Image-Manager500 software.

(MTT) to MTT formazan conversion assay (Sigma-Aldrich), as

described (Pizzato Scomazzon et al., 2019). The 50% lethal dose (LDs5)

was calculated using Prism 5.0 software (Graph-Pad Software Inc.).  2.2. Coronavirus infection and titration
Microscopical examination of mock-infected or virus-infected cells

was performed daily to detect virus-induced cytopathic effect and Human coronaviruses HCoV-229E (ATCC), HCoV-OC43
possible morphological changes and/or cytoprotection induced by the ~ (ATCC) and HCoV-NL63 (strain Amsterdam-1, a kind gift from
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Lia van der Hoek, University of Amsterdam), were used for this
study. Due to its poor ability to grow in cell culture the fourth
known seasonal HCoV, HKU1, was not investigated. For HCoV-
229E and HCoV-OC43 infection, confluent MRC-5 cell monolayers
were infected for 1 h at 33°C at a multiplicity of infection (MOI) of
0.1 or 0.5 TCIDs, (50% tissue culture infectious dose)/cell. For
HCoV-NL63 infection, confluent LLC-MK2 cell monolayers were
infected at 33°C for 2h, as previously described (Milewska et al.,
2014), at a MOI of 0.1 TCIDs,/cell. After the adsorption period, the
viral inoculum was removed, and cell monolayers were washed
three times with phosphate-buffered saline (PBS). Cells were
maintained at 33°C in growth medium containing 2% FCS. For
HCoV-229E and HCoV-OC43 infections, virus yield was
determined in the supernatants collected from infected cells at
different times after infection (p.i.) by TCIDs, infectivity assay, as
described previously (Santoro et al., 1988), using confluent MRC-5
cells in 96-well plates. In the case of HCoV-NL63, which requires
5 to 6 days for infectious progeny production and is characterized
by a weak and transient cytopathic effect, virus yield was
determined in the supernatant collected from infected cells at
120h p.i. by viral RNA quantification, as previously reported
(Castillo et al, 2022). Quantification of viral RNA in the
supernatants of infected cells is described below. TCIDs, infectivity
assay in confluent LLC-MK2 cell monolayers in 96-well plates was
also utilized in some experiments. The ICs, (50% inhibitory
concentration) of the compounds tested was calculated using
Prism 5.0 software.

2.3. HCoV RNA extraction and
quantification

Measurement of sHCoV genomic RNA was performed by real-
time quantitative reverse transcription-PCR (qQRT-PCR), as described
(Coccia et al., 2017). Briefly, total RNA from mock-infected or
HCoV-infected cells was prepared using ReliaPrep RNA Cell
Miniprep System (Promega) and reverse transcription was performed
with PrimeScript RT Reagent Kit (Takara) in 20 pL final reaction
volume (37°C for 15min, 85°C for 5 ) according to the manufacturer’s
protocol. Extracellular viral RNA was extracted from 200 pL of the
supernatant of mock-infected or sHCoV-infected cell cultures with
Viral Nucleic Acid Extraction Kit II (Geneaid) and 10pL were
subjected to reverse transcription using SuperScript™ VILO™
cDNA Synthesis Kit (Life Technologies) (25°C for 10 min, 42°C for
60 min and 85°C for 5min), as described in the manufacturer’s
protocol. Real-time PCR analysis was performed with CFX-96 (Bio-
Rad) using SensiFAST SYBR® kit (Bioline) and primers specific for
the membrane protein gene of HCoV-OC43 and HCoV-229E (Vijgen
etal., 2005) or for the nucleoprotein gene of HCoV-NL63 (Pyrc et al.,
2006). Relative quantities of selected mRNAs were normalized to
ribosomal L34 RNA levels in the same sample. The sequences of the
L34 primers were as follows: sense 5-GGCCCTGCTGACATG
TTTCTT-3', antisense 5-GTCCCGAACCCCTGGTAATAGA-3". All
reactions were made in triplicate using samples derived from three
biological repeats with a negative control (mock-infected sample) and
a “no template” control (NTC) included in each run. Subsequently
the data were exported to Microsoft Excel and GraphPad Prism
software for further analysis.
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2.4. HCoV genomic RNA transfection

For sHCoV genomic RNA transfection experiments, MRC-5 cell
monolayers were infected with HCoV-OC43 or HCoV-229E for 1 h at
33°C at an MOI of 0.1 TCIDsy/cell and sHCoV genomic RNA was
extracted from the supernatants at 24 h p.i. using TRIzol-LS reagent
(Life Technologies) as described in the manufacturer’s protocol.
MRC-5 cell monolayers were mock-transfected or transfected with
sHCoV genomic RNA (1 pg/mL) using TransIT-mRNA Transfection
Kit (Mirus Bio) at 33°C. After 4 h, transfection medium was removed
and cells were treated with NTZ or vehicle and maintained at 33°C in
growth medium containing 2% FCS. At 24 h after treatment, culture
supernatants were collected for virus progeny titer determination, and
cell monolayers were processed for viral proteins detection.

2.5. Protein analysis, western blot and
endoglycosidase digestion

For analysis of proteins whole-cell extracts (WCE) were prepared
after lysis in High Salt Buffer (HSB; Santopolo et al., 2021b). Briefly,
cells were washed twice with ice-cold PBS and then lysed in HSB
(40pL). After one cycle of freeze and thaw, and centrifugation at
16,000 xg (10min at 4°C), supernatant and pellet fractions were
collected (Santoro et al., 1982). For Western blot analysis, cell extracts
(20 pg/sample) were separated by SDS-PAGE under reducing
conditions and blotted to a nitrocellulose membrane. Membranes
were incubated with rabbit polyclonal anti-HCoV-OC43 spike
(CSB-PA336163EA01HIY, Cusabio) or nucleocapsid (40643-T62,
Sino Biological) antibodies, anti-HCoV-229E spike (PAB21477-100,
LGC NAC Company) or nucleocapsid (40640-T62, Sino Biological)
antibodies, anti f-actin (A2066, Sigma-Aldrich) antibodies, and
monoclonal a-tubulin (T5168, Sigma-Aldrich) antibodies, followed
by decoration with peroxidase-labeled anti-rabbit or anti-mouse IgG
(Super-Signal detection kit, Pierce). Spike proteins densitometric and
molecular weight analysis were performed with Image Lab Software
6.1, after acquisition on a ChemiDoc XRS+ (Bio-Rad).

For endoglycosidase digestion experiments, MRC-5 cells were
mock-infected or infected with HCoV-OC43 or HCoV-229E at an
MOI of 0.5 TCIDs/cell and treated with NTZ (1 pg/mL) or vehicle
immediately after the virus adsorption period. At 24h p.i., cell
monolayers were lysed in HSB buffer. After centrifugation at 16,000 xg
(10min at 4°C), samples containing the same amount of protein
(20 pg/sample) were processed for endoglycosidase-H (Endo-H, NEB)
digestion using 5 milliunits Endo-H for 16 h at 37°C, according to the
manufacturer’s protocol (Riccio et al., 2022). Digestions were
terminated with the addition of Laemmli sample buffer (La Frazia
et al., 2018). Samples were heated at 95°C for 5min, separated by
SDS-PAGE and processed for Western blot as described above.
Quantitative evaluation of proteins was determined as described
(Santoro et al., 1989; Amici et al., 2015). All results shown are
representative of at least three independent experiments.

2.6. Immunofluorescence microscopy

MRC-5 cells infected with HCoV-OC43 or HCoV-229E were
grown in 8-well chamber slides (Lab-Tek IT) and, after the adsorption
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period, were treated with NTZ, or vehicle for 24 h. Cells were fixed,
permeabilized and processed for immunofluorescence as described
(Riccio et al., 2022) using anti-HCoV-OC43 or anti-HCoV-229E spike
antibodies, followed by decoration with Alexa Fluor 555-conjugated
antibodies (Molecular Probes, Invitrogen). Nuclei were stained with
Hoechst 33342 (Molecular Probes, Invitrogen). Images were captured
using a ZEISS Axio Observer Inverted Microscope and analyzed using
ZEN 3.1 (blue edition) software. For confocal microscopy, images
were acquired on Olympus FluoView FV-1000 confocal laser scanning
system (Olympus America Inc., Center Valley, PA) and analyzed using
Imaris (v6.2) software (Bitplane, Zurich, Switzerland). Images shown
in all figures are representative of at least three random fields (scale-
bars are indicated).

2.7. Statistical analysis

Statistical analyses were performed using Prism 5.0 software
(GraphPad Software). Comparisons between two groups were made
using Student’s ¢-test; comparisons among groups were performed by
one-way ANOVA with Bonferroni adjustments. p <0.05 were
considered significant. Data are expressed as the means + standard
deviations (SD) of results from duplicate or quadruplicate samples.
Each experiment (in duplicate) was repeated at least twice.

3. Results

3.1. Antiviral activity of nitazoxanide against
human seasonal coronaviruses

Three different human globally distributed coronaviruses, HCoV-
229E, HCoV-0OC43, and HCoV-NL63, were utilized for the current
study. The genomic structure, classification, and receptors of these
HCoVs are summarized in Figure 1A.

Nitazoxanide antiviral activity was first investigated in human
lung MRC-5 and monkey kidney LLC-MK2 cells infected with
HCoVs 229E (Figure 1B), OC43 (Figure 1C) and NL63 (Figure 1D)
at the MOI of 0.1 TCIDsy/cell, and treated with different concentrations
of the drug starting after the virus adsorption period. In the case of
HCoV-NL63, which required 120h for infectious progeny production,
nitazoxanide was removed at 48h after infection to avoid possible
cytostatic/cytotoxic effects due to prolonged NTZ treatment in vitro
(Wang et al., 2018). It should also be noted that, as previously reported
in different cell lines (Loo et al., 2020), HCoV-OC43 and HCoV-229E
display distinct replication kinetics, with HCoV-229E replicating
more rapidly than HCoV-OC43, and viral loads peaking at 48h and
96 h p.i. respectively under the conditions described.

At 48 (229E), 96 (OC43) and 120 (NL63) hours after infection,
viral titers were determined in the supernatant of infected cells by
TCIDs, assay (Figures 1B,C) or viral RNA quantification (Figure 1D;
Supplementary Figures S1A,B). Nitazoxanide showed a remarkable
antiviral activity against all three HCoVs, reducing virus yield dose-
dependently with IC, values in the submicromolar range.

To compare the effect of nitazoxanide with other antiviral drugs,
MRC-5 and LLC-MK2 cells were infected with the different HCoV's
at the MOI of 0.1 TCIDs/cell and treated with nitazoxanide, the NTZ
bioactive metabolite tizoxanide, the antiviral drugs remdesivir and
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ribavirin, or chloroquine at the same concentration (3 uM) starting
after virus adsorption. In the case of HCoV-NL63, NTZ and tizoxanide
were removed at 48 h after infection. Virus yields were determined at
48 (HCoV-229E), 72 (HCoV-OC43) or 120 (HCoV-NL63) hours after
infection by TCIDs, assay. Nitazoxanide, tizoxanide and remdesivir
showed comparable antiviral activity against all three HCoV, whereas
chloroquine and ribavirin were not found to be effective when
treatment was started after infection (Figure 1E).

Next, the effect of short-treatment with nitazoxanide was
investigated in MRC-5 cells infected with HCoV-OC43 and HCoV-
229E. MRC-5 cells were infected with the OC43 or 229E HCoV
strains at the MOI of 0.5 TCIDs/cell and treated with different
concentrations of the drug starting after the virus adsorption period.
At 24h after infection, viral titers were determined in the supernatant
of infected cells by TCIDs, assay (Figure 2A) and viral RNA level
quantification (Supplementary Figures S1C,D); in parallel, the effect
of nitazoxanide on mock-infected cell viability was determined by
MTT assay. The results, shown in Figures 2A,B, confirmed a potent
antiviral activity of nitazoxanide, with ICs, values of 0.15 pg/mL and
0.05pg/mL and selectivity indexes higher than 330 and 1,000 for
HCoV-0OC43 and HCoV-229E, respectively.

3.2. Nitazoxanide acts at postentry level

To determine the effect of NTZ treatment before virus infection,
MRC-5 cells were treated with NTZ (1 or 2.5 pg/mL) or vehicle for 2h
and the drug was removed before infection with OC43 or 229E
HCoVs (0.5 TCIDs/cell). In parallel, MRC-5 cells were infected with
OC43 or 229E HCoVs (0.5 TCIDsy/cell) in the absence of the drug,
and treated with 1 or 2.5 pg/mL NTZ or vehicle starting immediately
after the adsorption period for the duration of the experiment.
Alternatively, MRC-5 cells were treated 2h before infection and
treatment was continued during and after the adsorption period.
Virus yield was determined at 24 h p.i. by TCIDs, assay. As shown in
Figures 3A,B, NTZ pretreatment did not significantly affect HCoV
replication when the drug was removed before infection; on the other
hand, treatment started after infection was effective in reducing
infectious progeny production by approximately 3-fold in both HCoV
models, without affecting cell viability (LDs, > 50 pg/mL).

In a different experiment, MRC-5 cells were infected with OC43
or 229E HCoV (0.5 TCIDs/cell) and treated with NTZ (1 pg/mL) or
vehicle only during the 1h adsorption period, after which time the
drug was removed. Virus yield was determined at 24 h p.i. by TCIDs,
assay. As shown in Figure 3C, NTZ treatment during virus adsorption
did not affect HCoV replication. These results suggest that
nitazoxanide acts at postentry level.

In order to rule out any effect of the drug on virus adsorption,
entry or uncoating, OC43 and 229E HCoV genomic RNA was
extracted and transfected into MRC-5 monolayers, as described in
and Methods,
Figure 3D. After 4h, the transfection medium was removed and cells
were treated with NTZ (2.5 ug/mL) or vehicle for 24 h. Virus yield was
determined at 24 h after treatment in the supernatant of transfected

Materials and schematically represented in

cells. As shown in Figure 3E, genomic RNA transfection resulted in
the production of infectious viral progeny (10°-10° TCIDs,/ml)
already at 24 h after transfection. Higher virus titers were detected at
later times after transfection (data not shown). NTZ treatment greatly
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FIGURE 2
Effect of short treatment with nitazoxanide in OC43 and 229E HCoV-infected human lung cells. (A,B) MRC-5 cell monolayers mock-infected or
infected with HCoV-229E and HCoV-OC43 (0.5 TCIDse/cell) were treated with different concentrations of NTZ or vehicle immediately after the
adsorption period. Virus yield (O, red line) was determined at 24 h p.i. by infectivity assay. In parallel, cell viability (/\, black line) was determined by MTT
assay in mock-infected cells (A). Absorbance (O.D.) of converted dye was measured at A = 570 nm. ICs, and LDs, in pg/ml (B) were calculated using
Prism 5.0 software. Data represent the mean + S.D. of duplicate samples. Selectivity indexes (Sl) are indicated. *p <0.05; ANOVA test.

reduced the production of both HCoV-OC43 and HCoV-229E
infectious particles after RNA transfection. Altogether, these results
demonstrate that nitazoxanide is not acting on HCoV adsorption,
entry or uncoating.

3.3. Nitazoxanide treatment impairs
HCoV-0C43 and HCoV-229E spike
maturation

Interestingly, NTZ-treatment initiated between 0 and 6h p.i. was
equally effective in inhibiting HCoV-OC43 virus replication, whereas
the antiviral activity was impaired when treatment was started as late
as 12h p.i. (Figure 3F). Similar results were obtained after HCoV-229E
infection (Supplementary Figure S2).

To investigate whether NTZ may affect human coronavirus
structural proteins expression, MRC-5 cells were infected with HCoV-
OC43 (0.5 TCIDs/cell) and treated with 0.1, 1 or 2.5pg/mL NTZ or
vehicle starting immediately after the adsorption period. At 24h p.i.,
levels of the viral nucleocapsid (N) and spike (S) proteins were
determined in the infected cells by immunoblot analysis using specific
antibodies, and virus yield was determined in the culture supernatants
by infectivity assay. As shown in Figure 4A, no significant differences
in N and S protein levels were detected in NTZ-treated cells, as
compared to control, at concentrations that caused a>99% reduction
in viral yield in the same samples (Figure 4B). Comparable levels of
S-protein were also detected by confocal microscopy in MRC-5 cells
infected with OC43 or 229E HCoVs (0.5 TCIDs/cell) and treated with
NTZ (1pg/mL) or vehicle after the adsorption period for 24h

Frontiers in Microbiology 52

(Figure 4C; Supplementary Figure S3). Interestingly, treatment with
NTZ at concentrations higher than 0.1 ug/mL caused an evident
alteration in the electrophoretic mobility pattern of the spike
glycoprotein (Figure 4A). An alteration in the molecular mass of the
HCoV-OC43 spike protein of approximately 5.8kDa was in fact
detected in MRC-5 cells treated with 2.5 pg/mL NTZ (Figures 5A,C).
In a parallel experiment, a similar alteration in the HCoV-229E spike
molecular mass (8.3kDa) was detected in MRC-5 cells treated with
2.5pg/mL NTZ (Figures 5B,D), indicating an effect of the drug in the
glycoprotein maturation process. These results are in line with our
previous observation that the thiazolide affects the maturation of the
SARS-CoV-2 S glycoprotein in human cells transfected with plasmids
encoding different SARS-CoV-2 spike variants (Riccio et al., 2022). In
this case, we have found that nitazoxanide blocks the maturation of
the SARS-CoV-2S glycoprotein at a stage preceding resistance to
digestion by endoglycosidase-H (Endo-H), an enzyme that removes
N-linked carbohydrate chains that have not been terminally
glycosylated (Figure 5E; Ohuchi et al., 1997), thus impairing SARS-
CoV-2S intracellular trafficking and infectivity.

As indicated in the Introduction, glycosylation of coronavirus S
proteins, like other cell surface glycoproteins, is initiated in the
endoplasmic reticulum, adding the “high mannose” oligosaccharides;
the mannose-rich sugar component is processed in the Golgi
apparatus, and terminal glycosylation occurs in the trans cisternae of
the Golgi apparatus (Xu and Ng, 2015).

To obtain insights on the effect of NTZ on HCoV S maturation,
we therefore investigated whether nitazoxanide could affect HCoV-
0OC43 and HCoV-229E spike proteins terminal glycosylation. MRC-5
cells were infected with HCoV-OC43 or HCoV-229E (0.5 TCIDs,/cell)
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FIGURE 3

Nitazoxanide acts at postentry level. (A,B) MRC-5 cells mock-infected or infected with HCoV-OC43 (A) or HCoV-229E (B) (0.5 TCIDso/cell) were treated
with NTZ 1pg/mL [(A,B) top; filled bars], NTZ 2.5 pg/mL [(A,B) bottom:; filled bars] or vehicle (empty bars) 2 h before infection (Pre), after the adsorption
period (Post), or 2 h before infection and treatment was continued during and after the adsorption period (Pre + Post). Virus yield was determined at

24 h p.i. by TCIDsy infectivity assay. (C) MRC-5 cells mock-infected or infected with HCoV-OC43 or HCoV-229E were treated with NTZ (1 pg/mL) or
vehicle only during the adsorption period (Ads). Virus yield was determined at 24 h p.i. by infectivity assay. (A—C) Data represent the mean + S.D. of
duplicate samples. *p < 0.01; Student's t-test. (D) Schematic representation of HCoV genomic RNA transfection assay. (E) MRC-5 cells were transfected
with HCoV-OC43 or HCoV-229E genomic RNA for 4 h and treated with NTZ (2.5 pg/mL) or vehicle for 24 h. Virus yield was determined at 24 h after
treatment in the supernatant of transfected cells by TCIDs, infectivity assay. Nucleocapsid (N) protein levels in HCoV-OC43 or HCoV-229E RNA-
transfected cells are shown (insets). (F) MRC-5 cells infected with HCoV-OC43 were treated with NTZ (1pg/mL) or vehicle at the indicated times after
infection. Virus yield was determined at 24 h p.i. by infectivity assay. (E,F) Data represent the mean + S.D. of duplicate samples. *p < 0.01; Student’s

t-test.

and treated with 1 pg/mL NTZ or vehicle starting immediately after
the adsorption period. At 24h p.i., protein aliquots (20 pg) from
NTZ-treated or control cells were subjected to digestion with Endo-H
and then analyzed by immunoblot. The results, shown in Figures 5EG,
indicate that, at this time, a fraction (approximately 40% in the case of
HCoV-OC43, and 30% for HCoV-229E) of the spike proteins was
found to be terminally glycosylated becoming Endo-H-resistant in
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control cells under the conditions described; notably, the spike
proteins from NTZ-treated cells remained instead sensitive to
digestion with the glycosidase up to 24h after synthesis. Because
acquisition of Endo-H resistance is a marker for transport into the cis
and middle Golgi compartments (Ohuchi et al., 1997), these results
indicate that nitazoxanide may impair S protein trafficking between
the ER and the Golgi complex.
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Effect of Nitazoxanide on HCoV-OC43 spike expression. (A,B) MRC-5 cells were mock-infected or infected with HCoV-OC43 at an MOI of 0.5 TCIDs,/
cell and treated with different concentrations of NTZ or vehicle immediately after the virus adsorption period. After 24 h, whole cell extracts (WCE)
were analyzed for levels of viral S and N proteins by IB using anti-spike and anti-N HCoV-OC43 antibodies [(A) top], and quantitated by scanning
densitometry. Relative amounts of S and N proteins were determined after normalizing to p-actin [(A) bottom]. The faster-migrating form of the S
protein in NTZ-treated cells is indicated by red arrowheads. In the same experiment virus yield was determined at 24 h p.i. in the supernatant of
infected cells by TCIDs, infectivity assay (B). Data represent the mean + S.D. of duplicate samples. *p <0.01; ANOVA test. (C) Confocal images of HCoV-
OC43 spike glycoprotein (red) in MRC-5 cells mock-infected or infected with HCoV-OC43 at an MOI of 0.5 TCIDso/cell and treated with NTZ (1 pg/mL)
or vehicle for 24 h. Nuclei are stained with Hoechst (blue). Merge images are shown. Scale bar, 20 pm

Mock 0C43 0C43 + NTZ

Coronaviridae is recognized as one of the most rapidly evolving
virus family as a consequence of the high genomic nucleotide
). As indicated
in the Introduction, to date, seven human CoVs have been identified,
namely HCoV-229E, HCoV-NL63, HCoV-OC43 and HCoV-HKU1,
globally circulating in the human population, and the highly
pathogenic SARS-CoV, MERS-CoV and SARS-CoV-2. Among these,
SARS-CoV-2 is responsible for a devastating pandemic that is causing

substitution rates and recombination (

unprecedented public health interventions (

). Given the proportion of the
COVID-19 pandemic, major efforts have been directed over the past
months towards a global vaccination plan.® At the same time, the

Frontiers in

emergence of several SARS-CoV-2 spike variants that facilitate virus
spread and may affect the efficacy of recently developed vaccines
(

), together with the short-lasting protective immunity
typical of HCoV (
highlights the importance of identifying antiviral drugs to reduce
coronavirus-related morbidity and mortality. So far, for SARS-CoV-2,
two different RNA-dependent RNA polymerase (RdRp) inhibitors
remdesivir (

), creates great concern and

) and molnupiravir (
), and a viral protease inhibitor, Paxlovid
(SARS-CoV-2 3CL protease inhibitor nirmatrelvir co-packaged with
ritonavir), have been approved by health authorities in different
countries ( ). On the other
hand, no specific antiviral drug or vaccine are presently available for
seasonal coronavirus infections.

Nitazoxanide has been proven to have a broad-spectrum antiviral
activity ( ). In particular,
nitazoxanide, its active metabolite tizoxanide and second generation
thiazolides were found to be effective against several widespread RNA
pathogens, including rotavirus, hepatitis C, and influenza and
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FIGURE 5

Nitazoxanide impairs HCoV-OC43 and HCoV-229E spike maturation at an Endo-H sensitive stage. (A—D) MRC-5 cells were mock-infected or infected
with HCoV-OC43 (A,C) or HCoV-229E (B,D) at an MOI of 0.5 TCIDs/cell and treated with NTZ (2.5 pg/mL) or vehicle immediately after the virus
adsorption period. After 24 h, WCE were analyzed for levels of S protein by IB using anti-S HCoV-OC43 (A,C) or anti-S HCoV-229E (B,D) antibodies.
Red arrowheads indicate the faster-migrating forms of the HCoV-OC43 (A) and HCoV-229E (B) spike proteins in NTZ-treated cells. Spike proteins
densitometric and molecular weight analysis (C,D) are shown. (E) Diagram of substrate specificity of endoglycosidase-H (Endo-H). Mannose (green
circles), N-acetylglucosamine (GlcNAc, blue squares) and asparagine (Asn, red triangle) residues are shown. Scissors represent the cleavage site of
Endo-H. (F,G) MRC-5 cells were mock-infected or infected with HCoV-OC43 (F) or HCoV-229E (G) at an MOI of 0.5 TCIDs/cell and treated with NTZ
(1 pg/mL) or vehicle immediately after the virus adsorption period. After 24 h proteins were digested with Endo-H (+) or left untreated (-) and
processed for IB analysis using anti-S HCoV-OC43 (F) or anti-S HCoV-229E (G) antibodies, and quantitated by scanning densitometry. The Endo-H-
cleaved faster-migrating S forms are indicated by white arrowheads. The percentage of Endo-H-resistant (Endo-H R) S protein in the different samples
is indicated.

parainfluenza viruses in laboratory settings (KKorba et al, 2008;  case of Coronaviridae, we first reported the effect of the drug against
Rossignol et al., 2009b; La Frazia et al., 2013, 2018; Belardo et al., 2015;  a canine strain of the virus (CCoV S-378) in canine A72 cells in 2007
Piacentini et al., 2018; Stachulski et al., 2021), as well as in clinical ~ (Santoro et al.,, 2007). Cao et al. (2015) showed that among 727
studies (Rossignol et al., 2006a, 2009a; Haffizulla et al., 2014). Inthe ~ compounds tested against various strains of coronavirus, nitazoxanide
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was among the three most effective compounds tested (Cao et al.,
2015). Nitazoxanide and tizoxanide were also found to be effective
against MERS-CoV in LLC-MK2 cells with ICs;s of 0.92 and 0.83 pg/
mL, respectively, (Rossignol, 2016). As for SARS-CoV-2, at an early
stage of the pandemic, Wang et al. reported that nitazoxanide inhibits
SARS-CoV-2 replication in Vero E6 cells at low pM concentrations
(ECsp =2.12uM; Wang et al., 2020); these observations were recently
confirmed in different types of cells, including human lung-derived
Calu-3 cells (Rocco et al.,, 2021; Son et al., 2022), as well as in animal
models (Miorin et al., 2022). Tizoxanide was also recently found to
be effective against SARS-CoV-2 in Vero E6 cells with an ECs, of
0.8 pg/mL (Riccio et al.,, 2022). More importantly several studies have
recently shown an antiviral activity and clinical benefits of
nitazoxanide in COVID-19 patients (Blum et al., 2021; Rocco et al,,
2021, 2022; Silva et al., 2021; Rossignol et al., 2022a). It should
be mentioned that no significant effect of nitazoxanide in the
prevention or outcome of SARS-CoV-2 infections was reported in
some studies (Fowotade et al., 2022; Sokhela et al., 2022). A recent
study, while confirming the in vitro efficacy of nitazoxanide and
tizoxanide against SARS-CoV-2, found that, in a SARS-CoV-2 virus
challenge model in hamsters, oral and intranasal treatment with
nitazoxanide failed to impair viral replication in affected organs, due
to insufficient diffusion of the drug into the lungs and in the upper
respiratory tract (Driouich et al., 2022), suggesting that the different
results reported could depend on the dosage used, and that
optimization of the NTZ formulation may be required to improve
clinical efficacy of the drug.

In the case of seasonal HCoVs, it should be pointed out that
treatment of subjects with laboratory-confirmed sHCoV infection
with nitazoxanide administered orally twice daily for 5days was
associated with improvement in time to return to usual health and
time until subjects are able to perform normal activities (Rossignol
et al,, unpublished results). However, the mechanism at the basis of
the antiviral activity of nitazoxanide against coronaviruses is not
yet understood.

We now show that nitazoxanide has a potent antiviral activity
against three human endemic coronaviruses, the Alpha-coronaviruses
HCoV-229E and HCoV-NL63, and the Beta-coronavirus HCoV-
OC43 in cell culture with ICs, ranging between 0.05 and 0.15pg/mL
and high (>330) selectivity indexes. The fourth known seasonal
HCoV, HKU1, was not investigated because of its poor ability to grow
in cell culture.

We found that nitazoxanide does not affect virus adsorption, entry
or uncoating of HCoVs, but acts at postentry level, interfering with
the spike S-glycoprotein maturation at concentrations that do not
inhibit S and N protein expression in the infected cell. These results
confirm in two different actively-replicating HCoV models our
previous observation that nitazoxanide affects the maturation of the
SARS-CoV-2 S glycoprotein in human cells transfected with plasmids
encoding different SARS-CoV-2 spike variants (Riccio et al., 2022).
The results are also in line with our previous studies on influenza and
parainfluenza viruses, where nitazoxanide was shown to impair
terminal glycosylation and intracellular trafficking of the class-I viral
fusion glycoproteins influenza hemagglutinin and paramyxovirus
fusion proteins (Rossignol et al.,, 2009b; La Frazia et al, 2018;
Piacentini et al., 2018).

As previously observed in the case of the hemagglutinin protein
during human and avian influenza virus infection (Rossignol et al.,
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2009b; La Frazia et al., 2018), and of exogenously expressed SARS-
CoV-2S protein in human cells (Riccio et al., 2022), nitazoxanide was
found to hamper the spike protein maturation at an Endo-H-sensitive
stage, thus preventing its final processing. This effect has been
previously associated to the drug-mediated inhibition of ERp57, an
ER-resident glycoprotein-specific thiol-oxidoreductase which is
essential for correct disulfide-bond architecture of selected viral
proteins (Piacentini et al., 2018).

Because of the critical role of the spike protein in coronavirus
assembly (Fung and Liu, 2019; Santopolo et al., 2021a), hampering
S maturation may result in hindering progeny virus particle
formation; however, we cannot exclude the existence of additional
mechanisms that may contribute to the antiviral activity of
thiazolides. Multiple mechanisms have in fact been implicated in the
host-directed antiviral activity of nitazoxanide depending on the
type of viral pathogen, including: interfering with the host cell
energy metabolism and decreasing cellular ATP levels by mild
uncoupling of mitochondrial oxidative phosphorylation (OXPHOS;
Hammad et al., 2022; Rossignol et al., 2022b), and regulating the
redox state of infected cells (Huang et al., 2023); induction of
autophagy by inhibiting the Akt/mTOR/ULKI signaling pathway in
different types of cells (Lam et al., 2012; Shou et al., 2020); induction
of PKR activation and subsequent phosphorylation of eIF2-« (Elazar
et al., 2009; Ashiru et al., 2014); amplification of the host innate
immune response, via an increase in RIG-I-like receptor activation,
enhanced mitochondrial antiviral signaling protein and interferon
regulatory factor 3 activities (Jasenosky et al., 2019); induction or
enhancement of interferon (IFN)-stimulated gene expression
(Gekonge et al., 2015; Petersen et al., 2016; Trabattoni et al., 2016;
Jasenosky et al., 2019).

Interestingly, the antiviral activity of nitazoxanide and its bioactive
metabolite tizoxanide against all SHCoV strains tested was found to
be comparable to the direct-acting antiviral (DAA), potent RdRp
inhibitor remdesivir (Santoro and Carafoli, 2020). It should be noted
that, as in the case of other DAA, remdesivir may loose its efficacy due
to the emergence of drug-resistant mutations in the target protein.
This is in fact been already reported for use of remdesivir in SARS-
CoV-2 infections in vitro after prolonged exposure to the drug, as well
as in COVID-19 patients (Gandhi et al., 2022; Stevens et al., 2022). On
the other hand nitazoxanide, being a host-directed antiviral
(Rossignol, 2014; Li and De Clercq, 2020), it is unlikely to give rise
to resistance.

In addition, remdesivir requires intravenous administration,’
whereas nitazoxanide is an oral drug with a well-established safety
profile (Rossignol, 2014). Finally, due to their different mechanism of
action, a possible use of combination of the two drugs could
be hypothesized.

As indicated in the Introduction, HCoV-229E, HCoV-OC43 and
HCoV-NL63, as well as HCoV-HKUT, are distributed globally, and
generally cause mild upper respiratory tract diseases in adults;
however, they may sometimes cause life-threatening diseases in a
subset of patients (Arbour et al., 2000; Pene et al., 2003; Chiu et al.,
2005; Jacomy et al., 2006; Gorse et al., 2009; Risku et al., 2010; Lim

3 https://www.covid19treatmentguidelines.nih.gov/therapies/antivirals-

including-antibody-products/remdesivir/

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1206951
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.covid19treatmentguidelines.nih.gov/therapies/antivirals-including-antibody-products/remdesivir/
https://www.covid19treatmentguidelines.nih.gov/therapies/antivirals-including-antibody-products/remdesivir/

Piacentini et al.

et al., 2016; Morfopoulou et al., 2016; Liu et al., 2021; Zhang et al.,
2022). Interestingly, whereas HCoV-229E was suggested to
be involved in the development of Kawasaki disease (Esper et al.,
2005; Shirato et al., 2014), HCoV-OC43 has been shown to have
neuroinvasive properties and to cause encephalitis in animal models
(reviewed in Bergmann et al., 2006; Cheng et al., 2020). Moreover,
both HCoV-OC43 and HCoV-229E were shown to establish
persistent infections in cell cultures (Arbour et al., 1999a,b), while the
presence of HCoV-OC43 RNA was detected in human brain autopsy
samples from multiple sclerosis patients (Arbour et al., 2000; Cheng
et al., 2020).

These observations, together with the knowledge that HCoV
infection does not induce long-lasting protective immunity (Edridge
etal., 2020), highlight the need for broad-spectrum anti-coronavirus
drugs. The results described in the present study indicate that
nitazoxanide, which has been used for decades in medical practice as
a safe and effective antiprotozoal drug (Rossignol et al., 2001, 2006b;
Rossignol, 2014), due to its broad-spectrum anti-coronavirus activity,
may represent a readily available useful tool in the treatment of
seasonal coronavirus infections.
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in small intestinal epithelial cells
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!College of Veterinary Medicine, Southwest University, Chongging, China, 2School of Medicine,
University of Electronic Science and Technology of China, Chengdu, China, *College of Veterinary
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Agricultural University, Urimagi, China, *College of Animal Scienceand Technology, Chongging Three
Gorges Vocational College, Chongging, China, ¢lmmunology Research Center, Medical Research
Institute, Southwest University, Chongging, China

Porcine epidemic diarrhea virus (PEDV) mainly invades the small intestine and
promotes an inflammatory response, eventually leading to severe diarrhea,
vomiting, dehydration, and even death of piglets, which seriously threatens the
economic development of pig farming. In recent years, researchers have found
that probiotics can improve the intestinal microenvironment and reduce diarrhea.
At the same time, certain probiotics have been shown to have antiviral effects;
however, their mechanisms are different. Herein, we aimed to investigate the
inhibitory effect of Lactiplantibacillus plantarum supernatant (LP-1S) on PEDV and
its mechanism. We used IPEC-J2 cells as a model to assess the inhibitory effect
of LP-1S on PEDV and to further investigate the relationship between LP-1S, Ca?*,
and PEDV. The results showed that a divalent cation chelating agent (EGTA) and
calcium channel inhibitors (Bepridil hydrochloride and BAPTA-acetoxymethylate)
could inhibit PEDV proliferation while effectively reducing the intracellular Ca®*
concentration. Furthermore, LP-1S could reduce PEDV-induced loss of calcium
channel proteins (TRPV6 and PMCALb), alleviate intracellular Ca®* accumulation
caused by PEDV infection, and promote the balance of intra- and extracellular
Ca?* concentrations, thereby inhibiting PEDV proliferation. In summary, we found
that LP-1S has potential therapeutic value against PEDV, which is realized by
modulating Ca?*. This provides a potential new drug to treat PEDV infection.

KEYWORDS

Lactiplantibacillus plantarum, LP-1S, PEDV, Ca?, intestinal epithelial cells

1. Introduction

Porcine epidemic diarrhea (PED) is an acute, highly contagious intestinal disease of pigs
caused by Porcine epidemic diarrhea virus (PEDV) (Cao et al., 2015). The virus mainly colonizes
the intestinal mucosa of the host, with the largest amount of virus found in the small intestine
mucosa, but can also be detected in the lung, heart, and liver (Narayanan et al., 2012). The
clinical signs of the disease are vomiting and watery diarrhea, which consequently lead
dehydration in newborn piglets, eventually leading to their death (Ding et al., 2014). PED is
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more frequent in winter when it is cold, and has a very high mortality
rate for piglets within 2 weeks of age, causing serious economic losses
to the pig industry (Wu et al., 2020). PED outbreaks caused by highly
virulent PEDV variants are still occurring in pig farms in several
countries or regions, and existing vaccines or drugs cannot achieve the
desired control of PED. Moreover, the continuous detoxification of
sick pigs poses additional challenges to the prevention and control of
this disease (Jang et al., 2022; Yao et al., 2023). Therefore, there is an
urgent need to develop new drugs for this infectious disease.

Ca* acts as an important second messenger in intracellular
signal transduction processes. Ca** is essential for the transmembrane
transmission of biological signals, the regulation of glandular
secretion, and the maintenance of acid-base homeostasis in the body
(Seo et al,, 2015; Hussey et al., 2023). The maintenance of calcium
homeostasis depends on various calcium channel proteins [e.g.,
transient receptor potential cation channel subfamily V- member 6
(TRPV6) and stromal interaction molecule (STIM)] in the
membranes of the endoplasmic reticulum, Golgi apparatus,
mitochondria, and other cellular organelles (Liou et al., 2005;
Bibollet et al., 2023), transporters [sodium-calcium exchanger
Na(+)/Ca(2+)-Exchange Protein 1 (NCX-1) (Tarifa et al., 2022)], and
ion pumps [e.g., the cell membrane calcium pump, plasma
membrane calcium-transporting ATPase 1 (PMCA1b)] (Rodrat
etal., 2022; Dai et al., 2023). Disruption of any of these components
can affect calcium homeostasis. Under normal conditions, the
concentration of free intracellular Ca** is much lower than the
concentration of Ca** in other calcium pools, such as the endoplasmic
reticulum and outside the cell (Peng et al., 2001). In general, the
transcellular pathway for intestinal Ca** uptake consists of three steps
(Guo et al., 2016): (i) Crossing the brush border membrane (BBM)
of the intestinal cells via the epithelial Ca*>* channel (TRPV6); (ii)
binding to proteins with high Ca** affinity to form calcium-binding
protein-D9k (CaBPD9k), which in turn moves from the BBM to the
basolateral membrane (BLM); and (iii) extracellular excretion via the
plasma membrane Ca**-ATPase (PMCA1b/Ca** pump) and Na'/
Ca** exchanger (NCX1). Among them, TRPV6 and PMCAL1Db, as
calcium channel proteins, have received much research attention
because they are the major Ca®* transport proteins in the intestinal
epithelium and have important roles in maintaining intra- and
extracellular homeostasis and controlling ions entering and leaving
the cell (Zhao et al., 2022).

In recent years, research has shown that a variety of probiotics
can maintain microbial homeostasis in the intestinal environment
and prevent diarrhea (Hu et al., 2022; Liang et al., 2023). Antiviral
research into probiotics and their metabolites has also become a hot
topic (Leblanc et al., 2022; Liu et al., 2022) Lactiplantibacillus
plantarum (Lp) significantly reduced the cytopathic effects of
respiratory syncytial virus (RSV), influenza B virus, and HCoV-
229E coronavirus (Spacova et al., 2023). Lp is a gram-positive
facultative anaerobic bacterium that is widely found in nature, is
commonly found in various fermented foods, and is one of the
important flora of the gut microbiota. Its optimum growth
temperature is 30 ~37°C, its optimum pH is about 7.0, and the
colony growth shape is white opaque dots on MRS (De Man,
Rogosa and Sharpe) solid medium. A strain of Lactobacillus
plantarum was successfully isolated from the cecum of piglets in a
pig farm in Rongchang, Chongqing, China, and named LP-1
(GenBank accession no. MH727586.1). Its main metabolites were
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found to include acids (33.96%), amino acids (and their derivatives)
(32.08%), and polysaccharides (15.1%) through the pristine analysis
using gas chromatography-mass spectrometry (GC-MS) (Huang
et al., 2021) LP, as a probiotic, also has the role of promoting
intestinal health. Consequently, the present study aimed to
investigate the inhibitory effect of Lactiplantibacillus plantarum
supernatant (LP-1S) on PEDV and its mechanism.

2. Materials and methods

2.1. Cells, viruses, bacteria, reagents, and
antibodies

African green monkey kidney cells (Vero, used at 10th
generation) and porcine small intestinal epithelial cells (IPEC-]2,
used at 10th generations) were purchased from Suer Biotech
(Shanghai, China) and were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) medium with 10% fetal bovine serum, at 37°C, in
a 5% CO, cell incubator. PEDV-LJX strain and PEDV N mouse-
derived monoclonal antibodies were kindly donated by GuangLiang
Liu, Researcher, Lanzhou Veterinary Research Institute, Chinese
Academy of Agricultural Sciences. Lactiplantibacillus plantarum LP-1
was obtained by pre-laboratory isolation. TRPV6 polyclonal rabbit
antibodies (Vol: 50puL, Cat No: 13411-1AP, Dilution: 1:4,000),
horseradish peroxidase (HRP)-goat anti-mouse IgG (H+L) (Vol:
100 pL, Cat No: D110087-0100, Dilution: 1:4,000) and fB-actin goat
anti-rabbit antibody (Vol: 500 pL, Cat No: SA00001-2, Dilution:
1:5,000) were purchased from Proteintech. PMCA1b Polyclonal
Rabbit Antibodies (Vol: 100 puL, Cat No: GR3312280-1, Dilution:
1:2,000) were purchased from Abcam (Cambridge, MA,
United States). Fura-2-acetoxymethyl ester (Fura-2 AM) and CaCl,
were purchased from Beyotime Biotechnology Co. (Shanghai,
China). EGTA, Fluo3-AM, and BAPTA-AM were purchased from
Solarbio (Beijing, China). Bepridil hydrochloride (BP) was purchased
from MCE (Monmouth junction, NJ, United States). Ca®* standard
solution (1,000pg/mL) was purchased from National Research
Center for Reference Materials, Beijing, China.

2.2. Preparation of LP-1S

Lactiplantibacillus plantarum LP-1 was inoculated onto MRS solid
medium and incubated at 37°C. After 24h, single colonies were
picked, inoculated in MRS liquid medium, incubated at 37°C with
shaking 180 rpm for 12h until they reached a measured ODsys value
between 0.8~0.9, and centrifuged at 3,000xg for 10min. The
supernatant was retained and filtered using a 0.44pm-0.22pm
microporous filter membrane gradient. The filtered supernatant
(LP-S1) was stored at —20°C for a short time.

2.3. 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT)
assay

Firstly, LP-1S was diluted with DMEM basal medium to 0, 1/2,
1/4, 1/8, 1/16, 1/32, and 1/64 times the original concentration.
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Different dilutions of LP-1S were added to each well of a microtiter
plate, containing 3.6 x 10° cells per well. A positive control group
(PEDV-infected group) and a negative control were set, and the
adsorption culture was replaced with DMEM maintenance solution
after 90 min. When the cytopathic effect (CPE) of the PEDV-infected
group reached 70%, the maintenance solution was discarded, the
wells were washed three times with 0.01 M phosphate-buffered saline
(PBS), 5mg/mL MTT reagent was added to each well, the plate was
incubated at 37°C for 4 h to allow the formation of formazan crystals,
and the ODs;; values were then measured. Cell viability was
calculated, and the IC50 of LP-S1 was calculated: IgIC50 = Xm-I (P-
(3-Pm-Pn)/4) [in which Xm: Ig maximum dose, I: Ig (maximum
dose/adjacent dose), P: sum of positive response rates, Pm: maximum
positive response rate, Pn: minimum positive response rate].

2.4. TCIDso PEDV virulence assay

Cell samples from LP-1S pretreated PEDV-infected, PEDV-
infected, and negative control cell groups were collected at different
time points and centrifuged to collect supernatants. Vero cells in
96-well plates were grown to 90%, and different dilution gradients of
LP-1S were inoculated into 96-well plates containing DMEM basal
medium, and after the viruses were incubated separately for 1.5h, the
DMEM basal medium was replaced and the CPE was observed daily.
Finally, the TCIDs, of each PEDV group was measured according to
the Reed-Muench method (Zhang et al., 2012).

2.5. Western blotting assay

Quantified protein samples were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, then the separated proteins
were transferred to polyvinylidene fluoride membranes (Merck
Millipore, Billerica, MA, United States), which were blocked in 5%
skim milk for 1.5h, followed by incubation with the corresponding
primary antibodies overnight at 4°C. Next day, the membranes were
incubated with the corresponding secondary antibodies for 90 min at
37°C. The immunoreactive protein bands were visualized using the
FX5 imaging system (VILBER, Marne-la-vallée, Ile-de-France,
France), and the grayscale values were analyzed.

2.6. Quantitative real-time reverse
transcription PCR

2.6.1. RNA extraction and reverse transcription
Total RNA was extracted from cells and reverse transcribed to cDNA

using RNAiso plus (Invitrogen, Waltham, MA, United States) and

5xPrimeScript RT Master Mix (Promega, Madison, W1, United States).

2.6.2. Relative fluorescence quantitative PCR

The full sequences of TRPV6, PMCA1b, and ACTB (B-actin genes)
were downloaded from GenBank. Primers were designed against the
sequences using Primer Premier 5.0 software (Premier Biosoft, San
Francisco, CA, United States). The primer sequences are shown in
Table 1. The cDNA was amplified using quantitative real-time PCR
(qPCR) using ACTB as an internal reference by Biotech Co. Ltd.,
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Shanghai, China. The reaction system comprised: 10 uL SYBR PreMix
ExTaq II (Takara, Shiga, Japan), 0.5 uL forward primer, 0.5 pL reverse
primer, 2 pL cDNA, and 7 pL H20, in a 20 pL reaction. The reaction
conditions were: 95°C for 305s; followed by 40 cycles of 95°C for 5s and
60°C for 15s. Each sample was repeated three times. The primers are
shown in in Table 1. The 2724 method was used to analyze the
expression of the corresponding mRNAs (Livak and Schmittgen, 2001).

2.6.3. Absolute fluorescence quantitative PCR

The PEDV-M primer sequences were downloaded from GenBank
(Table 2). The PEDV gene copy number was detected using absolute
fluorescence quantitative PCR. The reaction parameters were:
pre-denaturation at 95°C for 30s; followed by 40 cycles of denaturation
at 95°C for 55, annealing at 54°C for 305, and 40 cycles. The linear
relationship between cycle threshold (CT) values and copy number
was analyzed using the Bio-Rad CFX Manager software random
matrix method to calculate the copy number of the PEDV M gene.

2.6.4. Transfection with TRPV6 and PMCAlb
interference plasmids

The shRNA sequence was designed and synthesized by Wuhan
Jinkairui Biotechnology Co. (Figure 1) and then ligated with the
interference vector pLVX-shRNA2Puro. 3.6 x 106 cells were inoculated
in each well, and the cells were removed from the incubator when they
reached 90% confluence at the time of transfection. Add 0.8 ug of plasmid
DNA into 50pL Opti-MEM medium and mix gently. Add 1.6pL of
TransIntroM EL into the diluted plasmid DNA, mix gently, and let it
stand at room temperature for 15min. Add the plasmid
DNA-TransIntromM EL complex into the cells and incubate at 37°C CO2
for 6h. After transfection, remove the cells from the incubator. The cells
were incubated at 37°C in a CO2 incubator, and after 6h of transfection,
the medium was changed and the culture was continued for 36h.

2.7. Calcium ion fluorescent probe
(Fluo3-Am) analysis

Fluo3-AM was diluted to a 2mM Fluo3-AM stock solution using
dimethyl sulfoxide and stored at —20°C for later use. The preserved

TABLE 1 Primer sequences for TRPV6, PMCA1b, and ACTB (B-actin).

Gene GenBank Sequences (5'-3’)
accession

TRPV6 CP071569.1 F: CCTGCTGGAACTTCTTGTCACCTC
R: AAGTACCGCCGCCCGTATCTC

PMCAIb | X53456.1 F: CCTGCTGGAACTTCTTGTCACCTC
R: CTGCTCCTGCTCAATTCGACTCTG

ACTB XM_0031242805  F: CTICTTCCAGCCCTCCTTCC
R: GGTCCTTGCGGATGTCG

TABLE 2 Primer sequences for the PEDV M gene.

GenBank
accession

Gene

Sequences (5'-3’)

PEDV M AF353511.1 F: AGGTTGCTACTGGCGTACAG

R: GAGTAGTCGCCGTGTTTGGA
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FIGURE 1
Effect of EGTA and CaCl, pretreatment on PEDV. (A) PEDV-M mRNA levels at 6 h after EGTA and CaCl, pretreatment in PEDV-infected cells;
(B) PEDV-M mRNA levels at 12 h after EGTA and CaCl, pretreatment in PEDV-infected cells; (C) PEDV-M mRNA levels at 24 h after EGTA and CaCl,
pretreatment in PEDV-infected cells; (D) PEDV-N protein levels at different time points after EGTA and CaCl, pretreatment in PEDV-infected cells.

Fluo3-AM stock solution was diluted with 0.1 M Hanks” Balanced Salt
Solution (HBSS; Beyotime Biotechnology Co.), added to cells in a
microtiter plate (3.6 x 10° cells per well) and incubated for 60 min at
37°C with 5% CO,. The wells were washed using 0.1 M HEPES
(Amphoteric buffer, Beyotime Biotechnology Co.) buffered saline
three times, added with HBSS containing 1% fetal bovine serum, and
incubated for 30 min. Changes in intracellular calcium ion content
were observed using fluorescence microscopy.

2.8. Flame atomic absorption analysis

0.25mL, 0.5mL, 1mL, 1.5mL, and 2mL of a Ca standard solution
(10 pg/mL) were added to a 50mL volumetric flask and added with 50mL
with medium solution (0.5% HNO;+2mg/mLK"). Then, the standard
concentration was measured and the standard curve was plotted. Finally,
the collected cell supernatant and intracellular fluid were diluted 5,000
times with medium solution and then assayed on the flame atomic
absorption spectrophotometer. The absorbance and concentration values
of each sample were recorded. Changes in extracellular calcium ion
content were then analyzed with reference to the standard curve.
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2.9. Statistical analysis

All results were subjected toa t-test and one-way analysis of
variance (ANOVA) using the statistical software GraphPad Prism 8.0
(GraphPad Inc., La Jolla, CA, United States) and IBM SPSS Statistics
23 to determine statistical differences between multiple groups. A
p-value>0.05 (ns) indicates a non-significant difference, a
p-value<0.05 indicates a significant difference (*), a p-value <0.01
expresses a highly significant difference (**), and a p-value <0.001
expresses a very significant difference (***).

3. Results

3.1. PEDV infection affects changes in
intra- and extracellular Ca?* concentrations

Several viruses have been shown to promote their replication
and infection by modulating cellular calcium ion levels; however,
the effect of PEDV infection on intra- and extracellular Ca**
concentrations is unknown. We used the calcium ion fluorescence
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probe Fluo-3AM to detect the intracellular Ca** concentration
under PEDV infection, which showed that the intracellular Ca**
fluorescence intensity after 2h, 8h, 24 h, and 48 h of PEDV infection
was extremely significantly higher than that in the negative control
group, under fluorescence microscopy (Figures 2A,B). The changes
in the extracellular Ca’* concentration under PEDV infection were
detected using the flame atomic absorption method. A Ca*
standard curve was first established (Figure 2C). The results of
sample detection showed that the Ca** concentration in the
extracellular fluid was significantly lower after PEDV infection (at
2h, 8h, 24h, and 48h) compared with that in the negative control
group, in which the calcium ion concentration in the extracellular
fluid was significantly lower in the 2h, 8 h, and 24 h infection groups
compared with that in the negative control group (Figure 2D).
These results showed that PEDV infection causes a significant
difference in the intra- and extracellular Ca* concentrations, i.e.,
PEDV infection causes a significant increase in the flow of Ca*
from the extracellular space into the cells.

3.2. Inhibition of PEDV replication by the
divalent cation chelating agent EGTA

We observed that PEDV infection can cause significant changes
in intra- and extracellular Ca?* concentrations. To further elucidate
the relationship between Ca*" and PEDV, we treated the cells with the
specific Ca?* chelator, EGTA, to detect the effect of Ca** on PEDV
replication. First, the toxicity of EGTA toward IPEC-J2 cells was
examined using the MTT assay, which showed that an EGTA
concentration below 2 mM was not toxic to IPEC-J2 cells (Figure 3A).

10.3389/fmicb.2023.1251275

qRT-PCR and western blotting were used to detect the effect on PEDV
replication after pretreatment of IPEC-J2 cells with different
concentrations of EGTA. The results showed that after pretreatment
with ImM and 2mM EGTA, the PEDV M gene copy number
decreased significantly at 6h, 12h, and 24 h post-infection compared
with that in the untreated group, and the effect of 2mM EGTA was
more obvious (Figure 3B). The results of western blotting also showed
that the PEDV-N protein level decreased at 6h, 12h, and 24h after
ImM and 2mM EGTA pretreatment compared with the PEDV-
infected only group, and the effect of 2mM EGTA pretreatment at 6h
and 24 h was more obvious (Figure 3C). This demonstrated that EGTA
pretreatment had an inhibitory effect on PEDV in a concentration-
dependent manner. However, since EGTA can also chelate other
divalent cations in the cell, whether the inhibition of PEDV replication
in this process is dependent on Ca®* chelation needs to
be further investigated.

3.3. Supplementation of extracellular Ca®*
concentration to promote PEDV infection

In Section 3.2, we demonstrated that EGTA pretreatment
inhibited PEDV replication. To confirm that EGTA exerts its effect
by chelating Ca*, we first added CaCl, solution after EGTA
pretreatment and examined the changes of PEDV after Ca®
concentration backfill. The results showed that the PEDV-M copy
number was significantly lower than that of the PEDV-infected
only group after 6, 12, and 24 h after 2mM EGTA pretreatment,
while the PEDV-M copy number increased significantly after
pretreatment in the 2mM EGTA+CaCl, group compared with that
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in the 2mM EGTA pretreatment only group (Figure 1A). The
PEDV-N protein level was also detected and found to
be significantly lower in the 2mM EGTA pretreatment group than
in the PEDV-infected only group; while the PEDV-N level in the
2mM EGTA+CaCl, group was significantly higher than that in the
EGTA group (Figure 1B).

3.4. Ca?* channel inhibitors promote PEDV
infection

To further investigate the specific role played by calcium
channels during viral infection, we chose a long-acting calcium
channel inhibitor (BP) and the Ca** complexing agent BAPTA-AM
to investigate the role of calcium channels in PEDV infection. BP
inhibits cellular Ca** inward flow. BAPTA is released from
BAPTA-AM by the action of a lipase upon entry into the cell. The
released BAPTA can rapidly complex with Ca*', thus controlling the
intracellular calcium ion levels. We detected no cytotoxicity of BP
on IPEC-J2 cells at less than 2 pM using the MTT assay (Figure 4A).
IPEC-]2 cells pretreated with 2 pM BP and then infected with PEDV
infected were examined for PEDV-M gene copy number as well as
PEDV N protein expression levels. The results showed that after
6-24h of infection, the PEDV-M copy number was lower than that
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of the PEDV-infected only group, which was more significant at 6h
and 12h (Figure 4B); the PEDV-N protein level was also reduced in
the BP pretreated group, and the reduction was more significant
after 12h (Figure 4C). Thus, BP significantly inhibited PEDV M
gene expression from 6 to 24h, and the inhibitory effect on the
PEDV-N protein level was more pronounced with extended time.
In addition, we similarly observed a significantly lower PEDV-M
gene copy number than that in the PEDV-infected alone group
from 6 to 24h after pretreatment with 20pM BAPTA-AM
(Figure 4D); the PEDV-N protein levels also decreased more
significantly after 12h (Figure 4E).

3.5. Important role of channel proteins in
the2 regulation of intra- and extracellular
Ca*

Intracellular and extracellular Ca®* transmembrane transport
mainly involves membrane transporter proteins, carrier proteins,
and channel proteins. To further investigate the role played by
calcium channel proteins during PEDV infection, we selected two
typical Ca®* transport channels, TRPV6 and PMCALD, as the
subjects of our study. Firstly, we constructed vectors for RNA
interference of TRPV6 and PMCA1b (shTRPV6/shPMCA1b)
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Effect of BP and BAPTA-AM on PEDV. (A) Cytotoxicity assay of BP; (B) PEDV M gene copy number in BP pretreated cells infected with PEDV at 6 h, 12h,
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separately to determine the association between TRPV6/PMCA1b
and PEDV. The results showed that both interfering vectors were
stably expressed in IPEC-J2 cells and significantly reduced the
protein levels of TRPV6 and PMCAI1b (Figures 5A,B). The
fluorescence from the interference vector would have an effect on the
detection of Fluo-3AM; therefore, another calcium probe,
Fura-2 AM, was chosen to detect the intracellular Ca** concentration.
As shown in Figure 5C, the intracellular Ca** concentration was
elevated after interfering with TRPV6 and PMCA1b compared with
that in the blank group, and the addition of 6 mM CaCl, at 120s
showed a more pronounced upregulation of the Ca** concentration
in the PMCA1b interference group (Table 3).

3.6. Ca?* channel proteins inhibit PEDV
infection

Under normal physiological conditions, TRPV6 mediates Ca**
inward flow and PMCA1b promotes intracellular Ca** flow to the
extracellular space. After 6h and 12h post-PEDV infection, the
PEDV-M copy number and PEDV-N protein levels were significantly
upregulated in the shTRPV6 group, and the viral titer was also
significantly increased (Figures 6A-C). Similarly, the PEDV-M gene
copy number, PEDV-N protein level, and the viral titer were
significantly increased in the shPMCA1b group (Figures 6D-F).

3.7. LP-1S can effectively inhibit PEDV
replication

Lactobacillus, as a probiotic flora, is highly effective against
intestinal diarrheal diseases. Probiotics are present in the intestinal
tract of animals and have a protective effect on intestinal health. Our
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laboratory previously isolated a strain of Lactiplantibacillus plantarum,
LP-1, and we sought to verify whether the metabolites of this
bacterium have an anti-PEDV effect. We first measured its growth
curve, and the results showed that LP-1 entered the logarithmic
growth phase after 6h and reached the end of logarithmic growth
phase (maximum growth value) at 12h (Figure 7A); therefore,
we chose 12h as the best time to obtain the Lactiplantibacillus
plantarum supernatant, LP-S1. Subsequently, the toxicity of LP-S1
toward IPEC-]2 cells was determined using the MTT assay, and the
LP-1S 1/4-fold dilution was found to be the optimal treatment
concentration dose for IPEC-]2 cells (Figure 7B). The 1/4-fold dilution
of LP-1S was used to pretreat the cells in the PEDV-infected group,
and the proteins were collected at 2h, 8h, 12h, and 24h. Western
blotting showed that the PEDV-N protein level in the LP-1S
pretreatment group decreased gradually and significantly with
increasing time (Figure 7C). The viral solution collected at different
time points after LP-1S pretreatment was used to detect the viral titer,
and the TCID50 data showed that the viral titer at 12h, 24h, and 48h
showed a decreasing trend, with a more significant decrease at 24h
(Figure 7D).

3.8. LP-1S upregulates the Ca®* channel
protein

We showed that PEDV infection caused elevated intracellular Ca**
and was associated with two Ca** channel proteins, TRPV6 and
PMCAL1b. LP-1S has an anti-PEDV effect; however, whether it affects
Ca?* is unknown. TRPV6 and PMCA1b are calcium channel proteins
mainly expressed in the gastrointestinal tract and have high
permeability to Ca**. To further verify whether LP-1S is associated
with Ca?* channel proteins, we examined the mRNA and protein
expression levels of TRPV6 and PMCA1D in the PEDV infection
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TABLE 3 Sequence of TRPV6 and PMCA1b shRNA interference fragments.

Sequences (5'-3)

TRPVG F: 5-GGTGGAAGACAGACAGGATAT-3'

PMCAIb F: 5-GGGCGCCTGTATTACTCAAGA-3'

group and after LP-1S pretreatment. The results showed that the
mRNA level of TRPVE6 significantly increased at 12h after LP-1S
pretreatment compared with that in the PEDV-infected only group
(Figure 8A), and the protein level likewise significantly increased at
12h (Figure 8B). Similarly, the mRNA and protein levels of PMCA1b
increased after LP-1S pretreatment compared with those in the PEDV-
infected group, with mRNA levels at 6h and 12h (Figure 8C) and
protein levels at 6h (Figure 8D) being the most significant.

3.9. LP-1S affects changes in intra- and
extracellular Ca?* concentrations

It was previously verified that Ca** endocytosis contributes to
PEDV infection, and TRPV6 and PMCAL1Db are key channel proteins
that regulate Ca?*. LP-1S pretreatment significantly reduced the extent
of PEDV infection and increased the levels of TRPV6 and PMCA1b.
To further investigate the relationship between LP-1S and Ca*,
we examined the changes induced by LP-1S on intra- and extracellular
Ca’* concentrations using the calcium fluorescent probe Fluo-3 AM
and flame atomic absorption, respectively. According to the
intracellular Ca®* concentration, the intensity of intracellular Ca*
fluorescence was significantly weaker in the negative control group,
the LP-1S pre-treatment group, and the LP-1S group than in the
PEDV-infected group, and the intracellular Ca®* concentration was
significantly lower than that of the PEDV-infected group at 2h, 8h,
24h, and 48h (Figures 9A,B). In terms of the extracellular Ca*
concentration, the extracellular Ca?** concentration after LP-1S
pretreatment was higher than that of the PEDV-infected group at 2h,
8h, 24h, and 48h, with 2-24h being the most significant period
(Figure 9C).
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4. Discussion

In recent years, despite the increased research on PEDV in various
countries, the incidence of PEDV-induced diarrhea in piglets remains
high in clinical practice; therefore, the search for effective anti-PEDV
drugs is still a top priority for PEDV prevention and control. Calcium
ion imbalance is a hallmark of viral infection (Kumar et al., 2022).
Several studies have shown that different viral infections lead to an
imbalance of calcium ions inside and outside the cell. For example, the
mRNA encoding the calbindin D-28 K and calretinin has an important
role in the early stages of rabies infection (Korie et al., 2023). SARS-
CoV-2 ORF 3a interferes with calcium homeostasis and induces
autophagy to enhance viral infection (Garrido-Huarte et al., 2023).
Calcium imbalance triggers the mitochondrial apoptotic pathway to
promote infection by chicken anemia virus (Yu et al., 2023). Herpes
simplex virus (HSV) infection induces a rapid increase in the
intracellular calcium ion concentration, which plays a key role in
facilitating virus entry (Jiang et al., 2023). Rotavirus disrupts calcium
homeostasis by NSP4 viroporin activity, directly or indirectly, in
response to elevated cytoplasmic calcium levels and regulates rotavirus
replication and virion assembly (Hyser et al., 2010). Dengue virus
(DENV) infection disrupts intracellular calcium homeostasis causing
an increase in intracellular calcium levels (Dionicio et al., 2018).

We found that PEDV infection activates plasma membrane Ca**
channels, leading to a large accumulation of intracellular calcium
ions, and that this Ca?* imbalance leads to changes in intracellular
gene expression, energy metabolism, and other functions, which in
turn promotes viral replication (Figure 6). We then further verified
the link between PEDV and Ca®* using a divalent cation chelating
agent (EGTA), calcium channel inhibitors (BP and BAPTA-AM), and
calcium channel proteins (TRPV6 and PMCA1b). Pretreatment with
2mM EGTA significantly inhibited PEDV M expression, and PEDV
expression M was significantly increased when the cells were
supplemented with Ca?, suggesting that EGTA effectively reduced
the inward flow of extracellular free Ca** by chelating it, thereby
inhibiting PEDV proliferation. In contrast, CaCl, supplementation
induced an increase in intracellular Ca** flow, leading to an increase
in PEDV expression (Figure 1). Similarly, PEDV infection was
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Effect of interfering with TRPV6 and PMCA1b on PEDV. (A) PEDV-M gene copy number in IPEC-J2 cells after shTRPV6 treatment; (B) PEDV-N protein
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infected with PEDV after shPMCA1b pretreatment.

significantly reduced when Ca®* endocytosis was blocked using
BAPTA-AM. In addition, the calcium channel protein TRPV6, which
strictly regulates Ca** influx, is necessary to avoid Ca®* overload
(McGoldrick et al,, 2018). When we interfered with TRPV6
expression, PEDV invasion was significantly enhanced, which might
have been caused by the disruption of Ca** channel function,
resulting in intracellular Ca®* overload, thus facilitating the viral
invasion. By contrast, interfering with PMCAIb significantly
inhibited its associated channels, reducing the flow of intracellular
Ca®* into the extracellular compartment, thereby exacerbating PEDV
invasion. Therefore, we concluded that PEDV infection can
be significantly reduced by inhibiting calcium channels, and this
effect gradually increases with time (Figure 6).

Probiotics are now considered as an effective alternative to
antibiotics, and can colonize the intestinal tract. Probiotics function
by reducing inflammatory response, protecting the intestinal
structure, maintaining intestinal microbial homeostasis, and
improving the immunity of the body (Thomas and Versalovic, 2010).
The metabolites in LP-1S inhibited PEDV proliferation in a time- and
concentration-dependent manner; however, whether this effect
correlated with Ca* concentration has not been reported. To further
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reveal whether LP-1S has the ability to modulate Ca** concentration
and thus exert antiviral effects, we conducted a follow-up study. The
results showed that LP-1S could significantly reduce the intracellular
Ca’ concentration. A low intracellular Ca** concentration is a
prerequisite to ensure normal cell function therefore, this might be an
important method by which LP-1S inhibits the proliferation of
PEDV. Further study revealed that under PEDV infection conditions,
LP-1S pretreatment affected intestinal Ca** channel proteins (TRPV6,
PMCA1D), among which PMCA1b was more sensitive to PEDV
infection than TRPV6. LP-1S might precisely enhance the regulation
of Ca?* by PMCA1b and TRPV6 to reduce the intracellular Ca*
concentration and maintain an intracellular low calcium state, thus
exerting an anti-PEDV effect (Figure 10). Therefore, intracellular
calcium homeostasis is particularly important to maintain normal
cellular physiological functions and resistance to viral infection
(Klapczynska et al., 2023; Sorensen et al., 2023). Overall, LP-1S
significantly reduced the intracellular Ca®* concentration, whereas the
increase in the extracellular Ca** concentration suggested that LP-1S
might exert its anti-PEDV effects mainly through Ca** channel
proteins that inhibit intracellular Ca** in-flow and promote Ca®
out-flow (Figure 9).
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In this study, we used calcium ion modulators to determine that
an intra- and extracellular Ca** imbalance promotes PEDV infection.
Using western blotting and qRT-PCR, LP-1S was observed to
significantly inhibit PEDV replication. Finally, using Ca** fluorescent
probes and flame atomic absorption, we demonstrated that LP-1S
ameliorates the PEDV-induced Ca** imbalance. These result provides
a possible treatment strategy for PEDV and could from the basis for
the development of effective drugs.
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Hantaviruses are a significant and emerging global public health threat, impacting
more than 200,000 individuals worldwide each year. The single-stranded RNA
viruses belong to the Hantaviridae family and are responsible for causing two acute
febrile diseases in humans: Hantavirus pulmonary syndrome (HPS) and hemorrhagic
fever with renal syndrome (HFRS). Currently, there are no licensed treatments or
vaccines available globally for HTNV infection. Various candidate drugs have shown
efficacy in increasing survival rates during the early stages of HTNV infection.
Some of these drugs include lactoferrin, ribavirin, ETAR, favipiravir and vandetanib.
Immunotherapy utilizing neutralizing antibodies (NAbs) generated from Hantavirus
convalescent patients show efficacy against HTNV. Monoclonal antibodies such
as MIB22 and JL16 have demonstrated effectiveness in protecting against HTNV
infection. The development of vaccines and antivirals, used independently and/or in
combination, is critical for elucidating hantaviral infections and the impact on public
health. RNA interference (RNAI) arised as an emerging antiviral therapy, is a highly
specific degrades RNA, with post-transcriptional mechanism using eukaryotic cells
platform. That has demonstrated efficacy against a wide range of viruses, both in vitro
and in vivo. Recent antiviral methods involve using small interfering RNA (siRNA) and
other, immune-based therapies to target specific gene segments (S, M, or L) of the
Hantavirus. This therapeutic approach enhances viral RNA clearance through the
RNA interference process in Vero E6 cells or human lung microvascular endothelial
cells. However, the use of siRNAs faces challenges due to their low biological stability
and limited in vivo targeting ability. Despite their successful inhibition of Hantavirus
replication in host cells, their antiviral efficacy may be hindered. In the current review,
we focus on advances in therapeutic strategies, as antiviral medications, immune-
based therapies and vaccine candidates aimed at enhancing the body’s ability to
control the progression of Hantavirus infections, with the potential to reduce the
risk of severe disease.

KEYWORDS

Hantavirus, HFRS, HPS, immunotherapy, siRNA

1. Introduction

Hantaviruses are negative-sense, single-stranded tri-segmented RNA viruses that belong to
the order Bunyavirales, family Hantaviridae and genus Orthohantavirus (Kuhn and Schmaljohn,
2023). They exclusively maintain themselves in the population of their natural host and produce
a persistent viral infection in them and make a continuous shedding in rodent excreta. They
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cause two acute febrile diseases in humans: Hantavirus pulmonary
syndrome (HPS) and hemorrhagic fever with renal syndrome (HFRS)
(Khaiboullina et al., 2005). Hantaviruses pose an emerging global
threat to public health causing a devastating effect on human lives,
affecting more than 200,000 individuals worldwide annually (Bi et al.,
2008). Moreover, the number of cases is significantly increasing day
by day in different parts of the world (Watson et al., 2014). Two major
outbreaks of Hantavirus disease, reported in the last century, were the
first to catch global attention. The first, HFRS outbreak, occurred
during the Korean War (1950-1953), affected more than 3,000 US
troops (Tian and Stenseth, 2019). The second, HPS outbreak, was
documented in the southwestern regions of the US in 1993 (Mills
etal, 1999). Pathophysiological studies have revealed that Hantavirus
transmits by rodents, mainly through contaminated saliva, feces,
urine, and aerosols. It can also be transmitted by bites of affected
animals, though it is rarely reported (Brocato and Hooper, 2019).
Although the Hantaviruses transmit from natural hosts to humans
through a natural ecological process, the outbreak is accelerated by
rodent animals like striped field mice and seasonal climatic
fluctuations (Tian and Stenseth, 2019).

The clinical presentations of the disease depend on the geographic
distribution of the viral strains around the world. In Asia, Hantavirus
(HNTYV) and Seoul virus (SEOV) primarily infect the human kidney
and cause hemorrhagic fever with renal syndrome (HFRS). In North
America, Andes virus (ANDV) and Sin Nombre virus (SNV) target
the lungs and cause Hantavirus cardiopulmonary syndrome (HCPS)
or Hantavirus pulmonary syndrome (HPS), with a high rate of
mortality. While in Europe, Puumala virus (PUUV) and Dobrava-
Belgarde virus (DOBV) cause a milder form of HFRS, the
nephropathia epidemica (Echterdick et al., 2019). These viruses, like
any other enveloped virus, get inactivated when exposed to detergents,
UV radiations, hypochlorite solutions, organic solvents, and high
temperature (60°C for 30 min). They attach to the host cell surface
receptors by glycoprotein and infect a number of cells including
dendritic, lymphocyte, and epithelial cells. It has been revealed that
integrins, the transmembrane proteins of the host cell, play a pivotal
role in viral attachment and entry into the cell. Two types of integrin,
B, and f;-integrin interact with G, of apathogenic Hantaviruses and
glycoprotein of pathogenic Hantaviruses, respectively (Gavrilovskaya
et al., 1998; Mackow and Gavrilovskaya, 2009).

2. Hantavirus genome organization

The genome of Hantaviruses contains three segments of single
stranded, negative ribonucleic acid (RNA) molecules with a terminal
sequence at their 3'end (Avsi¢-Zupanc et al., 2019) as shown in
Figure 1. These genome segments are named according to their
nucleotide sequence length as small (S), medium (M), and large (L) as
shown in Figure 1 (Singh et al., 2022). Hantaviruses are enveloped
viruses with a spherical structure of about 80 to 120nm length in
diameter. The envelope membrane is composed of bilayer of exterior
lipids secreted from Golgi complex (Hepojoki et al., 2012). The lipid
bilayer is lined with spikes (viral proteins) that protrude from the layer
around 10nm. These spikes appear as heterodimers of Gn and Gc
glycoproteins and show a significant binding affinity with oligomers
(Huiskonen et al., 2010). The complex and unusual symmetry of the
spikes is considered rarely common in enveloped viruses (Huiskonen
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etal, 2010). The S segment comprises 1,700 to 2,100 bp nucleotides
encoding N protein that synthesizes the nucleocapsid of the virion.
The M segment containing 3,613-3,707 bp nucleotides encodes the
envelop protein of 1,150 amino acids for glycoprotein. It carries a
conserved pentapeptide motif “WAASA” at its N-terminus that acts as
a target site for co-translational cleavage by the cellular peptidase
complex (Lober et al., 2001). The L segment is 6,500 nucleotides wide
and encodes about 2,160 amino acids for the biosynthesis of
RNA-dependent RNA polymerase and other viral proteins like reverse
transcriptase that converts the negative sense RNA into positive sense
mRNA for protein synthesis and multiple genome copies. Variation
and genetic alterations in M and S segments can disturb the virulence
and antigenicity of virus (Du et al., 2014).

3. Prevalence

In humans Hantaviruses can cause serious fatal diseases such as
hemorrhagic fever renal syndrome (HFRS) in Asia, HFRS and
nephropathia epidemica (NE) in Europe and Hantavirus
cardiopulmonary syndrome (HCPS) in North and South Americas.
In recent years, almost 200,000 people around the world are affected
by Hantaviruses annually, with a case fatality of 1-15% for HFRS,
0.1-1% for NE and up to 40-60% for HCPS. Bi et al. (2008) and Singh
et al,, (2022) two significant outbreaks were documented in the last
century which brought Hantavirus disease to worldwide attention.
More than 3,000 United Nations forces contracted the HFRS during
the Korean War (1950-1953), which was the first time it happened
and the second was the outbreak of HCPS in 1993 in the Four Corners

area of the United States (Tian and Stenseth, 2019).

3.1. Asia

90% of all the documented cases worldwide are from China,
which has the greatest frequency of HFRS, mainly caused by HINV
and SEOV. One of the key HFRS hotspots is the populous central
Chinese province of Shaanxi (Yu et al., 2015). According to Chinese
Center for Disease Control and Prevention (China CDC) a total of
77,558 cases and 866 fatalities were reported from 2006-2012
possessing a case fatality rate of 1.13%, death rate of 0.01 per 100,000
and a yearly incidence rate of 0.83 per 100,000 cases. HFRS cases have
been documented in 30 out of 32 provinces in China as of yet (Zhang
etal,, 2014). HFRS cases have been mainly documented in autumn-
winter and spring seasons (Ke et al., 2016). The incidence of HFRS in
China remained low nationwide as compared to the previous five
years. As of 18 December 2021, 29 provincial-level administrative
divisions (PLDAs) reported 8,502 cases with 54 (0.63%) deaths which
was 9.10 and 17.39% more than the 7,793 cases and 46 deaths in 2020
(Aitichou et al., 2005; Wei et al., 2021). Epidemiology of HTNV across
asia is shown in Figure 2. The Khabarovsk region reported the first
HEFRS case in 1934 in Asian Russia. From 1978-1995 a total of 3,145
cases of HFRS in Asian Russia occurred, with a 1.7% morbidity rate
(Onishchenko and Ezhlova, 2013). HTNV was first isolated in Korea
and an average of 1% mortality rate is recorded for the 300-500 cases
reported annually (Lee et al., 2013). A few HFRS have been reported
in Vietnam (Huong et al., 2010), Thailand (Suputthamongkol et al.,
2005), Singapore (Wong et al., 1985), Sri Lanka (Vitarana et al., 1988),
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Hantavirus structure and genome organization (Image generated: www.biorender.com).
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India (Chandy et al., 2009) and Japan (Lokugamage et al., 2004) but
more data needs to be recorded from these and other regions in Asia
(Heyman et al., 2011).

3.2. Europe

Greater than 10,000 HFRS and thousands of NE (nephropathia
epidemica) cases are identified on an annual basis all over Europe
and are primarily caused by PUUV, DOBYV, and SAAV (Vaheri
et al., 2013) and (Jiang H. et al., 2017). HFRS cases have been
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recorded in Finland, Germany, Belgium, France, UK, Poland, the
Balkans but in many other areas very few cases are recorded even
though the sero-positive prevalence is high in them, which is why
more data needs to be documented in Europe because Hantavirus
associate infections are high in these areas but remain
undocumented (Heyman et al., 2011). Greater than 2,800 cases of
Hantavirus caused HFRS were reported in Germany in 2012
(Kriiger et al., 2013). In UK SEOV virus associated with acute
kidney injury (AKI) in rats was first isolated in Scotland in 1977
and only caused AKI in 1 of 15 rats (Duggan, 2019). Figure 3 No.
of HTNV cases across Europe from 2016-2020.
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FIGURE 3
Data showing Hantavirus cases in the EU from 2016—-2020 (This data was published by the European Center for Disease Control and Prevention).

3.3. Americas

In 1993, HCPS was initially identified as a hantaviral illness
during the Four Corners outbreak in the USA. In North and South
Americas almost 200 cases are documented annually. HCPS in
Americas is primarily caused by ANDV and SNV. HCPS cases have
also been reported in Bolivia, Paraguay, Uruguay, Brazil, Argentina,
Panama, Chile, and Canada (Jonsson et al., 2010). In Canada 143
confirmed HCPS cases have been recorded as of 2020 (Warner et al.,
2020). Each year between 100 and 200 cases of HCPS are recorded in
Argentina, mostly in spring and summer (Jiang H. et al., 2017). Chile
has the annual mortality rate of 32-35% for HCPS (Martinez-
Valdebenito et al., 2014). Brazil recorded 2032 HCPS cases as of 2017.
Table 1 shows the Hantavirus reported cases across North and South
America (Warner et al., 2020; Armién et al., 2023).

3.4. Africa

No indigenous Hantavirus was recognized in Africa 15years ago
(Kruger et al., 2015). Since then, only a few studies have examined
SEOV and other hantaviruses in Africa and their effects on human
health. Due to the lack of regionally specific SEOV testing in human
blood samples and the paucity of investigations, it appears that SEOV
is not a significant public health hazard on the continent (Heyman
et al., 2004). However, there are substantial indications that humans
and wild rats in 17 different African nations may be infected with
organisms similar to SEOV (Clement et al., 2019). In Africa, the SEOV
is not seen as a serious hazard to the general population.

3.5. Pathogenesis

Hantaviruses infections cause HFRS, NE, and HCPS in humans,
the symptoms associated with them and their mode of transmission
is discussed below.

Frontiers in Microbiology

3.6. Symptoms associated with HFRS
and NE

Kidneys are primarily affected in both HFRS and NE. NE is a
relatively mild version of HFRS. Symptoms include thrombocytopenia,
fever, differing degrees of acute renal failure, myalgia some cases have
also reported symptoms related to ocular and central nervous systems.
Both of them have five clinical phases febrile, hypotensive, oliguric,
polyuric and convalescent. Complications can include multiorgan
failure, bleedings, severe encephalomyelitis, pituitary hemorrhage,
pulmonary edema, shock and fatal outcome in case of NC and all the
aforementioned complications in addition to glomerulonephritis,
respiratory distress syndrome and disseminated intravascular
congestion can occur in HFRS as shown in Table 2 (Jiang et al., 2016;
Jiang H. et al., 2017; Hautala et al., 2021).

3.7. Symptoms associated with HCPS

Lungs are mainly affected in HCPS. Three phases are associated
with HCPS they are prodromal, cardiopulmonary, convalescent
phases. Prodromal phase lasts 1-5days and symptoms include
malaise, fever, gastrointestinal distress and headaches.
Cardiopulmonary phase symptoms include cardiopulmonary
malfunction, pulmonary edema, cough, dyspnea and hypoxia.
Convalescent phase is the recovery phase where all previous symptoms
subside except for dyspnea, which can persist up to 1-2years (Llah

etal., 2018).

3.8. Spread of hantaviruses

Hantaviruses basically infect rodents and are also found in small
insectivorous mammals and bats. They cause asymptomatic infections
in rodents, and are transmitted to humans through rodent bite,
inhalation of aerosolized virus particles and via inhalation of dried
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TABLE 1 Reported HTNV cases across North, Central, and South America.

Country Cases Year Source
USA 850 1993-2021 CDC
Canada 143 As of 2020 Warner et al. (2020)
Panama 712 1999-2019 Armién et al. (2023)
Costa Rica 3 Till 2016 PAHO
Argentina 1,350 As 2016 PAHO

Chile 1,028 As of 2016 PAHO

Brazil 2032 Till 2017 PAHO
Paraguay 319 Till 2016 PAHO
Uruguay 169 Till 2016 PAHO
Bolivia 300 Till 2016 PAHO
Ecuador 73 As of 2016 PAHO

Peru 6 As of 2016 PAHO
French Guiana 3 Till 2016 PAHO

TABLE 2 Depicts five phases of HFRS and NE and the main associated
features.

Phase Time of Main features
occurrence

Febrile 1-7 days Myalgia, fever

Hypo-tensive 1-3 days Hypo-tension

Oliguric 2-6days Decreased urine level

Polyuric 2weeks Increased urine level

Convalescent 3-6months Frailty, lethargy

feces, urine and saliva of rodents. Hantavirus infection in humans
mainly affects the endothelial cells in lungs and kidneys and leads to
HCPS, NE, and HFRS (Ermonval et al., 2016). Environmental factors
such as availability of food, climate change, geographical location also
contributes to Hantavirus infection (Guterres and de Lemos, 2018).

3.9. Proposed mechanism of Hantavirus
pathogenesis

The infection begins with contact of Gn and Gc surface proteins
with B-integrin receptors, yet how hantaviruses spread in the human
body is still not fully known. Given that they express 3-integrin
receptors and are found close to epithelial cells, immature dendritic
cells likely play a crucial role (Gavrilovskaya et al., 1999, 2002). Platelet
dysfunction, immunological responses, and the disruption of
endothelial cell barrier capabilities likely have a role in the pathological
process of Hantavirus (Mackow and Gavrilovskaya, 2009). DCs in
humans are extremely mobile, they link innate and adaptive immunity
and reside in pathogen-host interface in the respiratory mucosa and
lung alveoli. They have the ability to “snorkel” through the epithelial-
tight junctions by introducing their dendritic projections into the
airway lumen (Jahnsen et al., 2006) and contract Hantavirus in the
lungs (Raftery et al., 2002; Marsac et al, 2011). Additionally,
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monocytes exposed to HINV transform into cells that resemble DCs
(Markoti¢ et al., 2007; Schonrich et al., 2008) that might serve as
Trojan horse, assisting viruses to spread across the human body and
eventually infect endothelial cells in numerous organs. It has been
seen in various studies that EC become stimulated during PUUV
infection, increasing the production of chemokines and adhesion
molecules such as E-Selectin, intercellular adhesion molecule 1
(ICAM-1) and VCAM-1 (Temonen et al, 1996). Stimulated
chemokines include a neutrophil activator and recruiter called IL-8
(interleukin 8) (Klingstrom et al., 2008; Sadeghi et al., 2011; Libraty
et al, 2012; Kyriakidis and Papa, 2013). Production of human
leucocyte antigen mainly HLA-E is elevated on EC, which in turn
activates nature killer (NK) cells (Kraus et al., 2004; Bjorkstrom et al.,
2011). Hantavirus-infected EC may be removed by activated immune
cell’s cytotoxic action, which could lead to vascular leakage (Hayasaka
et al., 2007). HINV infected EC are somewhat defended from
cytotoxic T cells and NK cells (Gupta et al., 2013) uninfected EC’s are
however, vulnerable to cytotoxic assault and bystander killing.
According to recent studies, neutrophils can generally contribute to
the immunopathogenesis (Gupta et al., 2010; Saffarzadeh et al., 2012)
by interacting with active EC they go through 2 mechanisms of
programmed cell death. Virus-induced 2 integrin signaling causes
neutrophils to become activated, which then leads to either NETosis
or the production of inflammatory cytokines like TNF-a or VEGE,
depending on the 2 integrin ligands involved and possibly additional
micro-environmental stimuli, resulting in increase in the vascular
leakage, though through different processes (Schonrich et al., 2015).
Pentraxin-related protein 3 (PTX3), a humoral pattern-recognizing
receptor, activates complement during acute HFRS (Outinen et al.,
2012). PTX3 is kept in neutrophil granules and released via integrins
in response to signals (Jaillon et al., 2007; Razvina et al., 2015). In
addition to cytoskeletal rearrangements in EC, the soluble complement
components C3a and C5a produced after complement activation by
antibodies and PTX3 also causes IL-8 production (Monsinjon et al.,
2003). As a result, PTX3 draws additional neutrophils to the
endothelium barrier, escalating the inflammation in the vessels. TNF
alpha a pro-inflammatory cytokine is released by Hantavirus-infected
macrophages, DC as well as NK cells, neutrophils and CD8+ T cells
that have been activated (Raftery et al., 2002; Marsac et al., 2011; Shin
etal,, 2012). TNF-a (Tumor necrosis factor alpha) eliminates the virus
from infected cells by non-cytolytic processes, it may, on the one hand,
aid in the control of hantaviral propagation (Khaiboullina et al., 2000;
Guidotti and Chisari, 2001). On the other hand, vascular leakage and
breathing problems are generated if it is given externally in proportions
that are encountered during Hantavirus infection (Tracey and Cerami,
1994; Wimer, 1998). Both direct and indirect methods may cause
localized TNF-local release at the EC contact to promote vascular
permeability(Schonrich et al., 2015). Figure 4 illustrates the proposed
immunological mechanisms that result in endothelial barrier
breakdown by the Hantavirus.

3.10. Replication cycle of hantaviruses

Macrophages and vascular endothelial cells, particularly those in
the lungs and kidneys, are targeted by the Hantavirus (Yanagihara and
Silverman, 1990). In order to facilitate binding, Gn protein of the virus
engages with integrin receptors that reside on the outer layer of the
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The proposed immunological mechanisms leading to endothelial barrier breakdown by the Hantavirus (Image generated: www.biorender.com).

cell it invades, according to a number of findings (Mir and Panganiban,
2010). A family of heterodimeric proteins called integrins include
both alpha and beta chains. Both cell to extracellular matrix and cell
to cell interactions are facilitated by it (Takagi and Springer, 2002;
Campbell and Humphries, 2011). Virons are eventually carried to
lysosomes after binding, which is accomplished via clathrin-coated
pits. In the endolysosomal compartment, virions uncoat, releasing
three viral nucleocapsids into the cytoplasm (Jin et al., 2002). The
virus is engulfed by clathrin-coated vesicle (CCV), which is composed
of clathrin-coated cellular membrane (Ramanathan and Jonsson,
2008). Three mRNAs transcribed by RdRp, one from the S, M, and L
sections of the viral RNA. Free ribosomes are locations for the
translation of the S and L derived mRNAs. Whereas, (RER) rough
endoplasmic reticulum is where M-specific mRNAs are converted into
proteins. Two glycoproteins, Gn and Gg, are produced as a result of
the glycoprotein precursor’s intrinsic cleavage at a highly conserved
amino acid sequence (Spiropoulou, 2001). For glycosylation, the Golgi
complex receives the glycoproteins Gn and Gc, where hanta virions
are thought to develop as illustrated in Figure 5. Followed by
exocytosis, migration to the golgi cisternae, then to the outer
membrane of secretory vesicles and finally egression through
exocytosis. The details of virion egress, however, are mostly unclear
(Szabo, 2017). Other possible mechanisms for virus entry include
caveola, macropinocytosis, cholesterol-dependent endocytosis,
clathrin-independent and

endocytosis-mediated  receptor

micropinocytosis (Ramanathan et al., 2007).

4. Diagnosis

Initial diagnosis can be performed by observing the symptoms
associated with HCPS, HFRS, and NE. Since Hantaviruses are
rodent transmitted viruses so clues can be obtained for diagnosis
at the time of taking patient’s history by asking if a patient recently
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traveled to areas infested with rodents or came in contact with
rodents or their excretions. Screening tests such as Complete Blood
Count (CBC) and peripheral smear can also be used (Dvorscak
and Czuchlewski, 2014).

Serological methods available for definite diagnosis of infection
caused by Hantaviruses. Serology is used to detect IgG and IgM
anti-hantaviral antibodies in the blood of the patient. The IgM
antibodies appear extremely early during the course of the infection,
whereas IgG antibodies appear later in the process. Enzyme Linked
Immunosorbent Assay (ELISA) and the strip immunoblot detects
viral antibodies, only disadvantage is the potential for cross reacting
with other viral antigens, but are still extremely useful and
important for diagnosis purposes. Indirect Immunofluorescence
assay is more specific than Elisa but it is laborious. Neutralization
tests are the most specific serological tests but are costly, laborious
and require BSL-3 conditions. Immunochromatographic tests are
readily performed and are cheap but cross reactivity minimizes
precision of results obtained (Schubert et al., 2001; Meisel et al.,
2006; Navarrete et al., 2007).

Molecular methods include Real Time RT PCR, an important,
sensitive and fast technique for detecting viral RNA in blood, blood
clots or tissues, its only disadvantage includes that it only yields results
during the viremic phase of the Hantavirus caused infection (Aitichou
et al, 2005). Microarray technique is fast, sensitive and allows
simultaneous detection of thousands of viruses but is costly and the
data analysis is complex. Next Generation Sequencing (NGS) is also
used for virus detection and complete sequencing but it is expensive
and requires complex bioinformatics tools.

Virological methods include isolation in cell cultures which allows
extensive functional and virological studies but is laborious and
requires specially trained personnel and BSL-3 conditions.
by
immunofluorescent test allows diagnosis from infected tissues of

Immunohistochemistry enzyme immunoassay  and

organs but laborious preparations are required (Kruger et al., 2015).
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5. Treatment and management

Hantavirus infections are managed mostly by managing the
symptoms, providing supporting care and admitting patients to the
Intensive Care Unit (ICU), providing patients with oxygen therapy, by
administrating an antiviral ribavirin, which has showed reduction in
death rate of patients still in their initial stages of infection. Treatment
for HCPS patients includes respiratory and cardiac monitoring and
support which includes mechanical ventilation, hemofiltration and
membrane oxygenation. Supportive treatment for HRES includes
electrolyte infusion and hydration to stabilize blood pressure, acute
thrombocytopenia is managed with transfusing platelets, uremia is
managed with intermittent hemodialysis and continuous renal
replacement therapy is given to manage multi-organ pulmonary
edema (Sargianou et al., 2012; Liu et al., 2020).

6. Recent therapeutic advances
against Hantavirus
6.1. Blocking viral entry

The following candidate drugs have been shown to increase

survival rate only in the initial stages of HTNV infection, but are
ineffective in later stages.

Frontiers in Microbiology

6.1.1. Griffithsin

A protein called griffithsin (GRFT), which was first discovered
from red algae, has demonstrated potential as a multifunctional
antiviral agent. Its capacity to prevent the invasion of several viruses,
including HIV and SARS-CoV, has been researched (O'Keefe et al.,
2010; Lusvarghi and Bewley, 2016). The spikes of the Hantavirus
consist of tetramers formed by Gn-Gc heterodimers, which envelop
the entire surface of the virus particle. Gn, one of the viral envelope
glycoproteins, contains several N-linked glycosylation sites and is
positioned on the virus surface, making it a potential primary target
for GRFT. A high-mannose oligosaccharide-binding lectin called
Griffithsin (GRFT) is now being tested in phase I clinical trials as a
topical microbicide for the defense against several viruses. It is a
powerful inhibitor of ANDV infection. The fact that GRFT prevented
the entry of pseudo-particles containing ANDV envelope glycoprotein
into host cells suggests that it prevents the function of viral envelope
protein during entry. To combat ANDV and SNV infection, 3mGRFT
(trimeric synthetic tandemer of GRFT) is more effective than GRFT
(Shrivastava-Ranjan et al., 2020). In a recent study GFRT prevented
the entry and HTNV infection of recombinant vesicular stomatitis
virus (VSV) containing HTNV glycoproteins into host cells in vitro by
attaching to the viral N-glycans. It also shielded the suckling mice
from death brought on by cerebral exposure to HTNV, according to
in vivo tests. These findings highlighted the importance of GRFT as a
potential HTNV infection inhibitor (Zhao et al., 2022).
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6.1.2. Coumarin

Coumarin and its derivatives have been found to have antiviral
activity against a variety of viruses, including human
immunodeficiency virus (HIV), hepatitis virus, herpes simplex virus,
CHIKY, and enterovirus 71. Coumarin derivative’s potential use is as
antiviral medicines. The diverse chemical makeup of coumarin
derivatives however, meant that these substances had an impact on the
many stages of a virus life cycle. Tricyclic coumarin GUT-70 inhibited
HIV’s ability to attach and fuse to cellular walls and plasma
membranes, while dipyranocoumarin (+)-calanolide A could block
reverse transcription (Xu et al., 2021). Coumarin dimmer analogs
could also block HIV integrase, and amide coumarin derivatives could
affect how HIV was put together. On the basis of molecular structure
of coumarin, two of the most common coumarin derivatives,
dicoumarin and pyrone-coumarin, were synthesized. It was
demonstrated that the tri-fluoro substituent on the benzene ring of the
dicoumarin derivatives N6 and N7 had a strong anti-HTNV action (Li
et al, 2022a). Dicoumarin demonstrated increased anti-HTNV
activity, and adding Cl or CF3 might increase the inhibitory activity
and selectivity to the HINV, according to the structure activity
relationship (SAR). To clarify the connection between the chemical
structure and the biological action against the HTNV, more research
is necessary. N6, a derivative of coumarin, showed both in vivo and in
vitro action against HINV, and AKT1 may have played a role in the
molecular mechanism by which N6 combats viral infection (Reguera
etal, 2010; Li et al,, 2021, 2022b). Therefore, finding novel coumarin
compounds that could fight viral infection has significant significance
for creating potent drugs.

6.1.3. Lactoferrin

Lactoferrin (LF), a glycoprotein that binds to iron and has been
shown to have broad antibacterial, antifungal and antiviral properties,
inhibited hantaviral attachment, adsorption (Masson et al., 1969; Buys
etal., 2011). Both in vitro and in vivo studies have demonstrated that
LF guards against Hantavirus infection (Murphy et al, 2001).
Lactoferrin was found partially effective in preventing HFRS by
restricting focus formation in suckling mice, but when used in-vivo in
combinations with ribavirin, it prevented focus development entirely
(Murphy et al., 2001).

In a study, Seoul virus (SEOV) was used to infect Vero E6 cells in
order to test the antiviral potency of LF against hantaviruses. The
objective of the study was to contrast LF’s antiviral activity with that
of Rbv.100 pg/mL of RBV administered after infection reduced the
number of foci by 97.5%. Vero E6 cells treated with 400 pg/mL of LF
showed a significant 85% decrease in the number of foci as compared
to the control group. However, in LF-pretreated cells, the number of
foci began to increase by 24h post-infection (hpi). At 24 hpi LF
prevented viral shedding, but not after 48 hpi (Murphy et al., 2001).
As shown by another supporting study, the findings suggested that LF
may attach to cell surfaces and prevent SEOV from adhering to host
cells in the early stages of infection (Murphy et al., 2000). It is
interesting to note that, LF improved cell survival rates following
hantaviral amplification despite not inhibiting the formation of NP or
Gec. This is due to the ability of LF to increase the cytocidal activity of
NK cells (Murphy et al., 2001). However, the specific method through
which LF block SEOV absorption, affect host immune responses and
has an effect on other Hantavirus species are still unknown.
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6.1.4. Virus fusion inhibitors (domain Ill and stem
peptides)

Several processes are thought to be involved in virus-cell
membrane fusion (Kielian and Rey, 2006; Harrison, 2015). During
viral fusion, fusion proteins become activated and insert a fusion
peptide or loop into the target membrane. As a result, an intermediate
phase is generated in which one end of the fusion protein can join to
the viral envelope via transmembrane region, linking the viral and
cellular membranes together. The fusion protein undergoes
conformational changes which can draw both anchors together,
achieving a hairpin-like structure where both domains gather at one
end. After that, the outer leaflets of membranes fuse to form a hemi-
fusion intermediate, followed by complete membrane fusion once the
opposed membranes have been brought together with the help of local
membrane curvature. A pore is formed as a result of the fusion,
allowing the virus to inject its ribonucleocapsids into the cytoplasm
of the cell and begin replication.

On the basis of molecular structures, viral fusion proteins are
categorized into three classes: I, II, and III. Alpha helices make up the
majority of class I fusion proteins, while beta sheets make up the
majority of class II proteins. Class III fusion proteins exhibit
characteristics from both class I and class II (Kielian, 2014; Modis,
2014; Harrison, 2015). In silico and in vitro investigations reveal that
Hantavirus Gc glycoprotein resembles class II fusion proteins
(Cifuentes-Munoz et al., 2011). Three domains (I-III) and a stem
connecting the ectodomain to the transmembrane region make up
class II fusion proteins (Rey et al., 1995; Kielian, 2006). During fusion,
DIII advances toward the fusion loop to adopt a hairpin-like structure
(Bressanelli et al., 2004; Gibbons et al., 2004). This movement is
followed by stem region which folds against the trimeric core created
by the fusion protein (Roman-Sosa and Kielian, 2011; DuBois et al.,
2013; Klein et al., 2013). It is possible to intervene and stop the fusion
process as a result of these significant conformational changes, thereby
inhibiting viral infection. It is possible to delay or block viral entry by
selectively binding ligands to a fusion protein’s intermediate form
before it assumes its post-fusion conformation (Barriga et al., 2016).
It has been demonstrated that protein fragments spanning the stem
region and domain IIT (DIII) are capable of inhibiting these fusion
proteins. Due to this, to block viral fusion and entrance into the cell,
recombinant ANDV DIII and stem peptides were developed. A 60%
reduction in Vero E6 infection by ANDV via the endosomal pathway
was achieved by combining DIII with the C-terminal of stem region.
Over 95% infection was prevented when ANDV fused at the plasma
membrane. These findings indicated that a stem fragment method
used against Hantavirus may obviously block the fusion of related
viruses belonging to the same genus (Barriga et al., 2016).

6.1.5. Hantavirus-binding receptor inhibitors
(cyclic nonapeptides)

Hantaviruses have two transmembrane glycoproteins, Gn and Ge,
derived from a single glycoprotein precursor through proteolytic
cleavage that occurs during post-translational modifications (Jonsson
and Schmaljohn, 2001). The entry of hantaviruses into human
endothelial cells is facilitated by the interaction of viral surface
glycoproteins with avp3 integrins present on the host cell surface
(Gavrilovskaya et al., 1999; Raymond et al., 2005). Both Gn and G¢
may play a role in the entry of viruses, Gn is involved in the viral
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attachment process while Gce is thought to drive membrane fusion
(Mackow and Gavrilovskaya, 2001; Tischler et al., 2005).

Small molecules like peptide ligands have potential therapeutic
applications as they can bind to specific proteins and interfere with
particular protein-protein interactions (Mayor et al., 2021). For this
purpose, particular peptides can be synthesized either by imitating
one of the binding partners or by creating new binding interactions.
Novel peptide ligands were created with the ability to block SNV
infection. SNV, the causative agent of HCPS, is classified as a category
A pathogen by the NIAID. Currently, there is no specific treatment for
HCPS and its fatality rate remains high reaching approximately 40%.

Therapeutics that target SNV particularly are still lacking. To
tackle this issue, researchers are utilizing phage display technique to
discover cyclic nonapeptides that can bind to the cellular receptor
avp3. By identifying these peptides, they aim to prevent Hantavirus
entry including SNV into the human endothelial cells particularly
during in vitro experiments with Vero E6 cells (Larson et al., 2005;
Hall et al., 2007). These peptides offer therapeutic promise while
avoiding the potential adverse effects often associated with
conventional mAbs employed as therapeutic agents to inhibit such
interaction (Baudouin et al., 2003; Gauvreau et al., 2003). Cyclic
nonapeptides were created using peptide sequences from phage that
displayed the most potent infection inhibition. However, when tested,
the isolated peptides showed lower effectiveness in blocking infection
(ranging from 9.0 to 27.6% inhibition) compared to the phage-
presented peptides, which achieved inhibition levels of 74.0 to 82.6%.
As the phage displayed pentavalent peptides, the focus was on
exploring whether presenting the identified peptides in a multivalent
manner would lead to enhance inhibition. In order to do this, certain
cyclic peptides were bound to multivalent nanoparticles using
carboxyl linkages and their ability to suppress infection was examined
(Hall et al., 2008).

With a 4:1 nanoparticle-to-virus ratio, SNV infection was reported
to be inhibited in vitro by two of the synthetic cyclic nonapeptides
CLVRNLAWC and CQATTARNC. CLVRNLAWC inhibited the
infection by 9-32.5% while CQATTARNC inhibited it by 27.6-37.6%.
Ata 20:1 ratio, CQATTARNC decreased infection by 50% (Hall et al.,
2008). These findings demonstrate the potential therapeutic value of
multivalent inhibitors in the disruption of interactions between
proteins, particularly those critical for host cell viral infection. Based
on molecular makeup and potential capacity to engage the avf3 cell
receptor, further peptidomimetic compounds were selected. In the
first round of screening, 49 peptidomimetic compounds and in the
second round, 68 compounds were found having an anti-Hantavirus
action in lower 2,000 pM range. Due to this, a special collection of
chemicals were acquired for the subsequent phases of drug
development. The antiviral potential of these chemical compounds
requires improvement and in vivo research to support it (Hall
etal., 2010).

6.2. Blocking viral replication

6.2.1. Ribavirin

When used both in vitro and in vivo, the purine nucleoside analog
ribavirin exhibits a wide range of antiviral effects against numerous
different RNA, DNA viruses and it works by blocking viral replication.
However, its pleiotropic effects, make it difficult to understand how it
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works (Fernandez-Larsson and Patterson, 1990; Graci and Cameron,
2006). These contain both direct mechanisms, like interfering with
RNA capping, inhibiting polymerase activity, and inducing lethal
mutagenesis, as well as indirect mechanisms, such as inhibiting
inosine  monophosphate  dehydrogenase = and  exerting
immunomodulatory effects (see Figure 6). The first specialized phase
in the cellular production of guanine nucleotides, involves the catalytic
activity of enzyme IMPDH. This process relies on NAD* and involves
the transformation of inosine monophosphate to xanthosine
monophosphate. Because Ribavirin 5-monophosphate (RMP) bears
structural resemblance to GMP, It serves as a highly effective
competitive inhibitor of IMP dehydrogenase (Streeter et al., 1973).
Human IMP dehydrogenase (IMPDH) type I and type II isoforms are
both potently inhibited by RMP, which reduces de novo GTP
production. Because of this disturbance, viral RARp (RNA-dependent
RNA polymerase) cannot function properly. The antiviral effects of
ribavirin are assumed to be related to its ability to inhibit IMP
dehydrogenase (IMPDH) (Graci and Cameron, 2006).

Moreover, RBV was found to control host immunological
responses by inhibiting the production of interleukin-10 by regulatory
T cells (Kobayashi et al., 2012). The blocking mechanism of ribavirin
is believed to target the capping (Goswami et al., 1979) and translation
efficiency (Toltzis and Huang, 1986) of viral mRNA, along with the
direct reduction of the viral polymerase’s activity (Wray et al., 1985;
Fernandez-Larsson and Patterson, 1989). Ribavirin acts by interfering
with the accuracy and effectiveness of polymerase replication. As a
result, it may induce chain termination more frequently or improper
nucleotide insertion, which could result in error catastrophe. Recent
investigation showed that ribavirin rises the chances of error made by
the Hantavirus polymerase within a cell culture model (Severson et al.,
2003). We assumed that this elevated error rate is because of the
integration of ribavirin into the viral RNAs via RNA-dependent RNA
polymerase. It has been shown that ribavirin causes hantaviruses to
replicate in an error-prone manner, which lowers the viral titer
(Severson et al., 2003).

Although more investigation is required to completely understand
how ribavirin inhibits Hantavirus, the findings of Severson et al.
(2003) indicated that ribavirin may function as a mutagen via directly
integrating into the S-segment of cRNA or mRNA through the viral
RdRp. The amount of error-free mRNA falls when ribavirin is
integrated into mRNA, which might lower the amount of viral
proteins required to construct infectious viral particles. The amount
of mRNA was, however, significantly decreased in these experiments.
This finding implies that the ribavirin integration may reduce mRNA
stability. This theory appears to be a logical and convincing
explanation given the virus life cycle. As a result, the integration of
ribavirin could accelerate viral mRNA to become more unstable and
break down more quickly within the host cell (Jonsson et al., 2005).

6.2.2. ETAR

ETAR, also known as (1-beta-d-ribofuranosyl-3-ethynyl-[1,2,4]
triazole), functions as a nucleoside analog and is similar to ribavirin
in that it prevents HV replication by lowering the levels of
GTP. Notably, ETAR showed superior efficacy to ribavirin as a
therapeutic option in trials on suckling mice infected with HTNV. Due
to the absence of pseudo base pairs, ETAR is unlikely to cause
mutations (Chung et al., 2008). Furthermore, there is no proof that
ETAR has any immunoregulatory effects (Szabo, 2017).
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6.2.3. Favipiravir

T-705 is a pyrazine derivative also referred to as favipiravir or
6-fluoro-3-hydroxy-2-pyrazinecarboxamide. It was initially known for
its ability to combat influenza, but it is now thought to have antiviral
capabilities against a number of other viruses that rely on RdRp for
replication (Furuta et al, 2009). Flaviviruses, noroviruses,
arenaviruses, and bunyaviruses (Gowen et al., 2007) are some of these
viruses. T-705 works as a prodrug that is transformed into T-705-4-
ribofuranosyl-5-triphosphate with the help of several intracellular
enzymes. When T-705-4-ribofuranosyl-5-triphosphate is created, it
functions as a purine nucleotide analog, it is incorporated into the
newly synthesized RNA chain, selectively inhibiting RdRp (Furuta
etal,, 2005). Favipiravir causes the production of non-infectious viral
particles when it is employed by the viral polymerase as an alternative
nucleoside substrate.

Favipiravir was investigated in both non-fatal and fatal SNV/
ANDV hamster models, and the outcome showed a reduction in viral
load in hamster serum and different organs. Furthermore, in the lethal
ANDV infection model, the use of Favipiravir led to 100% survival
(Safronetz et al., 2013). Other studies have shown that after viremia
has started, the ANDV/hamster model did not offer protection against
delayed antiviral treatment (Munir et al., 2021).

6.2.4. Baloxavir acid

Small molecules also gained importance for their antiviral potential
(Deng et al., 2020). Baloxavir, a recently licensed influenza medication
derived from BXM, is an endonuclease-targeting small molecule that
prevents the translation of the influenza virus and also prevents the
virus from replicating. Since the mRNA produced by the viral RARp
lacks a 5" cap and both hantaviruses and influenza viruses fall within the
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category of negative-sense RNA viruses, these viruses must acquire a
host mRNA cap and apply it to their mRNA (Reguera et al., 2010). BXA
specifically targets the PA-PBI-PB2 trimer belonging to the
endonuclease domain of the influenza virus. The structures of the RdRp
molecules of VSV, a mononegavirus, and another bunyavirus, La Crosse
virus (LACV), among others, suggest that the RdRp molecules of
negative-sense viruses share certain fundamental characteristics.
Particularly within the order Bunyavirales, the endonuclease domain of
RdRp appears to be more conserved than the other domains. BXA was
incorporated into the active center of the RNA endonuclease domain by
utilizing the well-known ANDV LP RNA endonuclease domain
structure and computationally modeling the HTNV domain. This novel
method revealed a previously unknown relationship with Influenza B
virus (IBV), illuminating the potential fitness implications. Modeling
outcomes might explain why BXA inhibits Hantavirus replication.
Additionally, because of the structural closeness of the endonucleases in
these viruses, this approach may also apply to arenaviruses (Ye
etal., 2019).

6.2.5. siRNA-based therapy

RNA interference (RNAi) has emerged as a new exciting frontier
for antiviral therapies. RNAi is a post-transcriptional, and highly
specific cellular mechanism in eukaryotic cells where small non-coding
RNA molecules (typically 21-25 nucleotides long) bind to specific
mRNA molecules and degrade them, thereby inhibiting the expression
of specific genes (Ambesajir et al., 2012). For the degradation and
cleavage of the mRNA before translation, the siRNA duplexes are
integrated into an RNA-induced silencing complex (RISC) (Fire et al.,
1998; Elbashir et al., 2001; MacRae et al., 2006). The siRNAs possess
complementary sequences that bind to the target mRNA after

82 frontiersin.org


https://doi.org/10.3389/fmicb.2023.1233433
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://www.biorender.com

Afzal et al.

transcription and inhibit its translation, as illustrated in Figure 7. The
precision and accuracy of RNAi make it an accessible option for gene
silencing (Tian et al., 2021). Since the discovery of RNAi in 1900, RNAi
technologies have developed rapidly to suppress rogue viruses. So, there
is a wide range of viruses that can be inhibited by RNAi-based methods,
both in vivo and in vitro (Weinberg and Arbuthnot, 2010).

Research has shown that HIV-1, polioviruses, nairoviruses, and
Lassa viruses can be eradicated using RNAi as a strategy in vitro by
inhibiting viral replication (Flusin et al., 2011). Researchers found that
RNAI can be used to inhibit SARS-CoV-2 replication (Ricci et al.,
2020). For some other viruses that affect humans and animals, RNAi-
based therapies effectively reduce viral loads and increase the chances
of survival (DeVincenzo et al., 2010). But the problem with RNAi
technology is its delivery and most of the studies are only limited to in
vitro. Scientists are working to find carriers to safely deliver the siRNA
(Bobbin and Rossi, 2016). In this way, RNAi combinations can avoid
problems associated with multidrug sensitivities and toxicity. By
targeting rapidly evolving viral sequences, RNAi-based therapies
prevent the emergence of drug-resistant viruses (Chen et al., 2018). It
is also possible for RNAi-based drugs to produce a sustained
therapeutic response since genes can be introduced.

10.3389/fmicb.2023.1233433

Hantaviral replication can be prevented most directly and
effectively by targeting viral RNAs. A prospective antiviral method has
been evaluated using siRNA against targeted hantaviral genes, which
may enhance virus RNA clearance based on RNA interfering (RNAi)
processes. In Vero E6 cells or human lung microvascular endothelial
cells, it has been demonstrated that siRNAs targeting the S, M, or L
segments of the ANDV may decrease viral replication. In Vero E6
cells, an S-targeted siRNA pool appeared to be more efficient in
inhibiting viral transcription and replication than an M- or L-targeted
siRNA pool (Chiang et al., 2014). Significantly, even if administered
after infection, these siRNAs may prevent ANDV replication.

However, since siRNAs are low in biological stability and in vivo
targeting ability, their antiviral efficacy may be severely hindered despite
their successful inhibition of Hantavirus amplification in host cells. One
method of treating in a mouse model of HTNV-induced encephalitis is
intraperitoneal administration of recombinant antibodies that recognize
HTNV Gc (3G1-Ck-tP). These antibodies were combined with siRNAs
that target the encoding regions of the HTNV genome. This resulted in
siRNAs being delivered precisely to HTNV-infected brain cells and
HTNV intracranial infection being prevented (Yang et al., 2017).
Moreover, the shRNA expression showed promising results by
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inhibiting HTNV infection in both in vitro and in vivo (Liu et al., 2016).
To ensure the stability and selectivity of siRNAs, innovative delivery
mechanisms should be created; however, it is yet unknown how effective
and safe these systems will be in the treatment of HFRS or HCPS.

6.3. Host-targeting antiviral

6.3.1. Vandetanib

Hantavirus-induced increased endothelial microvascular cell
permeability was checked through in-vitro techniques. The expression
of the cellular adhesion molecules including VE-cadherin and VEGF
were both increased and decreased as a result of ANDV infection,
which also increased the phosphorylation of the VEGF-receptor 2
(VEGFR2) (Gorbunova et al., 2010; Bird et al., 2016). As a result of
ANDYV infection, the VEGF-A expression was shown to be enhanced
in the 3D model of human lungs tissue (Sundstrom et al., 2016).

The activation of SFK (Src family kinases) signaling may result
from the binding of VEGF to VEGFR?2, which has the ability to cause
the dissociation, internalization, and destruction of VE-cadherin. The
structural integrity of adherent junctions was damaged as a result of
changes in VE-cadherin expression and localization, which led to an
increase in cellular permeability (Jiang et al., 2016). According to
studies, the connection between B3 integrin and VEGFR2 can
be disrupted by HTNV or ANDV infection, which causes excessive
phosphorylation of VEGFR2. Because of this disturbance, infected
endothelium cells may become more permeable by becoming more
VEGF-responsive (Wang et al., 2012).

In one investigation, it was discovered that the use of a VEGFR2
kinase inhibitor and SFK inhibitors significantly reduced the increased
endovascular permeability brought on by ANDV. Particularly successful
were the SFK inhibitors dasatinib and pazopanib, which prevented
VE-cadherin separation by more than 90% (Gorbunova et al,, 2011).
Another study demonstrated that Vandetanib, a tyrosine kinase
inhibitor specifically target VEGFR2, has a capacity to inhibit in vitro
phosphorylation of VEGFR2, leading to the reduction of VE cadherin
degradation (Bird et al., 2016). However, Vandetanib showed signs of
potential side effects during human studies, including hypertension,
dermatologic responses, and other cardiorespiratory consequences
(Grande et al., 2013).

In the ANDV/hamster model, giving the therapy at doses of 10,
25 and 50mg/kg/day, beginning 5days prior the ANDV threat,
resulted in a slowed mortality and raised overall survival rate by 23%.
The same tiny therapeutic molecules, however, failed to protect the
hamsters from a lethal ANDV challenge when given once viremia had
started in the hamster model infected with ANDV (Munir et al., 2021).

6.3.2. Bradykinin B2 receptor antagonists

Using bradykinin receptor antagonists as a treatment for Hantavirus
infections is another interesting strategy. All Hantavirus infections
commonly cause vascular leakage and increased capillary permeability.
The underlying mechanisms that result in alterations in vascular
permeability following Hantavirus infection are yet unknown.
Hantaviruses have been reported to be the cause of enhanced stimulation
of kinin-kallikrein system following endothelial cells infection, which
leads to release of bradykinin (Golias et al., 2007). Bradykinin is a
nonapeptide-binding bradykinin B2 receptor that functions as an
inflammatory mediator that causes vessels to dilate, increases vascular
leakage and lowers blood pressure in Hantavirus infection.
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It is acknowledged as the main facilitator of vascular leakage by
destroying inter-endothelial connections. Additionally, the synthesis
of interleukin-1 and tumor necrosis factor alpha is also induced
(Maurer et al., 2011). Icatibant, a synthetic polypeptide that resembles
bradykinin structurally, works as a strong, focused, and aggressive
antagonist of the bradykinin B2 receptor. Icatibant binds to the
bradykinin B2 receptor, preventing bradykinin from attaching to this
receptor (Taylor et al., 2013). It stops vasodilatation brought on by
bradykinin in humans and in C1 esterase inhibitor-knockout animals,
it reverses enhanced vascular permeability, as well as inhibiting
bradykinin-induced effects in vivo with dose- and time-dependent
inhibition (Cockeroft et al., 1994; Cicardi et al., 2010). Following
subcutaneous injection, Icatibant is almost completely bioavailable.
Many people just need a single 30-mg dose because the drug is well
tolerated (Cicardi et al., 2010; Deeks, 2010).

6.4. Corticosteroid therapy/
anti-inflammatory agents

As discussed already, Hantavirus affects endothelium cells and
causes the host to produce pro-inflammatory cytokines especially
TNEF-a during the course of infection. Although not categorized as an
antiviral, restricting this aspect of the immunological response to
virus infection was hypothesized to offer potential clinical advantages.
An immunomodulatory treatment was firstly performed in which
only intramuscular injection or oral administration of cortisone was
permitted. Although there was no reduction in mortality with this
therapeutic approach, fatality was decreased to shock. An additional
method to administer methylprednisolone for the treatment of HCPS
was used but the outcome offered no clinical advantages (Priya and
Priya, 2020).

6.5. Immunotherapy

Immunotherapy could be done against HTNV by utilizing
neutralizing antibodies (NAbs) generated as a result of Hantavirus
infection. It has been established that human convalescent plasma
offers protective benefits to animals in both infection and lethal
disease models of SNV/mouse (Medina et al., 2007) and ANDV/
hamster (Brocato et al., 2012), respectively. These findings determine
the sufficiency of neutralizing antibodies in preventing infection and
disease (Brocato and Hooper, 2019).

Studies have only been done with animal models (suckling mice,
hamsters, infant rats) where antibody efficacy was measured at cellular
level using focus reduction neutralization test (FRNT) and
hemagglutination test (HI) (Manigold and Vial, 2014). Although
presently no particular effective treatment has been found against
hantaviruses that cause HPS, according to numerous studies
neutralizing antibodies can block HPS in vivo. An open trial has been
carried out in Chile to assess the effectiveness of using human
immunological sera as an HPS therapy (Vial et al., 2015). When
compared to the 32% case fatality rates in the rest of the nation over
the course of the study, the results showed a borderline statistical
significance (Vial et al., 2015; Dheerasekara et al., 2020).

It was hypothesized that treatment at an earlier stage of HTNV
infection could further enhance results. However, the practical
implementation of immunotherapy is restricted by the requirement

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1233433
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Afzal et al.

for ABO blood typing of convalescent plasma and the absence of a
standardized product, which prevents its widespread use (Brocato and
Hooper, 2019).

6.5.1. Monoclonal antibodies

Antibodies have been employed on a global scale to prevent and
treat viral infectious diseases (Casadevall, 1999). Researchers are
currently working on generating antibodies targeting various viruses
responsible for causing hemorrhagic fevers. One instance involves the
development of a group of engineered human monoclonal antibodies
(MADs) designed to combat the Ebola virus (Maruyama et al., 1999).
These specialized antibodies have shown efficacy not only in treating
infections but also in providing protection before and after exposure
to various viruses, including cytomegalovirus (CMV) (Aulitzky et al.,
1991) and respiratory syncytial virus (RSV) (Malley et al., 1998). Up
until now, there has not been a successful therapeutic antibody
available for clinical use in treating and preventing Hantavirus
infection. As a result, the development of Hantavirus-neutralizing
MADs is of utmost importance to establish effective immunotherapy
and prophylaxis against Hantavirus infection (Xu et al., 2002).

During the 1980s, researchers extensively studied monoclonal
antibodies targeting HTNV, detailing their interactions with the
glycoproteins, Gn and Ge, and identifying specific neutralization sites
(Arikawa et al., 1989). In an attempt to establish a link between
particular viral epitopes and protection against HINV infection,
researchers conducted assessments on monoclonal antibodies using
passive transfer techniques (Schmaljohn et al., 1990). This significant
experiment provided compelling evidence that out of the 15 tested
monoclonal antibodies, a neutralizing immune response to either Gn
or Gc alone is adequate to prevent HITNV infection in hamsters.
Following the HTNV/hamster experiment, the effectiveness of the
recombinant Human GP monoclonal antibody HCO2 in providing
protection was verified (Liang et al., 1996). This protective potential
of neutralizing monoclonal antibodies was further validated in a later
study utilizing a suckling mouse/HTNV model (Arikawa et al., 1992).

In a recent development, two genetically engineered monoclonal
antibodies demonstrated their ability to protect hamsters from fatal
ANDV-HPS (Garrido et al., 2018). One source patient with high
antibody titers was chosen after screening 27 ANDV convalescent
HCPS sera. Utilizing recombinant DNA technology, researchers
generated recombinant monoclonal antibodies from memory B cells
specific to the ANDV glycoprotein. The resulting candidates, JL16 and
MIB22, displayed effective neutralization of ANDV in vitro (Garrido
et al., 2018; Dheerasekara et al., 2020). When passively transferred
antibodies on days 3 and 8 after infection, the administered antibodies
successfully prevented lethality in hamsters infected with ANDV via
intranasal exposure, whether given individually or in combination
(Brocato and Hooper, 2019).

In another investigation, researchers produced and analyzed 18
murine monoclonal antibodies (MAbs) targeting HTNV strain Chen.
Out of these, 13 MAbs were directed at the viral nucleocapsid protein
(NP), four identified the viral envelope glycoprotein G2, and one MAb
responded with both NP and G2. Only the monoclonal antibodies
(MADbs) that specifically targeted epitopes on G2 exhibited positive
results in the hemagglutination inhibition (HI) test. Additionally,
these MAbs demonstrated in vitro virus-neutralizing activity and
provided in vivo protection against HTNV infection in susceptible
mice. Because the mice received virus-neutralizing MAbs one day
before and two days after being exposed to HTNYV, all of them were
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protected. This suggests that these particular neutralizing MAbs could
be helpful for both pre- and post-exposure preventive measures, as
well as potential immunotherapy against HTNV infection. In endemic
regions of China, Phase II clinical trials are being conducted to
evaluate the efficacy of these neutralizing MAbs as an emergent
treatment for patients in the early stages of HRFS (Xu et al., 2002).

Anti-Hantaan Virus murine monoclonal antibody was developed
for treating HFRS and a single dose of 2.5-20 mg was administered to
healthy Chinese volunteers intravenously and the results indicated that
it was nicely received (Xu et al., 2009). The cross-reactivity of novel and
previously created MAbs effective against N protein of TULV, TMPV,
DOBV and PUUV were assessed contrary to N proteins of fifteen shrew
and rodent borne hantaviruses using various immunological techniques
in order to have a large collection of well-described Hantavirus-specific
MABbs. The results indicated that all MAbs, with the exception of those
that are exclusive to TPMYV, displayed various cross-reactivity patterns
with Hantavirus N proteins and recognized native viral antigens in
infected mammalian cells (AviZiniené et al., 2023). A recently discovered
widely neutralizing antibody was structurally analyzed by Mittler et al.
(2023) on a patient who had recovered from Puumala virus (Old world
Hantavirus) infection. The authors created an improved variant of this
patient-extracted antibody that could defend against Andes (New world
Hantavirus) and Puumala virus, in rodent models using functional
research, structural data along with complementary binding and
neutralization. The therapeutic candidate ADI-65534, which is a
broadly neutralizing antibody possesses a potential to treat
Hantavirus infections.

6.5.2. Polyclonal antibodies

In a recent study, polyclonal immunotherapy in which purified
IgG polyclonal antibodies produced in DNA immunized alpacas
(ANDV M/SNV M) were given to Syrian hamsters, which protected
them completely against HPS (Sroga et al., 2021). Studies have
demonstrated the immunogenicity of Hantavirus DNA vaccines in
various animal species, such as geese, rabbits and ducks (Hooper et al.,
1999; Brocato et al., 2012, 2013). A substantial step forward was
recently achieved with the development of a fully human polyclonal
antibody using trans-chromosomal bovine that had received ANDV
and SNV DNA vaccines. This product has demonstrated positive
protection against two deadly HPS animal models (Hooper et al.,
2014). Presently, researchers are actively working to broaden their
investigation and develop a standardized polyclonal antibody capable
of targeting a variety of Hantaviruses, including HTNV, ANDV, SNV,
and PUUV. The objective is to advance this product through
preclinical testing and ultimately carry out a Phase 1 clinical study,
paving the path for potential therapeutic applications. Table 3 (Vilcek,
1991; Murphy et al., 2000, 2001; Sundstrom et al., 2001; Glass et al.,
2003; Maes et al., 2004; Chung et al., 2008, 2013; Hall et al., 2008;
Antonen et al., 2013; Ogg et al., 2013; Safronetz et al., 2013; Vial et al.,
2013, 2015; Laine et al., 2015; Barriga et al., 2016; Bird et al., 2016;
Garrido et al., 2018; Brocato and Hooper, 2019).

7. Vaccines and immunotherapy

As viruses are constantly emerging from zoonotic origin, vaccines
seem to be the most effective therapeutic option to reduce the incidence
of disease (Ahmed et al, 2022). Different vaccines are under
development against hantaviruses to improve protective efficacy and
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safety profiles (Saavedra et al., 2021). Attenuated and killed vaccines are
the most common and primitive method of vaccine development that
is injected into the animal or human body to elicit a protective immune
response (Naeem et al., 2021). These vaccines are prepared by growing
the isolated viral strain on the Vero cell line followed by inactivation
through physical and chemical means. Similarly, the formalin-
inactivated vaccine, Hantavax, was the first developed vaccine to prevent
hantaviral infection in South Korea, it was developed using the HTNV
strain ROK 84/105, which multiplies in lactating mice’s brains. Its
clinical trial proved that it was well endured in human volunteers and
successfully lowered the incidence of HFRS patients (Cho et al., 2002;
Dheerasekara et al., 2020). However, the neutralizing antibody response
was poor after two doses, therefore 3rd dose was injected to attain
protective immune response in the host that lasts for 3-4year
(Dheerasekara et al., 2020). A bivalent inactivated vaccine against
infection caused by SEOV and HTNV was developed in 1994 and was
approved for use in China in 2005. It was found effective against HTNV
and SEOV infections (Cho et al., 2002).

The success achieved by Hantavax is to decrease the incidence of
hantaviral infection (Munir et al., 2021) but still needs a more effective
and safe vaccine against Hantavirus which becomes possible to
improve through modernization in virology and molecular biology
with the development of more applied biological techniques. Hantavax
is less efficient for long-term immunity and negligible cell-mediated
immunity which can be overcome by immunizing the individual
multiple times. Therefore, a vaccine is required that induces more
effective and long-lasting immunity against the Hantavirus (Mohsen
et al., 2017). Virus-Like Particles are considered efficient with better
safety profiles, and prolonged immunity with the production of high
titers of antibodies in humans (Mohsen and Bachmann, 2022). VLPs

10.3389/fmicb.2023.1233433

of Hantavirus are constructed using the M and S gene segment or only
the M segment that interacts with each other to form virus-like
particles in vitro similar to Hantavirus virion (Acuna et al., 2014;
Brocato and Hooper, 2019) along with the incorporation of CD40L or
GMCSF gene segment in vectors that stimulates activation of
macrophages and dendritic cells (Ying et al., 2016; Dong et al., 2019).
CD40L or GMCSF decorated VLPs provide prolonged immunity with
elevated humoral and cell-mediated immune response than
undecorated VLPs (Ying et al., 2016; Dong et al., 2019). Another
approach involves the insertion of gene segments from nucleocapsid
protein from DOBV, HTNV, and PUUV into HBV core particles, it is
shown to be highly immunogenic with or without adjuvant that
stimulates the generation of all classes of IgG antibodies (Brocato and
Hooper, 2019).

Recombinant vaccines are constructed using Glycoprotein C (Gc),
Glycoprotein N (Gn), or Nucleocapsid protein that shows high
immunogenicity and antigenicity, bearing the ability to induce
protection against Hantavirus (Dheerasekara et al., 2020). The
baculovirus expression system was used to develop the more efficient
recombinant vaccines using Gc, Gn, or N protein (Dheerasekara et al.,
2020) followed by immunization in hamsters which develop partial
protection from infection when used solely either Gc¢ or Gn and
complete protection when G¢/Gn used in combination or immunized
with N protein (Brocato and Hooper, 2019). The nucleocapsid protein
is more conserved among different hantaviral species, therefore, the
immune response produced against N protein induces highly cross-
reactive antibody responses to PUUV, DOBYV, and ANDV produced
by E. coli (Kriiger et al., 2011). Moreover, the use of adjuvants enhances
the immunogenicity and protective efficacy of the vaccine in humans
(Porter et al., 2012).

TABLE 3 Lists some examples of potential antiviral therapies against Hantavirus.

Antiviral therapy Type Function Target Disease References
Lactoferrin Lactoferrin Block viral entry Viral GP HFRS Murphy et al. (2000, 2001)
Ribavirin Nucleoside analogs Inhibit viral replication = RdRp HCPS and HFRS Chung et al. (2013) and Ogg et al.
(2013)
Favipiravir Pyrazine derivatives Block viral entry RdRp HCPS Safronetz et al. (2013)
Vandetanib Tyrosine kinase inhibitor | Improve vascular VEGF/Vascular HCPS Bird et al. (2016)
function function
ETAR Nucleoside analog Inhibit viral entry RdRp HCPS and HFRS Chung et al. (2008)
Corticosteroids Hormone Rebuild immune Immunotherapy HCPS and HFRS Vial et al. (2013) and Brocato and
homeostasis Hooper (2019)
Human Immune Sera Human pAbs Block viral entry Viral GP HCPS Vial et al. (2015)
JL16 and MIB22 Human mAbs Block viral entry Viral GP HCPS Garrido et al. (2018)
Domain IIT and stem peptides | Peptides Block viral entry Gc glycoprotein HCPS and HFRS Barriga et al. (2016)
CLVRNLAWC and Cyclic nonapeptides Block viral entry Host receptor HCPS Hall et al. (2008)
CQATTARNC
Icatibant Small molecule Improve vascular BK type 2 receptor HFRS Antonen et al. (2013) and Laine et al.
function (2015)
TNF-a Small proteins/Pro- Increase systemic Vascular function HCPS and HFRS Vilcek (1991), Sundstrom et al.
inflammatory cytokines toxicity (2001) and Maes et al. (2004)
RANTES/IP- 10/MCP-1 Small proteins/Pro- Immunomodu lators/ Microvascular HFRS Sundstrom et al. (2001) and Glass
inflammatory chemokines | Inhibit viral infection endothelium et al. (2003)
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The S and M cDNA segment of HTNV was inserted into the
vaccinia virus to develop a molecular virus vector-based vaccine
(Brocato and Hooper, 2019). Protective efficacy was evaluated in
Syrian hamsters by inoculating two doses of VACV-vectored HTNV
vaccine which resulted in protection from HTNV or SEOV but not
PUUV (Munir et al., 2021). Cross-reactive antibodies of HTNV
protected against SEOV but were unable to protect from PUUV
(Malinin and Platonov, 2017). Clinical trials were conducted to further
evaluate the vaccine efficacy (McClain et al., 2000; Brocato and
Hooper, 2019) and it was confirmed that the vaccine was safe to
inoculate and resulted in the production of neutralizing antibodies
against both VACV and HTNV, and the subcutaneous route was
preferred to administer the vaccine (Perley et al., 2020). The efficacy
of the vaccine was also evaluated in vaccinated and non-vaccinated
individuals and 72% efficacy was observed in non-vaccinated and 26%
in vaccinated individuals (Dheerasekara et al.,, 2020). Moreover,
non-replicating adenovirus vectors were used to provoke vigorous
cytolytic response when ANDV N protein, Gn, Gc, or Gec and Gn in
combination was expressed (Safronetz et al., 2009). Similarly, the
Vesicular stomatitis virus (VSV) pseudo-type virus containing Gn and
Gc of Hantavirus and ANDV glycoprotein precursor (GPC)was
separately inoculated in mice and hamsters and it produced robust
neutralizing antibody response (Saavedra et al., 2021). However, it
required 3 doses to produce long-term immunity in an individual
(Brocato and Hooper, 2019; Saavedra et al., 2021).

All vaccines have shown their efficacy against hantaviruses but the
safety and efficacy was varied between primitive and modern-
generation vaccines. DNA vaccine encoding the HINV Gn and
lysosomal-associated membrane protein 1 which directed to major
histocompatibility complex IT (MHC) and processed as an exogenous
antigen resulting in robust humoral and cell-mediated immune
response (Jiang D.-B. et al.,, 2017). Normally, inactivated vaccines have
poor immunological memory but DNA vaccines have much-improved
memory profiles. The S and M segments of SEOV were cloned into an
expression vector pWRG7077 or Sindbis replicon vector (Munir et al.,
2021). The results depicted that the M segment had shown improved
protection from SEOV infection in Syrian hamsters (Brocato et al.,
2021). Therefore, the M segment of HTNV, PUUV, ANDYV, SNV,
SEOV, and DOBYV is used for vaccination in non-human primates that
elicits an elevated level of antibody response (Liu et al., 2020). Several
DNA vaccines against HTNV associated infections are currently
undergoing clinical trials. Hopper’s group have developed several
vaccines against the envelope glycoprotein gene of hantaviruses and
further studies have confirmed the ability of these vaccines to produce
neutralizing antibodies against HFRS in multiple animal species and
even protected hamsters against HFRS (Schmaljohn et al., 2014).
Apart from vaccine development, delivery methods and routes are
much more significant to achieve desired efficacy. Multiple
administration routes are studied and found gene gun inoculation is
more effective than any other route (Dheerasekara et al., 2020).
Moreover, a combination of different DNA vaccines of hantaviruses is
much more efficient to provoke an immune response rather than a
single vaccine administration (Brocato et al., 2013). Currently no FDA
approved treatment and vaccines are available against HTNV
worldwide. There are still many unresolved issues regarding mass
production, safety and efficacy and no significant effect in lowering
the severity of the disease. However, more research is required in
vaccine delivery routes to improve the immunogenicity of the vaccine.
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Apart from vaccines, monoclonal and polyclonal antibodies are
used to eliminate hantaviral pathogens in the human or animal body
against Gc and Gn (Duehr et al, 2020). Furthermore, DNA
vaccination of ANDYV, SNV, HTNV, and PUUYV in bovines produces
purified polyclonal human IgG antibodies exhibiting high
neutralization activity and provided effective protection against lethal
HCPS (Liu et al., 2020). Therefore, it is worldwide tested and used as
a promising prophylactic therapy. The administration of neutralizing
antibodies during the acute phase of HPS is considered an effective
treatment for hantaviral infection (Iglesias et al., 2022). The patients
with low titers of neutralizing antibodies often had a severe disease
while mild disease cases were present in individuals with higher
antibody titers (Iglesias et al., 2022; Theozor-Ejiofor et al., 2022).
Therefore, different clinicians and scientists speculated that a strong
neutralizing antibody response or passive immunization can efficiently
reduce the severity of the disease by reducing viremia (Shah
et al., 2020).

8. Future therapeutic developments

8.1. Hantavirus-induced cytokine and
chemokine response

One of the main contributors to HPS and HFRS symptoms during
the course of Hantavirus infection may be the cytokine production.
Cytokines, particularly TNF-a, IL-1, and IL-6 play a vital role in
inducing fever and septic shock. TNF-a is produced by Hantavirus
infected neutrophils, NK cells, CD8+ T cells, DC and macrophages
(Schonrich et al., 2015). The excessive production of TNF-a may cause
systemic toxicity (Maes et al., 2004). Although the precise mechanism
is yet unknown, these cytokines also play a significant part in the
vascular permeability seen in HPS and HFRS (Sundstrom et al., 2001).
One of the most significant pro-inflammatory cytokines is TNF-a.
Monocytes and macrophages infiltrate the area of inflammation and
release TNF-a (Vilcek, 1991). Patients with severe NE were found to
have significantly higher plasma levels of TNF-a (Linderholm et al.,
1996). The kidney biopsies from NE patients revealed that TNF-o
expression was elevated in the peritubular regions (Temonen et al.,
1996). Patients with HTNV infection have higher serum levels of
soluble IL-2 receptor (sIL-2R) and soluble IL-6 receptor (sIL-6R).
sIL-2R and sIL-6R serum levels increased two days and six days after
the onset of HFRS, respectively (Markotic et al., 2002). The infected
monolayers of endothelial cells remained irreversibly permeable while
uninfected monolayers fully restored their function (Niikura et al.,
2004). Chemokines serve as inflammatory mediators and are
responsible for the regulation of viral infections. HINV infected
endothelial cells in vitro, resulted in the production of significant
amount of interferon-inducible protein (IP-10) and regulated upon
activation, normal T cell expressed and secreted (RANTES), also called
CCL5 (Sundstrom et al., 2001). Another study showed production of
chemokines like RANTES, IP-10, IL-6, and IL-8 by HTNV but NYV
failed to generate the majority of these cellular chemokines (Geimonen
et al., 2002). Inflammatory chemokines like RANTES and monocyte
chemotactic protein-1 (MCP-1), usually produced by acute respiratory
viruses, can increase inflammatory responses giving rise to virus
immunopathology (Glass et al., 2003). All supernatant cell lines
harboring hantaviruses have a substantial increase in RANTES mRNA
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TABLE 4 Describing evaluation of Hantavirus vaccines in various animal models and some vaccines currently undergoing clinical trials.

Vaccine type

Inactivated vaccine

Antigen

Formalin inactivated HNTV

Animal model

Humans

Immunogenicity evaluation

Humoral response Neutralizing antibodies

REE LA

Khan et al. (2019)

Virus-like particles

HTNV-VLP with CD40L or GM-CSF

Mice

Cytotoxic response Neutralization antibody

Cytolytic activity

Dong et al. (2019)

DHFR-deficient
CHO cells

Antigen-specific IFN-y production
Effective against HTNV Still in developing phases

Dong et al. (2019)

Virus-vector

vaccines

Replication-competent VSV-vectored SNV or
ANDV glycoproteins

Syrian Hamster

Cross-reactive IgG antibodies

Neutralizing antibodies

Warner et al. (2019)

Replication-competent VSV-vectored ANDV

glycoproteins

Syrian Hamsters

Neutralizing antibodies

Prescott et al. (2014)

Non-replicating Ad vector expressing N, Gn,

Gg, or Gn/Ge

Syrian Hamsters

CD8+ cell response Neutralizing antibodies

Safronetz et al. (2009)

Recombinant Yeast-expressed DOBV nucleoprotein Mice NP-specific IgG response Geldmacher et al.
vaccines Th1/Th2 response (2004)
Cross-reactivity with HTNV and PUUV
Nucleoproteins from ANDV, TOPV, DOBV Bank voles Specific CD8+ cell production de Carvalho et al.
or PUUV Cross-reactive response against PUUV (2002)
Truncated recombinant PUUV nucleoprotein | Mice CD8+ T-cell response NP IgG response Maes et al. (2006)
linked to bacterial membrane protein
DNA vaccines HTNV/PUUV/SNV/ANDV M gene segment | Rabbits Neutralizing antibodies Hooper et al. (2013)
mix
HTNV M segment Rhesus macaques Neutralizing antibodies Cross-reactivity with Hooper et al. (2001)

SEOV and DOBV

ANDV and HNTV M gene segments

Rhesus macaques

Neutralizing antibodies

Hooper et al. (2006)

SNV M gene segment Syrian hamsters Neutralizing antibodies Hooper et al. (2013)
PUUV M gene segment Syrian hamsters Protection against lethal ANDV infection, without | Brocato et al. (2013)
nAbs
Neutralizing antibodies
Gn glycoprotein BALB/c mice Effective against HTNV Still in developing phases | Jiang D.-B. et al. (2017)

Subunit vaccines

NP (nucleocapsid protein)

E.coli mutant

ICONE NMRI mice

Effective against PUUV In developing Phases

Maes et al. (2008)

(Khaiboullina and St. Jeor, 2002). The conclusion that chemokines play
a significant role in virus pathogenesis, which has been drawn for other
viruses, is supported by this data. Due to the dual functions that these
chemokines play in viral infections, inhibiting them or using them as
immunomodulators may be important strategies to treat or reduce
viral illness, depending on the type of virus. During HTNV infection,
production of IP-10 and RANTES can lead to an increased effector
immune response directed against the infected vascular endothelial
cells (Sundstrom et al., 2001). Consideration should be given to a
general therapeutic strategy for Hantavirus infections that combine
antiviral and anti-chemokine therapy.

8.2. Potential vaccines undergoing
development against Hantavirus

Hantaviruses enter human societies by zoonotic transmission via
inhaling contaminated aerosols. Normally, half a million people are
infected worldwide annually with a mortality rate of up to 40%. The
HEFRS and HPS seem to be serious health threats in endemic areas due
to their cryptic transmission and unpredictable nature of disease
occurrence in healthy adults with elevated case fatality rates. The
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inappropriate commercialization of therapeutics in endemic areas
constantly increases the prevalence of the disease. Moreover, no special
antiviral drugs were found efficient to be used in hantaviral infection
except ribavirin. However, during HPS and HERS cases, the ribavirin
had been found effective but its efficacy could not prevent the severity
of the disease.

Since there are so many cases of hantaviral infection each year,
medicinal countermeasures to prevent infection from these viruses
must be developed. Animal models have repeatedly shown that
antivirals are not effective if administered after the onset of viremia.
Therefore, the development of vaccination and an antiviral that can
be used separately or in combination is much necessary for public
health. Immunization may provide long-lasting immunity while an
antiviral, such as polyclonal antibody treatment, would provide
immediate immunity. So, vaccines and passive immunotherapy can
effectively prevent and treat hantaviral infections in endemic regions
of the world. The transmission from person to person becomes limited
by vaccination and some vaccines are currently undergoing clinical
trials (see Table 4) (Hooper et al., 2001, 2006, 2013; de Carvalho et al.,
2002; Geldmacher et al., 2004; Maes et al., 2006, 2008; Safronetz et al.,
2009; Brocato et al., 2013; Prescott et al., 2014; Jiang D.-B. et al., 2017;
Dong et al., 2019; Khan et al., 2019; Warner et al., 2019).
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A corrigendum on
Hantavirus: an overview and advancements in therapeutic approaches
for infection

by Afzal, S., Ali, L., Batool, A., Afzal, M., Kanwal, N., Hassan, M., Safdar, M., Ahmad, A., and Yang,
J. (2023). Front. Microbiol. 14:1233433. doi: 10.3389/fmicb.2023.1233433

In the published article, there were errors in Table 1, Table 3, and Table 4.

The caption for Table I only listed North and South America, but Table 1 contains
countries from North, Central, and South America.

In Table 1, the reference for the row “Canada” was incorrectly listed as “Jonsson et al.
(2010)”. The correct reference is “Warner et al. (2020)”.

In Table 1, the reference for the row “Panama’ was incorrectly listed as “Martinez-
Valdebenito et al. (2014)”. The correct reference is “Armién et al. (2023)”. The corrected
Table 1 and its caption “Reported HTNV cases across North, Central, and South America.”
appear below.

In Table 3, the reference for the row “Lactoferrin” was incorrectly listed as “Gorbunova
etal. (2010) and Arikawa et al. (1989)”. The correct reference is “Murphy et al. (2000, 2001)”.

In Table 3, the reference for the row “Ribavirin” was incorrectly listed as “Schmaljohn
et al. (1990) and Liang et al. (1996)”. The correct reference is “Chung et al. (2013) and Ogg
etal. (2013)”.

In Table 3, the reference for the row “Favipiravir” was incorrectly listed as “Arikawa et al.
(1992)”. The correct reference is “Safronetz et al. (2013)”.

In Table 3, the reference for the row “Vandenatib” was incorrectly listed as “Garrido et al.
(2018)”. The correct reference is “Bird et al. (2016)”.

In Table 3, the reference for the row “ETAR” was incorrectly listed as “Golias et al.
(2007)”. The correct reference is “Chung et al. (2008)”.
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In Table 3, the reference for the row “Coritcosteroids” was
incorrectly listed as “Mills et al. (1999) and Xu et al. (2009)”. The
correct reference is “Vial et al. (2013) and Brocato and Hooper
(2019)”.

In Table 3, the reference for the row “Human Immune Sera”
was incorrectly listed as “Tian et al. (2021)”. The correct reference
is “Vial et al. (2015)”.

In Table 3, the reference for the row “JL16 and MIB22” was
incorrectly listed as “Weinberg and Arbuthnot (2010)”. The correct
reference is “Garrido et al. (2018)”.

In Table 3, the reference for the row “Domain III and Stem
Peptides” was incorrectly listed as “Taylor et al. (2013)”. The correct
reference is “Barriga et al. (2016)”.

In Table 3, the reference for the row “CLVRNLAWC and
CQATTARNC” was incorrectly listed as “Cicardi et al. (2010)”. The
correct reference is “Hall et al. (2008)”.

In Table 3, the reference for the row “Incatibant” was
incorrectly listed as “Aviziniene et al. (2023) and Mittler et al.
(2023)”. The correct reference is “Antonen et al. (2013) and Laine
etal. (2015)”.

In Table 3, the reference for the row “INF-a” was incorrectly
listed as “Brocato et al. (2012), Manigold and Vial (2014), and Vial
et al. (2015)”. The correct reference is “Vilcek (1991), Sundstrom
et al. (2001), and Maes et al. (2004)”.

In Table 3, the reference for the row “RANTES/IP-10/MCP-1”
was incorrectly listed as “Manigold and Vial (2014), and Malley et
al. (2004)”. The correct reference is “Sundstrom et al. (2001) and
Glass et al. (2003)”. The corrected Table 3 and its caption “Lists
some examples of potential antiviral therapies against Hantavirus.”
appear below.

In Table 4, the reference for the row “Inactivated Vaccine” was
incorrectly listed as “Sroga et al. (2021)”. The correct reference is
“Khan et al. (2019)”.

In Table 4, the reference for the row “Virus-like Particles 1” was
incorrectly listed as “Jonsson et al. (2005)”. The correct reference is
“Dong et al. (2019)”.

In Table 4, the reference for the row “Virus-like Particles 2” was
incorrectly listed as “Wray et al. (1985)”. The correct reference is
“Dong et al. (2019)”.

In Table 4, the reference for the row “Virus-Vector Vaccines
17 was incorrectly listed as “Hopper et al. (1999)”. The correct
reference is “Warner et al. (2019)”.

In Table 4, the reference for the row “Virus-Vector Vaccines
2” was incorrectly listed as “Brocato et al. (2013)”. The correct
reference is “Prescott et al. (2014)”.

In Table 4, the reference for the row “Virus-Vector Vaccines 3”
was incorrectly listed as “Deng et al. (2020)”. The correct reference
is “Safronetz et al. (2009)”.

References

Antonen, J., Leppénen, I, Tenhunen, J., Arvola, P., Mikeld, S., Vaheri, A.,
et al. (2013). A severe case of Puumala Hantavirus infection successfully treated
with bradykinin receptor antagonist icatibant. Scand. J. Infect. Dis. 45, 494-496.
doi: 10.3109/00365548.2012.755268

Armién, B., Muiioz, C., Cedefio, H., Salazar, J. R,, Salinas, T. P., Gonzélez, P., et al.
(2023). Hantavirus in Panama: twenty years of epidemiological surveillance experience.
Viruses 15:1395. doi: 10.3390/v15061395

Frontiers in Microbiology

10.3389/fmicb.2023.1343080

In Table 4, the reference for the row “Recombinant Vaccines
17 was incorrectly listed as “Hopper et al. (2014)”. The correct
reference is “Geldmacher et al. (2004)”.

In Table 4, the reference for the row “Recombinant Vaccines 2”
was incorrectly listed as “Ogg et al. (2013)”. The correct reference is
“de Carvalho et al. (2002)”.

In Table 4, the reference for the row “Recombinant Vaccines 3”
was incorrectly listed as “Ogg et al. (2013)”. The correct reference is
“Maes et al. (2006)”.

In Table 4, the reference for the row “DNA Vaccines 1”7 was
incorrectly listed as “Vial et al. (2013)”. The correct reference is
“Hooper et al. (2013)”.

In Table 4, the reference for the row “DNA Vaccines 2” was
incorrectly listed as “Antonen et al. (2013)”. The correct reference
is “Hooper et al. (2001)”.

In Table 4, the reference for the row “DNA Vaccines 3” was
incorrectly listed as “Laine et al. (2015)”. The correct reference is
“Hooper et al. (2006)”.

In Table 4, the reference for the row “DNA Vaccines 4” was
incorrectly listed as “Vial et al. (2013)”. The correct reference is
“Hooper et al. (2013)”.

In Table 4, the reference for the row “DNA Vaccines 5” was
incorrectly listed as “Fire et al. (1998)”. The correct reference is
“Brocato et al. (2013)”.

In Table 4, the reference for the row “DNA Vaccines 6” was
incorrectly listed as “Safronetz et al. (2013)”. The correct reference
is “Jiang et al. (2017)”.

In Table 4, the reference for the row “Subunit Vaccines” was
incorrectly listed as “Ye et al. (2019)”. The correct reference
is “Maes et al. (2008)”. The corrected Table 4 and its caption
“Describing evaluation of Hantavirus vaccines in various animal
models and some vaccines currently undergoing clinical trials.”
appear below.

The authors apologize for these errors and state that they do
not change the scientific conclusions of the article in any way. The
original article has been updated.
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TABLE 1 Reported HTNV cases across North, Central, and South America.

Country Cases Year Source
USA 850 1993-2021 CDC
Canada 143 As of 2020 Warner et al. (2020)
Panama 712 1999-2019 Armién et al. (2023)
Costa Rica 3 Till 2016 PAHO
Argentina 1,350 As 2016 PAHO

Chile 1,028 As of 2016 PAHO

Brazil 2,032 Till 2017 PAHO
Paraguay 319 Till 2016 PAHO
Uruguay 169 Till 2016 PAHO
Bolivia 300 Till 2016 PAHO
Ecuador 73 As of 2016 PAHO

Peru 6 As of 2016 PAHO
French Guiana 3 Till 2016 PAHO
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TABLE 3 Lists some examples of potential antiviral therapies against Hantavirus.

10.3389/fmicb.2023.1343080

Antiviral therapy  Type Function Target Disease References
Lactoferrin Lactoferrin Block viral entry Viral GP HEFRS Murphy et al. (2000, 2001)
Ribavirin Nucleoside analogs Inhibit viral replication RdRp HCPS and HFRS Chung et al. (2013) and Ogg
etal. (2013)
Favipiravir Pyrazine derivatives Block viral entry RdRp HCPS Safronetz et al. (2013)
Vandetanib Tyrosine kinase inhibitor Improve vascular VEGF/Vascular HCPS Bird et al. (2016)
function function
ETAR Nucleoside analog Inhibit viral entry RdRp HCPS and HFRS Chung et al. (2008)
Corticosteroids Hormone Rebuild immune Immunotherapy HCPS and HFRS Vial et al. (2013) and
homeostasis Brocato and Hooper (2019)
Human Immune Sera Human pAbs Block viral entry Viral GP HCPS Vial et al. (2015)
JL16 and MIB22 Human mAbs Block viral entry Viral GP HCPS Garrido et al. (2018)
Domain IIT and stem Peptides Block viral entry Gc glycoprotein HCPS and HFRS Barriga et al. (2016)
peptides
CLVRNLAWC and Cyclic nonapeptides Block viral entry Host receptor HCPS Hall et al. (2008)
CQATTARNC
Icatibant Small molecule Improve vascular BK type 2 receptor HFRS Antonen et al. (2013) and
function Laine et al. (2015)
TNF-a Small proteins/Pro- Increase systemic Vascular function HCPS and HFRS Vilcek (1991), Sundstrom
inflammatory cytokines toxicity etal. (2001) and Maes et al.
(2004)
RANTES/IP- 10/MCP-1 Small proteins/ Immunomodulators/ Microvascular HFRS Sundstrom et al. (2001) and
Pro-inflammatory Inhibit viral infection endothelium Glass et al. (2003)
chemokines
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TABLE 4 Describing evaluation of Hantavirus vaccines in various animal models and some vaccines currently undergoing clinical trials.

Vaccine type

Antigen

Immunogenicity evaluation

References

Inactivated vaccine

Formalin inactivated HNTV

Humans

Humoral response Neutralizing antibodies

Khan et al. (2019)

Virus-like particles

HTNV-VLP with CD40L or GM-CSF

Mice

Cytotoxic response Neutralization antibody
Cytolytic activity

Dong et al. (2019)

DHFR-deficient
CHO cells

Antigen-specific IFN-y production Effective
against HTNV Still in developing phases

Dong et al. (2019)

Virus-vector

Replication-competent VSV-vectored SNV

Syrian Hamster

Cross-reactive IgG antibodies Neutralizing

Warner et al. (2019)

segment mix

vaccines or ANDV glycoproteins antibodies
Replication-competent VSV-vectored Syrian Hamsters Neutralizing antibodies Prescott et al.
ANDV glycoproteins (2014)
Non-replicating Ad vector expressing N, Syrian Hamsters CD8+ cell response Neutralizing antibodies Safronetz et al.
Gn, Gg, or Gn/Gce (2009)
Recombinant Yeast-expressed DOBV nucleoprotein Mice NP-specific IgG response Th1/Th2 response Geldmacher et al.
vaccines Cross-reactivity with HTNV and PUUV (2004)
Nucleoproteins from ANDV, TOPV, DOBV Bank voles Specific CD8+ cell production Cross-reactive de Carvalho et al.
or PUUV response against PUUV (2002)
Truncated recombinant PUUV Mice CD8+ T-cell response NP IgG response Maes et al. (2006)
nucleoprotein linked to bacterial
membrane protein
DNA vaccines HTNV/PUUV/SNV/ANDV M gene Rabbits Neutralizing antibodies Hooper et al. (2013)

HTNV M segment

Rhesus macaques

Neutralizing antibodies Cross-reactivity with
SEOV and DOBV

Hooper et al. (2001)

ANDYV and HNTV M gene segments

Rhesus macaques

Neutralizing antibodies

Hooper et al. (2006)

SNV M gene segment

Syrian hamsters

Neutralizing antibodies

Hooper et al. (2013)

PUUV M gene segment

Syrian hamsters

Protection against lethal ANDV infection,
without nAbs Neutralizing antibodies

Brocato et al. (2013)

Gn glycoprotein

BALB/c mice

Effective against HTNV Still in developing phases

Jiang et al. (2017)

Subunit vaccines

NP (nucleocapsid protein)

E. coli mutant
ICONE NMRI mice

Effective against PUUV In developing Phases

Maes et al. (2008)
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Viral hepatitisis a major public health concern globally. World health organization
aims at eliminating viral hepatitis as a public health threat by 2030. Among
the hepatitis causing viruses, hepatitis B and C are primarily transmitted via
contaminated blood. Hepatitis A and E, which gets transmitted primarily via the
feco-oral route, are the leading cause of acute viral hepatitis. Although vaccines
are available against some of these viruses, new cases continue to be reported.
There is an urgent need to devise a potent yet economical antiviral strategy
against the hepatitis-causing viruses (denoted as hepatitis viruses) for achieving
global elimination of viral hepatitis. Although zinc was known to mankind for
a long time (since before Christ era), it was identified as an element in 1746
and its importance for human health was discovered in 1963 by the pioneering
work of Dr. Ananda S. Prasad. A series of follow up studies involving zinc
supplementation as a therapy demonstrated zinc as an essential element for
humans, leading to establishment of a recommended dietary allowance (RDA)
of 15 milligram zinc [United States RDA for zinc]. Being an essential component
of many cellular enzymes and transcription factors, zinc is vital for growth
and homeostasis of most living organisms, including human. Importantly,
several studies indicate potent antiviral activity of zinc. Multiple studies have
demonstrated antiviral activity of zinc against viruses that cause hepatitis. This
article provides a comprehensive overview of the findings on antiviral activity of
zinc against hepatitis viruses, discusses the mechanisms underlying the antiviral
properties of zinc and summarizes the prospects of harnessing the therapeutic
benefit of zinc supplementation therapy in reducing the disease burden due to
viral hepatitis.

KEYWORDS

zing, viral hepatitis, hepatitis A virus, hepatitis B virus, hepatitis C, hepatitis E virus

1. Introduction

Zinc is the second most abundant trace element found in humans. A healthy adult body
contains 2—4 grams of zinc. Zinc is involved in several biological functions including growth,
development, maintenance of immune system and disease resistance. It shows broad anti-
inflammatory and anti-oxidant properties. At molecular level, many enzymes and proteins that
regulate DNA replication, transcription, signal transduction and apoptosis require zinc for their
activities (Maret and Sandstead, 2006; John et al., 2010; Ryu et al., 2020).
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Plasma or serum zinc levels between 0.8 and 1.20pg/ml is
considered normal in a healthy individual. Zinc is absorbed in the
small intestine by a carrier-mediated mechanism in a concentration
dependent manner and increases with increasing dietary zinc
(Roohani et al., 2013; Ryu et al., 2020). The portal system delivers
absorbed zinc directly to the liver, which directs its circulation for
delivery to the other tissues. About 70% of the zinc in circulation is
bound to albumin, and any condition that alters serum albumin
concentration can have a secondary effect on serum zinc levels
(Roohani et al., 2013).

Zinc level gets affected by many conditions such as infections,
changes in steroid hormone levels, and muscle catabolism during
weight loss or illness (Roohani et al., 2013; Ryu et al.,, 2020). Around
2 billion people are suggested to have prolonged zinc deficiency
worldwide, majority of which includes population from economically
weaker countries (Prasad, 2013). Zinc deficiency enhances
vulnerability to many viral infections and increasing number of
studies support the therapeutic benefit of zinc supplementation in
alleviating several viral diseases (Sadeghsoltani et al., 2021). This
review provides a comprehensive summary of the antiviral effect of
zinc in viral hepatitis and discusses the possible scope of better
management of viral hepatitis

cases using more potent

zinc formulations.

2. Antiviral effect of zinc on hepatitis
viruses

Majority of viral hepatitis is caused by the Hepatitis A virus
(HAV), Hepatitis B virus (HBV), Hepatitis C virus (HCV), Hepatitis
D virus (HDV) and Hepatitis E virus (HEV; Myers et al., 2002). In
addition, Herpes viruses such as Epstein-Barr virus (EBV),
Cytomegalo virus (CMV), Adenovirus and Varicella zoster virus
(VZV) also induce hepatic injury (Lalazar and Ilan, 2014). Herpes
simplex virus (HSV) induced hepatitis is a rare cause of acute liver
failure (Chaudhary et al., 2017).

2.1. Hepatitis A virus

HAV is a positive stranded nonenveloped RNA virus that is
transmitted via the fecal-oral route (Martin and Lemon, 2006;
Traore et al.,, 2012). It is the most common cause of acute viral
hepatitis globally (Hauri et al., 2006). It does not cause chronic
hepatitis but it adds to further deterioration of liver infected with
other hepatotropic viruses (Keeffe, 1995; Vento et al.,, 1998). A
vaccine is available against it (Hauri et al., 2006). No specific
treatment is available against it but the disease is self-limiting and
there is no lasting injury.

2.2. Hepatitis B virus

HBYV is transmitted through exposure to contaminated blood
products and body fluids (Myers et al., 2002). It is a DNA virus.
Chronic infection with hepatitis B virus (HBV) is estimated to affect
400 million individuals globally, and it is the leading cause of HCC
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(Lok et al., 2001). Vaccines and antiviral therapies are available against
HBYV (Das et al., 2019; Zhu et al., 2022).

2.3. Hepatitis C virus

HCV is transmitted through exposure to contaminated blood
products (Myers et al., 2002). HCV affects more than 170 million
people worldwide (Bhatia etal., 2014; Manns et al., 2017). Coinfections
of hepatitis viruses are frequently observed in clinical setting.
Furthermore, their propensity for chronicity sets the stage for
superinfection with other viruses (Myers et al., 2002). It frequently
causes chronic infection, leading to hepatocellular carcinoma (HCC;
Vento et al., 1998; Manns et al., 2017). No vaccine is available against
it. Treatment options for HCV cases include a combination of broadly-
acting antivirals (such as peg-interferon, ribavirin) and specific direct-
acting antiviral (Sofosbuvir; Bhatia et al., 2014).

2.4. Hepatitis D virus

HDV is transmitted through exposure to contaminated blood
products and body fluids (Myers et al., 2002). It requires the HBV
surface antigen (HBsAg) to replicate and is dependent on the latter
(Huang and Lo, 2014). Around 5% of HBV carriers (approximately 20
million individuals) are coinfected with the HDV (Myers et al., 2002).
No vaccine is available against HDV but HBV vaccinated people are
protected from it as it is a significant threat only in HBV infected
individuals. Recently, Bulevirtide was shown to be a potential
treatment option against HDV (Dietz-Fricke et al., 2023).

2.5. Hepatitis E virus

HEV is a positive stranded quasi-enveloped RNA virus
(Nimgaonkar et al., 2018). It is transmitted via the fecal-oral route. It
can also get transmitted via blood transfusion. Zoonotic transmission
of HEV from animals to human is also reported. It is a major cause of
acute viral hepatitis globally (Primadharsini et al., 2021). HAV and
HEV are major cause of community level outbreaks and epidemics in
areas with poor sanitary conditions (Wu et al., 2016; Primadharsini
etal, 2021). It may cause chronic infection in immune compromised
individuals. At present, a vaccine against HEV is available in China
(Wu et al,, 2016). HEV cases are self-limiting in otherwise healthy
individuals. A combination of broadly-acting antivirals are the option
for off-label therapy in severe HEV cases (Netzler et al., 2019).

There is a need to formulate more potent, side-effect free
therapeutics for treatment of viral hepatitis cases (Cowan et al., 2011).
Controlled zinc supplementation is known to be a safe, side effect free
therapy against Wilson’s disease (Brewer et al., 2000). Zinc is widely
used as an antimicrobial agent, without any side effect (Wessels et al.,
2022). Zinc supplementation is a part of standard care in the treatment
of diarrhea in infants (Bajait and Thawani, 2011). Multiple laboratories
have independently evaluated the antiviral potential of zinc against
hepatitis viruses using diverse experimental approaches. Compilation
and careful interpretation of the available data will be useful in
evaluating the therapeutic potential of zinc in the treatment of viral
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hepatitis cases. Below sections compile majority of the available data
on antiviral activity of zinc in vivo and in vitro.

2.6. Clinical trials on evaluation of
therapeutic benefit of zinc compounds in
viral hepatitis patients

Multiple clinical trials have been performed to determine the
therapeutic benefit of zinc supplementation in viral hepatitis
patients (Table 1). Majority of the trials involved HCV patients (10
trials), one trial involved HBV patients and one trial involved HEV
patients. In some studies, serum zinc level was measured in the
patients before and after the treatment regimen and compared to
that of the placebo group. Pre-existing zinc deficiency was observed
in 4 trials while normal zinc level was observed in 3 trials and zinc
level was not measured in 5 trials. Zinc supplementation increased
the serum zinc level in three of the four zinc deficient groups tested.
Effect of zinc supplementation on disease outcome was evaluated
by measuring the levels of serum albumin, ALT (alanine
aminotransferase), AST (aspartate aminotransferase) and viral load
[sustained viral response (SVR)]. In trials involving only zinc
supplementation or zinc supplementation in addition to the
standard antiviral therapeutics, there was an increased therapeutic
response, compared to the placebo group. However, there was lack
of positive clinical outcome with Zinc supplementation in four
trials of chronic HCV cases (Table 1). In summary, these studies
support the therapeutic benefit of zinc supplementation in a subset
of viral hepatitis patients.

Serum zinc levels are decreased in HCV patients and the
underlying mechanism is proposed to be due to the requirement of
zinc binding by the viral non-structural proteins NS3 and NS5A (Love
et al, 1996; Stempniak et al, 1997; Tellinghuisen et al., 2004).
Comparison of serum zinc levels in chronic hepatitis C patients before
and after treatment with Direct acting antivirals (DAAs) revealed an
increase in the serum zinc level after DAA treatment (Suda et al.,
2019). Importantly, they showed that the increased zinc level was not
attributed to an increase in the albumin level, but it was a direct
outcome of the viral RNA clearance (Suda et al., 2019).

Chronic hepatitis due to HCV infection is a known risk factor
of HCC. In an interesting study, Hosui et al. evaluated the effect of
oral zinc supplementation on the risk of HCC development in DAA
treatment-cured chronic hepatitis C suffering individuals (Hosui
et al., 2021). One year and three year follow up study after the end
of DAA therapy showed cumulative incidence rates of 1.8 and 5.6%,
respectively in the no zinc supplemented (control) group. None
from the zinc supplemented group developed HCC. Moreover,
serum zinc concentration was significantly higher in the no HCC
group than the HCC group (Hosui et al., 2021). These data suggest
the therapeutic benefit of zinc supplementation in reducing the risk
of HCC development in individuals recovered from chronic
hepatitis C.

In addition to viral infections, there are other inducers of hepatic
dysfunction such as alcohol consumption. Multiple independent
clinical trials have been carried out to assess the therapeutic benefit of
zinc supplementation in non-viral hepatitis patients with liver
cirrhosis (Overbeck et al., 2008; Diglio et al, 2020). Zinc
supplementation significantly increased the serum zinc level, reduced
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the serum albumin level and improved the overall disease condition
in those patients, further attesting the therapeutic benefit of zinc in
hepatitis patients (Overbeck et al., 2008; Diglio et al., 2020).

2.7. Antiviral effect of zinc compounds in
cell culture-based infection/replicon
models of hepatitis viruses.

Several independent studies support the antiviral role of zinc on
replication and survival of HAV, HCV and HEV (Table 2; Figure 1).
All studies used safe dose of zinc, which did not affect the viability of
the cells that were used in the experiment. Zinc sulphate partially
inhibited the replication of HAV in Huh7 (human hepatoma) cells
(Ogawa et al, 2019). Zinc sulphate and zinc chloride inhibit
replication of the genomic length HCV RNA at a concentration of
100 pM, with maximum effect at 48 h of treatment (Yuasa et al., 2006).
Another study by Gupta et al. compared the HCV inhibitory effect of
zinc oxide nanoparticles [ZnO(NP)] and tetrapods [ZnO(TP)] with
conventional zinc salts such as ZnSO,, which revealed the superior
antiviral potency of the ZnO(TP) against HCV (Gupta et al., 2022).
Zinc salts, ZnO(NP) and ZnO(TP) also show antiviral activity against
HEYV, latter being the most potent (Gupta et al., 2022). ZnO(NP) and
ZnO(TP) are nanoparticle conjugated variants of ZnO, which is better
absorbed in the intestine, possess better bioavailability and reduced
undesirable side effect characteristics (Sirelkhatim et al., 2015; Jiang
et al.,, 2018). Therefore, ZnO(NP) and ZnO(TP) are safer alternatives
to the conventional zinc salts for therapeutic use. Inhibitory effect of
ZnO(TP) was comparable to that of sofosbuvir, a well-known DAA
used in the treatment of HCV cases, further testifying the antiviral
potential of ZnO(TP) against HCV (Yuasa et al., 2006; Gupta
etal., 2022).

3. Broad-spectrum antiviral effect of
zinc: insight from studies on other
viruses

Antiviral effect of zinc have been demonstrated in vivo and in
vitro in several viruses, including corona viruses, picornaviruses,
papilloma viruses, metapneumoviruses, rhinoviruses, herpes
simplex viruses, varicella-zoster viruses, respiratory syncytial
viruses, retroviruses, SARS-CoV and SARS-CoV-2 etc. (Bracha and
Schlesinger, 1976; Gupta and Rapp, 1976; Polatnick and Bachrach,
1978; Katz and Margalith, 1981; Kiimel et al., 1990; Hulisz, 2004;
Krenn et al., 2009; Te Velthuis et al., 2010; Liu and Kielian, 2012; Wei
et al., 2012; Antoine et al., 2016; Liu et al., 2021; Samad et al., 2021).
Based on the available literature, mechanism underlying the antiviral
properties of zinc may be broadly classified into two categories: (a)
direct inhibitory effect on the different stages of the life cycle of the
virus and (b) indirect effect of zinc attributed to its ability to
modulate various host cellular processes and immune response. Zinc
shows direct inhibitory action against several viruses. It acts by
interfering with different steps of the viral life cycle, it inhibits the
activity of key viral proteins and competes with other bivalent ions
such as manganese, magnesium or calcium to interrupt the function
of viral proteins. Direct antiviral activity of zinc against viruses is
schematically illustrated in Figures 2, 3.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1218654
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

AB0)01qOIDIN Ul SIB13U0I4

Bio"uISIa13U0Ly

TABLE 1 Clinical trials on evaluation of therapeutic benefit of zinc compounds in viral hepatitis patients.

Disease
etiology

Number of
participants
(NTZ, vs.

Zinc dosage,
treatment
duration

Serum Zinc

Effect of zinc supplementation
SVR % (Np/

Serum

ALT (IU/ml)

AST (IU/ml)

Effect of Zinc
Supplementation

Reference

NT paceso) levels . NT) Albumin
Pre/Post (ug/dl; Pre/Post (g/
m + SD) d; m + SD)
A. Positive clinical outcome in viral hepatitis patients with zinc supplementation
(IFN +RBV + Zinc) vs. (IFN + RBV + Placebo)
HCV NT viccsk + polapresin =9 | Polaprezinc: 75 mg/2x day IGpre/post: 1G: NR IGpre/post: IGpre/post: IGpre/post: Polaprezinc induces antioxidative Murakami
NTppacepo = 12 (17 mg zinc), 48 weeks 63.7+4.4/68.1+5.3 CG:NR 3.9+0.1/3.8+0.2 47+6/23+3 53+13/30+4 functions in the liver resulting in et al. (2007)
CGpre/post: CGpre/post: CGpre/post: CGpre/post: reduced hepatocyte injury during
62.9+3.1/62.6+2.7 3.8+0.2/3.9+0.1 61+6/38+3 50+8/37+5 PEG-IFN a-2b plus ribavirin
therapy
(IFN + Zinc) vs. (IFN + Placebo)
HCV NT,oraprezine = 15 Polaprezinc: 75mg/2x day | IG:NR 1G: 9/24 (37.5%) IG:NR IGpost:97 £ 16 NR Polaprezinc works better than Zinc | Nagamine et al.
NT, Sulphate=9 (34 mg zinc) CG:NR CG: 2/10 (20.0%) CG:NR CGpost:101+20 Sulphate in increasing the (2000)
NTjucebo = 10 Zinc Sulphate: 150 mg/2x therapeutic response of IFN-a
day (34 mg zinc), 20 weeks against chronic hepatitis C
HCV NTpotaprezine = 35 IFN: 106 units/day IGpost: 75.4+21.3 1G: 18/32 (56.3%) IG: NR IGpost:79.0+76.6 | IGpost:76.5+65.9 = Zinc supplementation enhances the | Takagi et al.
NTjacebo =40 Polaprezinc: 75 mg/x2 day CGpost: 84.1£19.8 CG: 8/36 (22.2%) CG: NR CGpost:66.4+31.7 | CGpost response to interferon therapy in (2001)
(34mg Zn), 25.7 weeks 65.9+40.3 patients with intractable chronic
HCV infections
(RBV + Zinc) vs. (RBV)
HEV NT Ry + zinc Acetate NR IGpre/post: NR 1G: 2/3 (67%) IG: NR NR NR Zinc supplementation increases Horvatits et al.
dehydrate) = 3 CGpre/post: NR CG: 0/5 (0%) CG: NR serum zinc level and reduces HEV (2023)
NT (zinc Acetate load and AST/ALT levels in HEV
debydrate) = 3 patients who do not respond to
ribavirin therapy
(BCAA +Zn) vs. (BCAA + Placebo)
HBV NT geanszason =19 | BCAA: 4g/day IGpre/post: IG: NR IGpre/post: NR NR Zinc supplementation along with Hayashi et al.
NTgcas =21 Zinc Sulfate: 200-600 mg/ 58.4+9.2/59.7+0.27 CG:NR 3.3+£0.2/2.2+0.07 branched-chain amino acid (2007)
day (variable), 25.7 weeks CGpre/post: CGpre/post: improves disorders of nitrogen
60.2+9.0/61.1+0.15 3.3+0.2/2.0£0.08 metabolism in liver cirrhosis in
HBYV patients
(Zn) vs. (Placebo) in Viral cirrhosis
HCV NT poraprezine =32 Polaprezinc: 1g/ day, IGpre: NR 1G: 499.6 (8.4-850) IGpre: NR IGpost: 86.3 IGpost: 61 (40— Polaprezinc supplementation Matsuoka et al.
NTjaceno =30 Syears CGpre: NR CG: 576.0 (7.4-850) | CGpre: NR (41-231) 118) reduced AST level, ALT level and (2009)
CGpost: 93.39 CGpost: 82.1 incidence of HCC.
(45-201) (46-138)
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TABLE 1 (Continued)

Disease
etiology

Number of
participants
(NTz, vs.
NTplacebo)

Zinc dosage,
treatment
duration

Serum Zinc
levels

Pre/Post (ng/dl;

m + SD)

Effect of zinc supplementation

SVR % (Np/
NT)

Serum
Albumin
Pre/Post (g/
di; m + SD)

ALT (IU/ml)

AST (IU/ml)

Effect of Zinc
Supplementation

Reference

parameters pre- and
post-zinc

treatment)

cirrhosis

HCV NTporaprezine = 14 Polaprezinc: 75 mg/x3 day IGpre/post: IG:NR IG: NR IGpre/post: IGpre/post: Polaprezinc exerts an anti- Himoto et al.
(comparison of (51 mg Zinc), 25.7 weeks 64+15/78+26 106+33/65+23 92+33/63+23 inflammatory effect on the liver in (2007)
parameters pre- and patients with HCV-related CLD by
post-zinc reducing iron overload
treatment)

HCV NTZine suphae =9 Zinc sulfate 200 mg/day IGpre/post: 1G: NR IGpre/post: IGpre/post: 83/61 NR Zinc supplementation is beneficial Bianchi et al.
(comparison of (136 mg zinc), 10.7 weeks 74.2+12.4/125£25.0 33+£4.8/34.5+4.4 in zinc deficient patients with (2000)

B. Lack of positive clinical outcome in viral hepatitis patients with Zinc supplementation

(IFN + RBV + Zn) vs. (IFN + RBV + Placebo)

and ribavirin.

HCV NT7inc gluconae = 18 Zinc Gluconate: 78 mg/5x 1G Pre:56.9+16.9 1G: 9/18 (50%) IG pre: 3.6+0.3 IGpost: 170 +145 IGpost:135+102 | Zinc supplementation may be a Ko et al. (2005)
NTppacebo =20 day (50 mg zinc), 24 weeks | CG Pre: 60.6+10.8 CG: 10/20 (50%) CGpre:3.7+0.4 CGpost: 146 £96 CGpost: 96+ 86 complementary therapy in chronic
hepatitis C patients to increase the
tolerance to IFN-alpha-2a and
ribavirin
HCV NT potapresine = 39 Polaprezinc: 75mg/2x day | 1G Pre:73.3+20.3 I1G: 13/39(33.3%) IG:NR IGpost: 95.6+61.1 | IG:NR Polaprezinc did not show any Suzuki et al.
NTjjacebo =39 (17 mg zinc), 24 weeks CG Pre: 69.8+17.2 CG:13/39(33.3%) CG: NR CGpost:97.4+59.8 = CG: NR additional therapeutic benefit in (2006)
HCYV patients treated with IFN and
ribavirin
HCV NT2ine gluconate = 16 Zinc Gluconate: 30 mg IG Pre/post: 1G: 13/16(81.2%) IG: NR IGpost: 78 52 IGpost: 85+75 30mg/day zinc gluconate did not Abbasinazari
NTpaceho = 16 zinc/day, 75+19/84+28 CG:14/16(87.5%) CG: NR CGpost: 65+ 71 CGpost: 69+59 significantly improve the outcome etal. (2014)
24 weeks CG Pre/post: of treatment in thalassemia patients
62.9+3.1/62.6+2.7 with chronic hepatitis C
HCV NT polaprezine = 16 polaprezinc:75 mg (17 mg 1G Post:69.4 +6.5 1G: 8/16(50%) IG:NR IG:NR IGpost: Polaprezinc did not further Kim et al.
NTjacebo = 16 zinc)x2 day, 48 weeks CG Post: 73.9+7.5 CG:7/16(43.8%) CG: NR CG: NR 45.6+39.3 improve hematologic side effects, (2008)
CGpost: liver function in chronic HCV
48.2+26.9 patients treated with PEG-IFN-a2b
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TABLE 2 Anti-viral effect of zinc on hepatitis viruses in respective cell culture-based infection models/replicon models.

Disease = Model system Zinc species and Percentage Affected stage Reduction in Reference
Etiology dosage (M) reduction in viral = of the viral life viral load
RNA level cycle
HAV Huh?7, infectious HAV | Zinc Sulphate: 100 55 Replication Yes Ogawa et al. (2019)
HCV Huh7, HCV replicon Zinc Sulphate: 100 60 Replication Yes Yuasa et al. (2006)
Zinc Chloride: 100
HCV Huh?7 cells, HCV Zinc Oxide (NP*): 200 90 Replication Yes Gupta et al. (2022)
replicon Zinc Oxide (TP*): 200
Zinc Sulphate: 200
HEV Huh?7 cells, infectious Zinc Sulphate: 200 90 Replication Yes Kaushik et al. (2017)
HEV Zinc Acetate: 200
HEV Huh 7.5, HEV replicon | Zinc salt: 115 95 Replication Yes Horvatits et al. (2023)
HEV Huh?7, HEV replicon Zinc Oxide (NP*): 100 90 Replication Yes Gupta et al. (2022)
Zinc Oxide (TP*): 100
Zinc Sulphate: 100

*NP, Nanoparticle; TP, Tetrapod.”Full name not reported.
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3.1. Effect of zinc on infectivity of the virus
and target cell entry

Zinc may directly accumulate on the virus and inactivate it or

interfere with its entry into the target cell. Zinc application leads to
its deposition on HSV thereby inactivating the virus and inhibiting
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its cellular entry (Kiimel et al., 1990). Recently zinc Oxide tetrapod
nanoparticles with engineered oxygen vacancies (Zoten) were
shown to possess potent therapeutic benefit in HSV-2 (Herpes
simplex virus-2) mediated genital herpes (Antoine et al., 2016).
Zoten blocks cellular entry of HSV-2 by efficiently trapping and
inactivating the virus, thereby preventing the disease (Figure 2). It
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FIGURE 2

steps inhibited by zinc.

Effect of zinc on Vaccinia and Herpes simplex virus-2. Schematic showing the life cycle of Vaccinia virus (A) Herpes Simplex virus-2 (B). *
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indicates the

also enhances T cell and antibody mediated immunity in mice, have
adjuvant like properties and thus reduces chances of reinfection
(Antoine et al., 2016; Samad et al., 2021). Zinc treatment was shown
to moderately inhibit enterovirus D68 attachment and entry into
target cells (Figure 3; Liu et al., 2021). In the case of Rhinovirus,
zinc may act as a competitive inhibitor of virus binding to the
ICAM1 (intercellular adhesion molecule 1) on the host cell surface,
which is the receptor for virus entry (Hulisz, 2004; Figure 3). Zinc
and Nickel inhibit membrane fusion of SFV (Semliki forest virus)
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by targeting the viral transmembrane E1 protein (Figure 3; Liu and
Kielian, 2012).

3.2. Effect of zinc on viral protein
translation and polyprotein processing

Zinc inhibits proteolytic processing of nonstructural polyproteins
of several viruses such as rhinovirus and Picornavirus (Krenn et al.,
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2009). Zinc ionophores such as Pyrithione and Hinokitol also
demonstrate antiviral activity by inhibiting the processing of
picornavirus nonstructural polyprotein (Krenn et al., 2009). Zinc
treatment inhibits HSV-2, Sindbis, FMDV (Foot and mouth disease
virus) and Vaccinia virus growth in infected cells by blocking their
polypeptide processing (Figures 2, 3; Bracha and Schlesinger, 1976;
Gupta and Rapp, 1976; Polatnick and Bachrach, 1978; Katz and
Margalith, 1981).

3.3. Effect of zinc on viral replication and
transcription

Replication of viral genome is an essential step for proliferation
and maintenance of genomic integrity of the virus. RNA dependent
RNA polymerase (RdRp) produced by proteolytic processing of the
viral nonstructural proteins plays the central role in the viral
replication process. Zinc inhibits RdRp activity of many viruses,
including TGEV (Transmissible gastroenteritis virus), SARS-CoV
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(Severe acute respiratory syndrome coronavirus), EAV (Equine
arteritis virus), Rhinovirus and HEV (Hepatitis E virus; Korant et al.,
1974; Hung et al., 2002; Te Velthuis et al., 2010; Wei et al., 2012;
Kaushik et al., 2017). Different steps in the replication process have
been shown to be targeted by zinc for inhibiting RARp activity. In case
of SARS-CoV, zinc treatment reduced template binding and
elongation by the RARp whereas in case of EAV, initiation step of RNA
synthesis was inhibited (Te Velthuis et al., 2010). Zinc also inhibits
Rhinovirus RdRp activity in vitro although the mechanism remains to
be understood (Korant et al., 1974; Hung et al., 2002). Clinical trials
have shown the therapeutic benefit of zinc in alleviating rhinovirus
induced common cold symptoms (Eby et al.,, 1984; Hulisz, 2004;
Kurugol et al., 2006). Zinc inhibits HIV-1 (Human immunodeficiency
virus-1) protease and reverse transcriptase activity (Zhang et al., 1991;
Haraguchi et al., 1999; Fenstermacher and DeStefano, 2011). Some
other HIV-1 encoded proteins are dependent on zinc to carry out their
function (Zheng et al., 1996). Effect of zinc supplementation in HIV
infected patients have been investigated in clinical trials (Mocchegiani
and Muzzioli, 2000; Bobat et al., 2005; Baum et al., 2010). HIV infected
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children showed a significant decrease in the frequency of watery
diarrhea after 3 months of zinc supplementation. However, neither
viral load was altered nor CD4" T lymphocytes level was improved
(Bobat et al., 2005). Similar effect of zinc supplementation was
observed in HIV infected patients having pneumocystis carinii and
candida (Mocchegiani et al., 1995). Another study has shown potent
antiviral activity of PEGylated ZnO nanoparticle against HIN1
influenza virus (Ghaffari et al., 2019). Recently, polyamide fibers with
embedded zinc ions (zinc oxide) were shown to prevent and deactivate
Influenza A virus HINI and SARS-CoV-2 (Gopal et al., 2021).
Further, higher zinc intake was found to reduce the severity of disease
in COVID-19 patients (Asoudeh et al., 2023). In addition, many
clinical trials have attempted to evaluate the therapeutic benefit of zinc
in COVID-19 patients (Carlucci et al., 2020; Chinni et al., 2021;
Gordon and Hardigan, 2021; Thomas et al., 2021; Beran et al., 2022;
Tabatabaeizadeh, 2022). Though some studies reported a positive
outcome, further investigation is warranted to draw a clear conclusion.

Zinc is also reported to act by inhibiting viral particle production
and inhibit viral topoisomerase activity in vaccinia virus, inhibit
endosomal membrane fusion in Semliki Forest virus and inhibit viral
protein E6 and E7 synthesis (thereby stimulating apoptosis) in Human
papilloma virus infected cells (Read et al., 2019).

4. Antiviral function of zinc-containing
host proteins

Zinc finger antiviral protein (ZAP) is a well characterized host
protein that recognizes the CpG dinucleotide present in RNA and
targets them for degradation through exosome (Guo et al., 2007;
Gongalves-Carneiro et al., 2022). Since CpG containing RNA is not
produced in human, ZAP efficiently targets viral RNA, justifying its
antiviral property. Human ZAP contains four zinc finger motifs,
located at the N-terminus. Zinc finger motifs mediate its interaction
with CpG RNA and mutation of some cysteine residues in the zinc
finger motif of ZAP result in loss of its antiviral activity (Guo et al.,
2004). Structural studies have clearly demonstrated the role of zinc
finger motif of ZAP in mediating its antiviral function (Chen et al.,
2012). ZAP also associates with triphosphate motif-containing protein
25 (TRIM25, an E3 ubiquitin ligase), which acts as a co-factor of ZAP
and supports its antiviral function (Zheng et al., 2017). P72 RNA
helicase (a DEAD box family RNA helicase) also associates with ZAP
and helps in its antiviral function (Chen et al., 2008).

ZAP has been shown to inhibit HIV-I by targeting multiple viral
mRNA for degradation (Zhu et al,, 2011). ZAP inhibits alphaviruses
by targeting the CpG dinucleotides in the NSP2 region containing
RNA (Nguyen et al., 2023). ZAP inhibits human cytomegalovirus by
targeting its UL4/UL5 transcripts (Gonzalez-Perez et al., 2021). In a
recent study, Yu et al. demonstrated that expression of ZAP and IFN-f
was significantly reduced upon HEV infection (Yu et al., 2021). ZAP
was shown to interact with the 5UTR region of the HEV genome.
Knockdown of ZAP decreased phosphorylation of IRF3, thus limiting
host innate immune system, while poly(I:C) induction in cells
upregulated IRF3 phosphorylation and ZAP, thus inhibiting HEV
replication (Yu et al., 2021). Hence ZAP shows antiviral activity
against HEV. ZAP also shows antiviral activity against HBV by
interacting with the HBV pgRNA (pre-genomic RNA) and targeting
it for degradation (Mao et al., 2013).
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Considering the pattern and specificity of ZAP binding to CpG
RNA, it is expected that ZAP acts as a broad spectrum antiviral factor
that acts by targeting the virus while retaining resistance to evolving
mutations in the viral genome. Unless the virus encodes a specific
mechanism to antagonize CpG RNA binding property of ZAP or
deplete ZAP or its cofactors, it is unlikely to escape the antiviral
activity of the ZAP. On top of that ZAP is also reported to stimulate
the RIG-I signaling pathway, which is a major antiviral response
mechanism of the host (Hayakawa et al., 2011).

ZMPSTE24 is another host zinc finger motif containing protein,
which shows antiviral activity against many enveloped viruses,
including influenza virus, Vesicular stomatitis virus (VSV), Vaccinia
virus, Porcine reproductive and respiratory syndrome virus (PRRSV)
and arenaviruses (Fu et al., 2017; Katwal et al., 2022; Stott-Marshall
and Foster, 2022). A recent report demonstrates that ZMPSTE24
inhibits infection of SARS-CoV-2-spike pseudotyped lentivirus,
suggesting its antiviral function against the SARS-CoV-2. A similar
phenomenon was also observed in the case of the mouse hepatitis
virus (MHYV; Shilagardi et al., 2022). ZMPSTE24 acts by interacting
with interferon-inducible membrane proteins (IFITM) and preventing
fusion of the viral envelope (Fu et al., 2017; Li et al., 2017).

5. Effect of zinc on host

5.1. Maintenance of zinc homeostasis by
metallothioneins and zinc transporters

Metallothionein (MT) is a cysteine rich low molecular weight
protein, which binds to zinc and copper to regulate their homeostasis
in cells and also sequester heavy metals such as cadmium and mercury
to alleviate heavy metal poisoning and superoxide stress. There are
four MT isoforms in mice (MT1-4) and several isoform/variants in
human (Vasék, 2005). MT1 and MT2 are expressed in all organs,
while MT3 is expressed in brain and MT4 in stratified tissues. About
10% of human genome encode zinc binding proteins which play
crucial biological functions. The availability of zinc is regulated by MT
and zinc transporters. MTs sense the intracellular zinc level and
modulate zinc through sequestration, distribution and release.
Promoter region for MT1 and MT2 contains several metal and
glucocorticoid regulatory elements (MREs and GREs). Metal
responsive transcription factor 1 (MTE-1) regulates the transcription
of MTs (Figure 4; Vasak, 2005). MTEF-1 contains six zinc fingers which
is responsible for DNA binding, and thus binds to the promoter
proximal MREs. Increased Zinc concentration mediate efficient DNA
binding of MTF1 (Grzywacz et al., 2015). Another study has shown
that during cellular stress, Nitric Oxide (NO) produced by immune
cells induce MT1 and MT?2 to release zinc and these free zinc ions
bind to MTF1, leading to its activation (Stitt et al., 2006). MTs mobilize
zinc to nucleus, cytoplasm, golgi and endoplasmic reticulum. MTs
also interact with proteins such as GTP, ATP, Gluthatione and these
interactions enable their localization in extracellular milieu (Maret,
1994; Jiang et al., 1998; Subramanian Vignesh and Deepe, 2017).

It has been postulated that MTs deliver zinc to the thymulin,
which is important for the function of the latter and that aberrant MT
regulation can have direct effect on downstream functions of thymulin
such as T cell selection, differentiation and function (Subramanian
Vignesh and Deepe, 2017). Zinc also regulates the expression of MHC
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inhibited by zinc.

binds to and translocates zinc into organelles. MTF-1 also activates the synthesis of ZnT1, which exports zinc out of the cell.

" indicates the steps

II on dendritic cell (DC) surface. Excess zinc reduces MHC II
expression while zinc deficiency elevates MHC II expression on DCs.
Thus, it has been proposed that MT-Zn sequestration regulates MHC
II expression in DCs, further influencing thymic T cell selection
(Kitamura et al., 2006; George et al., 2016).

Several studies also suggest that MT-Zn homeostasis regulates
immunological function of bone marrow. Reports have shown that

Frontiers in Microbiology

either deficiency of dietary zinc and chronic zinc exposure leads to
B-cell and T-cell apoptosis (King et al., 1995; Fraker and King, 2004).
Thus, absence of MT expression in bone marrow diminishes zinc
homeostasis unless compensatory zinc transporters and MTs are
provided. MTs transfer zinc to other metalloproteins including the
zinc-dependent transcription factor which regulates the differentiation
of precursor cells in bone marrow. For example, Early growth
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response-1 (Egr-1), a zinc-dependent transcription factor promotes
differentiation of monocyte into macrophage (Krishnaraju et al,
1995), while another zinc dependent transcription factor growth
factor independent-1 (Gif-1) antagonizes monocyte to macrophage
differentiation and rather promotes neutrophil differentiation (Hock
etal,, 2003). Studies have also shown that exogenously added Zn-MT
binds to unknown MT receptor on T-Cell membrane and reduces
surface thiol expression. This enhances IL-2 release which promotes
T-Cell survival and proliferation (Subramanian Vignesh and Deepe
Jr., 2017).

Dendritic cells express MTs in response to thermal stress, which
then mediate zinc distribution to regulate intracellular redox
environment in DCs. MT1 expressed in DCs induces tolerogenic
potential of DCs by promoting differentiation of naive T cell into
FOXP3 expressing Treg cells (Reis e Sousa, 2006; Maldonado and
von Andrian, 2010). During inflammation and changed redox state
of cells, MTs release zinc. These free zinc ions activate MTs, stimulate
MTF-1 and downregulates pro-inflammatory cytokines such as IL6,
TNF-a, interleukin IL-1 and also suppresses transcription factor
NEF-kB. NF-kB induces the expression of pro-inflammatory
cytokines 1L-1, IL-6, TNF- o, which activates MTF-1 transcription
factor. MTF-1 upregulates the expression of MTs, and zinc efflux
transporter ZnT-1, which helps in maintaining Zn-MT homeostasis
and helps recover cells from redox state (Figure 4; Grzywacz
etal., 2015).

Zinc transporters play important roles in Zn®* transport,
distribution and homeostasis (Lazarczyk and Favre, 2008; Lichten and
Cousins, 2009). Zinc transporters belong to two families: 10 SLC30s/
ZnTs and 14 SLC39s/ZIPs. ZIPs mediate influx of Zn** from
extracellular space to intracellular cytoplasm via diffusion, symporter
or secondary active transporter. ZnTs export Zn** from cytoplasmic
space to extracellular space (Andrews et al., 2004; Lichten and
Cousins, 2009). The ZnTs and the ZIPs with their expression and
distribution in the different tissues are listed in the Table 3. Inside the
cell, specific set of ZnTs and ZIPs are involved in storage of Zn** in
organelles or its release into cytosol, depending on the state of the cell.
Intracellular distribution of ZnTs and ZIPs is schematically shown in
Figure 5.

Through sequence analysis it was observed that the ZIP family of
transporters contains 8 transmembrane domains (TMDs-1-8). These
8 transmembrane domains are responsible for the zinc transport. A
cytoplasmic segment lies between the 3™ and 4™ TMD (Taylor and
Nicholson, 2003; Bin et al., 2011). These proteins are further divided
into four subfamilies- I, II, gufA, and LIV-1 (Taylor and Nicholson,
2003). Amongst these, the LIV-1 sub family members contain a
HEXXH motif within TM5 (transmembrane domain 5) and varying
lengths of the N-terminal extracellular domain (ECD; Taylor and
Nicholson, 2003). Out of the 14 ZIPs identified in mammals, ZIP1,
ZIP2, ZIP3 belong to the ZIP II subfamily. ZIP 9 is a member of the
ZIP I subfamily and ZIP 11 is of the gufA subfamily (Yu et al., 2013).
The remaining 9 ZIPs belong to LIV-1 subfamily (Ryu et al., 2020).
The functional roles of LIV-1 subfamily proteins are predominantly
due to their ECDs. The role of the ZIP-CTD present between TM3 and
TM4 remains unknown (Bin et al., 2018).

The transport mechanisms being used by ZIPs is not yet clearly
elucidated and requires further study, but the cell-based assays done
using isotopes suggest that ZIP2 controls the zinc flux through a time,
temperature and concentration dependent manner as seen in
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TABLE 3 Expression and distribution of ZnTs and ZIPs.

Name of Reference

the protein

Expression and
tissue distribution

A. Expression and distribution of ZnTs

ZnT1 Ubiquitous Andrews et al. (2004)

ZnT2 Widely distributed Itsumura et al. (2013)

ZnT3 Brain Hildebrand et al. (2015)
ZnT4 Ubiquitous Huang and Gitschier (1997)
ZnT5 Ubiquitous Inoue et al. (2002)

ZnT6 Widely distributed Huang et al. (2007)

ZnT7 Widely distributed Huang et al. (2007)

ZnT8 Pancreas Wenzlau et al. (2007)

ZnT9 ubiquitous Myers et al. (2012)

ZnT10 Small intestine, Liver, Brain Bosomworth et al. (2012)

B. Expression and distribution of ZIPs

ZIP1 Ubiquitous Dufner-Beattie et al. (2006)
ZIP2 Liver, ovary, skin, dendritic Peters et al. (2007)
cell
ZIP3 Widely distributed Dufner-Beattie et al. (2006)
ZIP4 Small intestine Andrews (2008)
ZIP5 Small intestine, kidney, Guo et al. (2014)
pancreas
ZIP6 Widely distributed Mathews et al. (2006)
ZIP7 Widely distributed, Colon Groth et al. (2013)
ZIP 8 Widely distributed Lietal. (2016)
ZIP9 Widely distributed Hara et al. (2017)
ZIP 10 Widely distributed, Renal cell | Hara et al. (2017)
ZIP 13 Hard and connective tissues Hara et al. (2017)
ZIP14 Widely distributed Hara et al. (2017)

erythroleukemia cells (Gaither and Eide, 2000). It was further seen
that ZIP2 was stimulated only by HCO;-, with a high affinity to zinc,
suggesting a Zinc- HCO;- symporter mechanism (Gaither and Eide,
2000). ZIP8 has also been shown to act as a Zn- HCO;™ symporter in
complementary RNA injected Xenopus oocytes (Liu et al., 2008).

ZnTs are part of a superfamily of cation diffusion facilitators.
Mammalian ZnTs are predicted to have at least 6 TMDs (Fukada and
Kambe, 2011). The ZnTs possess a histidine/serine rich loop of
differing lengths between the 4th and 5th TMDs (Fukada and Kambe,
2011). Further ZnTs contain a large cytoplasmic domain at the C-
terminus (CTD) with a copper chaperone like architecture (Lu and Fu,
2007). This domain has an important role in diabetes research as
mutations in the CTD of ZnT8 increases the risk of developing
diabetes (Parsons et al., 2018). The transport mechanism utilized by
ZnTs is not clearly understood in the mammalian system, but studies
done on E. coli Zinc transporter YiiP suggests that ZnTs control the
zinc efflux through a Zn**/H* antiporter (Lu and Fu, 2007).

Zinc is an essential component of several cellular processes in the
host. It is also essential for normal development and functioning of
the innate and adaptive immune systems. The diverse functional
properties help in further strengthening the antiviral action of zinc,
either by stimulating a better immune response in the host and/or by
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promoting the synthesis/activation of antiviral factors/pathways, as
described in the following sections.

5.2. Modulation of host immune system by
zinc

5.2.1. Zinc signaling in monocytes, macrophages,
and dendritic cells

There is a reduction in phagocytosis of macrophages, decrease in
chemotaxis of polymorphonuclear cells and decrease in the
production of proinflammatory cytokines upon zinc deficiency (Rink
and Kirchner, 2000; Bonaventura et al., 2015). Upon entering the host,
pathogens are recognized by the pattern recognitions receptors (PRRs)
such as Toll-like receptors (TLRs), which initiate different signaling
cascades, leading to production of host factors essential for survival.

Except TLR3, activation of all other TLRs by various ligands
increases intracellular Zn?* level, which inhibits the phosphorylation
of IRF3 in murine macrophages, leading to reduced production of
type I interferons such as IFNf. Conversely, zinc deficiency increases
the level of LPS-induced IFNp (Haase et al., 2008; Brieger et al., 2013;
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Figure 4). Thus, increased Zn*" level negatively regulates TRIF/
TRAM-dependent signaling pathway (Figure 4). Increased Zn** level
also activates MAP kinases (mitogen activated protein kinases) in
LPS-treated macrophages in a IRAK-TRAF-dependent manner,
leading to production of proinflammatory cytokines. Zinc mediated
inhibition of MAPK phosphatases such as the dual-specificity
phosphatases (DUSPs) and degradation of IRAKI is proposed to
control the effect of zinc on MAPKs (Haase et al., 2008; Wan et al.,
2014; Figure 4). Further, zinc modulates MyD88-dependent activity
of the transcription factor NFkB. Hasse et al. reported that zinc
depeletion reduced LPS-induced phosphorylation of IKKf in
monocytes and reduced DNA binding by NFkB (Haase et al., 2008).
However, few other studies reported inhibition of NFkB activity by
zinc (Von Biilow et al., 2007; Haase and Rink, 2009; Prasad et al.,
2011). Subsequently, it was found that zinc transporter ZIP8 was a
target of NFkB (Liu et al., 2013). NFkB mediated upregulation of ZIP8
levels further increases intracellular Zn?** level, which in turn inhibits
IKKP phosphorylation, leading to the inhibition of NF«B activity.
Zinc also inhibits the activity of phosphodiesterase (PDE) in
monocytes, leading to the inhibition of NF«B activity (Von Biilow
etal., 2007).
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5.2.2. Zinc signaling in T cells

Multiple studies have investigated the effect of zinc on T cells,
which has been elegantly reviewed by Kim and Woo Lee (Kim
etal, 2021). In brief, intracellular Zn?** level is high in activated T
cells. ZIP6 and ZIP8 are the predominant zinc transporters present
in T cells. Upon TCR stimulation, ZIP6 mediates Zn** influx and
loss of ZIP6 impairs T cell activation (Colomar-Carando et al.,
2019). Subsequently it was found that Src and/or Syk family kinase
ZAP70 mediated phosphorylation of ZIP6 was essential for
localization of the latter to the immunological synapse and Zn**
influx upon TCR stimulation (Kim et al., 2021). Zn** influx also
inhibits SHP-1 mediated dephosphorylation of the LCK, enabling
increased phosphorylation of ZAP70 kinase by LCK at the
immunological synapse (Chiang and Sefton, 2001; Stefanova et al.,
2003; Figure 6). Note that Zn** also facilitates the binding of LCK
to CD4 and CD8a, which is important for TCR signaling (Lin
et al., 1998).

On the other hand, ZIP8 is predominantly localized to the
lysosome and it mobilizes lysosomal Zn** to cytoplasm. ZIP8
expression is increased upon TCR stimulation, leading to increased
translocation of Zn** from lysosome to cytoplasm, which inhibits the
phosphatase activity of Calcineurin. This leads to CREB (cyclic AMP
response element-binding protein) mediated transcriptional
upregulation of IFNy and perforin gene expression, which are key
antiviral effectors of the host (Aydemir et al., 2009; Figure 6). Besides,
Zn** is also known to modulate the activity of ERK, PI3K and STAT3
signaling pathways in T cells, thereby influencing production of
proinflammatory cytokines and differentiation of Th17 cells
(Kaltenberg et al., 2010; Kitabayashi et al., 2010; Plum et al., 2014).

5.2.3. Zinc signaling in other immune cells

Zinc deficiency reduces natural killer cell cytotoxic activity and
impairs host immune response against foreign pathogens, while zinc
supplementation can reverse this effect (Fernandes et al., 1979; Fraker
et al., 1982). Role of ZnTs in mast cell activation and mast cell
mediated allergic reaction has been reported, indicating that ZnT5
mediates FceRI signaling which leads to activation and translocation
of PKC to plasma membrane. PKC stimulates nuclear translocation of
NE-kB and cytokine production in mast cells (Nishida et al., 2009).
Zinc has also been shown to increase the production of IFNa in
leucocytes (Samad et al., 2021). Zinc transporters ZIP7 and ZIP 10 are
essential for B cell development and BCR-induced B cell proliferation
(Hojyo et al., 2014; Anzilotti et al., 2019).

6. Possible mechanism (s) controlling
the antiviral function of zinc in
hepatitis viruses

Exact molecular mechanism of antiviral function of zinc against
any particular hepatitis virus has not been conclusively demonstrated.
Nevertheless, information obtained from several independent studies
strongly support the benefit of zinc action against HAV, HBV, HCV,
HEV and provide a scientific basis for further investigation. Here,
we attempt to extrapolate the possible mechanism (s) (based on
information obtained from studies on direct and/or indirect antiviral
effect of zinc on all viruses), which enable zinc to antagonize HAV,
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HBV, HCV and HEV infection and suggest future directions for
experimental validation of those possibilities. It is important to
obtain clear mechanistic understanding of zinc action in order to
harness its complete therapeutic potential for management of
viral hepatitis.

As mentioned in previous sections, antiviral effect of zinc against
HCV has been evaluated in multiple clinical trials, which provides an
overall conclusion that zinc supplementation have therapeutic benefit
when taken along with standard antiviral therapy. In vitro, zinc shows
potent inhibitory effect on HCV RdRp, although its mechanism of
action remains to be explored (Yuasa et al., 2006; Gupta et al., 2022).
Recently, our laboratory showed antiviral activity of ZnO nanoparticles
[ZnO(NP)] and tetrapods [ZnO(TP)] against genotype 3a-HCV
replicon (Gupta et al., 2022). It is possible that zinc acts by chelating
magnesium ions, which is required for HCV RdRp activity or acts
through other steps in controlling RdRp function (Ouirane
etal., 2019).

Zinc was also shown to prevent with IFN-A3 binding to its
receptor IFNLRI, resulting in inhibition of IFN-A3 signaling,
consequently leading to an increase in HCV replication. Single
nucleotide polymorphisms rs12979860 and rs809917 in IFNL gene
locus clears HCV as well as inflammation and fibrosis progression in
viral and non-viral liver disease (Read et al., 2017). Further studies on
HCV patients with rs12979860 and rs809917 SNPs should clarify the
therapeutic benefit of zinc supplementation in HCV patients.

Previous studies done in our laboratory showed the antiviral
activity of zinc against genotypes 1 (gl) and 3 (g3) of HEV, which are
major cause of HEV-induced hepatitis in human. Zinc inhibits the
activity of HEV RNA-dependent RNA polymerase (RdRp), in vitro
(Kaushik et al., 2017). Similar antiviral activity was also observed in
cell-based models of gl- and g3-HEV, upon treatment with ZnO
nanoparticles [ZnO(NP)] and tetrapods [ZnO(TP)] (Gupta et al,,
2022). In agreement with the in vitro data, a recent report
demonstrated the anti-HEV activity of zinc in ribavirin nonresponsive
HEV patients (Horvatits et al., 2023).

A recent report suggests that the anti-HEV activity of zinc is
mediated by its effect on host. Overexpression of Zinc-finger antiviral
protein (ZAP), an interferon (IFN)-stimulated gene, inhibits HEV
replication, while its knockdown by RNA interference significantly
increases HEV RNA level. Silencing of ZAP also decreases interferon
regulatory factor 3 (IRF3) phosphorylation in HEV infected cells.
Thus, ZAP is an anti-HEV host factor, which blocks viral replication
in cooperation with IFN-f (Yu et al., 2021).

An analysis of the protein—protein interactions between human
and HEV proteins revealed enrichment of proteins linked to the
mitochondrial oxidative phosphorylation pathway (Chandru et al.,
2018). It is known that zinc wave results in production of the
mitochondrial reactive oxygen species (ROS; Slepchenko et al., 2016).
Future study should clarify the involvement, if any, of mitochondrial
oxidative phosphorylation pathway in modulating the anti-HEV
activity of zinc. Additionally, it has been shown that HEV encoded
proteins have an impact on a number of cellular pathways, which may
be crucial for survival of the virus inside infected cells (Wifsing et al.,
2021). Zinc may exert its antiviral effects by interfering with the
interplay between HEV and the host signaling pathways.

HEV infection also triggers neuronal disorders such as
neurological amyotrophy and Guillain-Barrre syndrome (Jha et al.,
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Zinc signaling in T cells. TCR stimulation induces ZAP70 mediated phosphorylation of ZIP6, leading to its localization to the immunological synapse in
lipid rafts (yellow). ZIP6 mediates Zn?* influx, which inhibits SHP-1 mediated dephosphorylation of the LCK and DUSP mediated dephosphorylation of
the MAPKs. ZIP8 is present on the lysosome and it mobilizes lysosomal Zn?* to cytoplasm, which inhibits Calcineurin mediated dephosphorylation of

CREB, leading to CREB mediated transcriptional upregulation of IFNy and perforin.

indicates the steps inhibited by zinc.

2021). HEV infects neuronal cells in culture (Drave et al., 2016). Zinc
acts as a neurotransmitter, modulates intracellular and extracellular
signaling, which is essential for maintaining normal neuronal
physiology (Frederickson et al., 2000). Variations in intracellular level
of free zinc decide between survival or death of neurons during
ischemic injury (Aras and Aizenman, 2011; Slepchenko et al., 2017).
Thus, zinc supplementation might act in a different manner in HEV
infected neurons than hepatocytes.

Two studies reported inhibition of HAV replication upon
treatment with zinc sulphate and zinc chloride (Ogawa et al., 2019;
Kanda et al., 2020). Zinc chloride showed more potent anti-HAV
effect than zinc sulphate. It enhanced the antiviral effect of interferon-
alpha-2a against HAV (Kanda et al., 2020). Level of mitogen-activated
protein kinase 12 (MAPK12) upregulated and six related genes
baculoviral IAP repeat containing 3 (BIRC3), interleukin 1 beta
(IL1P), proline-serine-threonine phosphatase interacting protein 1
(PSTPIP1), prostaglandin-endoperoxide synthase 2 (PTGS2), PYD

Frontiers in Microbiology

and CARD domain containing (PYCARD), and tumor necrosis factor
alpha (TNFa) were downregulated in zinc chloride treated cells
(Kanda et al., 2020). Further investigations are warranted to uncover
the possible direct/indirect role of zinc against HAV.

Limited information exists regarding direct antiviral effect of zinc
against HBV to draw any mechanistic insight. One clinical trial
evaluated the therapeutic benefit of zinc supplementation in HBV
patients, indicating some improvement in liver function (Hayashi
etal., 2007; Himoto et al., 2007). It is noteworthy that zinc binding is
essential for function of the HBX protein, which is a key protein
encoded by HBV (Ramakrishnan et al., 2019). Further, many host
antiviral proteins and ISGs inhibit HBV replication either by targeting
protein viral proteins and/or RNA. For example, host antiviral factor
ZAP inhibits HBV replication (Mao et al., 2013). ISG20 selectively
degrades HBV RNA (Liu et al., 2017; Imam et al., 2020). Myeloid
differentiation primary response 88 (MYDS88) inhibits HBV
replication by promoting viral pregenomic RNA degradation and
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retention of viral preS/S RNA in the nucleus (Li et al., 2010).
Myxovirus Resistance Gene A (MxA), an ISG, interacts with viral core
protein and inhibits HBV replication (Gordien et al., 2001; Li et al.,
2012). Since zinc is known to influence the activity of these genes/
pathways under different conditions, additional studies involving
suitable model systems are required to assess the possible therapeutic
benefit of zinc in HBV cases. Knowledge obtained from our
understanding of the mechanism of zinc action in other viruses
should be the guiding criteria for designing experiments in HBV cases.

/. Challenges associated with zinc
supplementation therapy

7.1. Rigorous cellular zinc homeostasis

Zinc homeostasis in the cell is a multistep process constituting
three main stages, namely the zinc influx into the cells, zinc efflux
from the cells and the storage within the cells. As described earlier, this
process is realized through zinc transporters and the zinc binding
proteins. In normal conditions, zinc homeostasis is tightly and neatly
controlled, but while considering zinc supplementation, the dosage
and the amount need to be judiciously and carefully curated. Any
imbalance of zinc levels due to supplementation might cause
disruption of zinc transport, leading to zinc accumulation in the cells
causing toxicity. One of the major challenges to zinc supplementation
is that zinc is needed in a large number of cellular processes and
therefore interacts with a large number of proteins. It is really difficult
to keep track of the effect of zinc supplementation on all these proteins.

7.2. Expression of zinc transporters in
target cells and their effects

A number of reports suggest that differential expression and
activity of ZIP and ZnTs are responsible for the pathogenesis and
progression of chronic diseases. ZIP transporters are known to
promote the invasive activity of cancers. Reduced expression in ZIPs
has been seen in prostate cancer, where the cellular zinc is reduced,
which accelerates the disease progression. ZIP4 is known to get
atypically overexpressed in case of “acrodermatitis enteropathica”
Z1IPs are known to play roles in epithelial-mesenchymal transition,
anoikis resistance, and metastasis. In such cases, abnormal expression
of ZIPs elevates the cytosolic zinc levels, which may extend the zinc
dependent growth factor signaling and cause aberrant activation of
cellular signaling pathways (Kagara et al., 2007). A myriad of secretory
and membrane-bound enzymes which need zinc like matrix
metalloproteinases are involved in cancer metastasis, and capture zinc
in the early secretory pathway. Thus, ZnT transporters like ZnT5,
ZnT6, and ZnT7 might be facilitating zinc uptake by these enzymes
and their activation (Kambe, 2012). These examples merely illustrate
that abnormal dysregulation of the zinc transporters have been
observed in various disease and zinc supplementation could have a
similar effect on these transporters and could lead to deleterious
effects if not administered correctly.

Zinc interferes with the copper absorption in the body, even at a
very little dose above the RDA (Recommended Dietary Allowance).
Actually, higher concentration of zinc induces more expression of
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metallothioneins in the lumen to absorb more amount of zinc.
However, this protein also has a high affinity for copper, resulting in a
copper deficiency, and may cause anemia, neutropenia and
myelopathy (Francis et al., 2022).

7.3. Zinc toxicity

Zinc is known to have many beneficial functions and has seen to
play a role in protection in various infectious diseases, but excess zinc
can cause zinc toxicity or side effects. Most often the zinc toxicity
depends on the route of exposure to zinc or on the dosage. Zinc
toxicity can be divided into two types- (a) acute and (b) chronic
toxicity. Acute toxicity is caused by ingestion of salts of zinc such as
zinc sulphate and zinc chloride which manifests into gastrointestinal
symptoms like diarrhea, renal injury, acute respiratory distress
syndrome (ARDS), liver necrosis, thrombocytopenia, coagulopathy
and might lead to death in extreme cases (Barceloux, 1999). Chronic
toxicity causes bone marrow damage and neurological symptoms.
One of the major causes of concern in case of chronic toxicity is that
if zinc is chronically ingested it can result in copper deficiency can lead
to sideroblastic anemia, granulocytopenia, and myelodysplastic
syndrome (Irving et al., 2003; Sheqwara and Alkhatib, 2013). Orally
consumed zinc is absorbed by the jejunum of the small intestine. This
process is facilitated by the metallothionein complex in the enterocyte
villi (Ruttkay-Nedecky et al., 2013). Zinc binds to the metallothionine,
which is known to be involved in the regulation of other metals as
well, especially copper having the highest affinity to it (Ruttkay-
Nedecky et al., 2013). To remove the excess zinc, the human body
produces more metallothionein to prevent excess free zinc but in turn
also decreases copper levels, thus, forming a dynamic antagonistic
relationship. Here, the zinc homeostasis can only be maintained by the
excretion of the metallothionein-zinc complex via bile and faeces. In
case of zinc overdose, excretion of zinc will not be fast enough and
thus it will get accumulated and cause clinical complications (Agnew
and Slesinger, 2020).

8. Advances in zinc supplementation
strategy and future perspectives

8.1. Zinc derivatives

Due to the advancement in nanotechnology, biomedical
nanoparticles have gained considerable attention due to their
prominence in biomedical applications and are being explored for
molecular diagnostics, drug delivery, gene therapy. In case of Zinc
based nanotechnology, zinc oxide-based nanoparticles have taken the
center stage (Zhang and Xiong, 2015; Bashandy et al., 2018).

Zinc oxide nanoparticles (ZnO NPs) are important and are used
in a variety of fields due to their unusual properties. ZnO nanoparticles
have a small particle size which helps in the easier absorption of zinc
by the body and are used as food additives and the US FDA has
classified it as a GRAS (Jiang et al., 2018). In addition to this ZnO NPs
are relatively inexpensive and less toxic. These properties make ZnOs
an excellent candidate for biomedical applications. ZnOs have been
used in anti-cancer treatment, drug delivery, antibacterial, diabetes
treatment, anti-inflammation, wound healing and bioimaging (Zhang
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and Xiong, 2015; Mishra et al., 2017). In recent years nanoparticles of
gold and silver have been predominantly studied and deployed against
viral diseases. However, Zn nanoparticles might be relatively less toxic
than silver and gold nanoparticles and more cost efficient. ZnO
nanoparticles have proven to be successful as a therapeutic strategy
for various viral diseases, although they have not been very extensively
studied in animal as well as human models, but promising results have
been obtained in various cell-based models (Aderibigbe, 2017). Zinc
oxide nanoparticles have been shown to have a virostatic effect against
HSV-1 and were able to efficiently trap virions from entering the
human corneal fibroblasts (Mishra et al., 2011). Surface modified zinc
oxide nanoparticles have been shown to alter the infection of Herpes
simplex virus -I by neutralizing the virus by utilizing the electrostatic
interference caused by the hydrophobic zinc nanoparticles (Farouk
and Shebl, 2018). PEGylated zinc oxide nanoparticles have been
shown to be successful in inhibiting HINT1 viral infection and there
was a 1.2log10 TCID50 decrease in the viral titer (Ghaffari et al.,
2019). Further ZnO nanoparticles suppressed replication in case of
nidovirus and also have been shown to disrupt the replication of a
range of RNA viruses (Gurunathan et al., 2020). In MA104 cells
(African green monkey fetal kidney), ZnO nanoparticles led to a
10-fold decrease in the chikungunya viral load (Kumar et al., 2018).

In addition to this, ZnO tetrapods have also been used as an
alternative for the traditional nanoparticles (Mishra and Adelung,
2018). The unique 3D structure gives them a higher flexibility as a
biomedical engineering tool than traditional spherical or 1D
nanoparticles as tetrapods avoid the agglomeration issues faced by the
other two. The first use of ZnO nano tetrapods was for the efficient
delivery of plasmid DNA (Nie et al, 2006). Furthermore, zinc
tetrapods have been used to trap virus particles using oxygen vacancies
on the synthesized ZnO tetrapods. Polar surfaces were created in the
tetrapods due to the oxide, which helped in trapping the negatively
charged functional glycoprotein groups present on the virion surface
(Mishra et al, 2011). Dendritic cells could easily take up such
entrapped virus particles and neutralize them. This success of this
strategy has been shown in humans and mice in the cases of HPV,
ZIKA, HIV and Dengue. Apart from this ZnO nanoparticles and
tetrapods have been shown to have an antiviral role in HSV, HEV and
HCV by suppressing the viral replication (Mishra et al., 2011; Gupta
etal., 2022).

Although zinc based nanoparticles have been shown to play
antiviral roles they need to be further characterized to be successfully
established as a commercially available therapeutic for viral diseases.

8.2. Modulators of zinc transporter

Zinc transport can be modulated by zinc ionophores. Zinc
ionophores have been shown to inhibit replication of many viruses in
vitro. Four zinc ionophores have shown to have antiviral roles which
are Pyrithione, Hinokitiol, PDTC and Chloroquine. Pyrithione,
Hinokitiol and PDTC inhibit the replication of the following viruses
in vitro: coxsackievirus, equine arteritis virus, SARS-CoV, HSV,
mengovirus and rhinovirus (Lanke et al., 2007; Krenn et al., 2009; Te
Velthuis et al., 2010; Qiu et al., 2013). Chloroquine inhibits the
replication of the following viruses: HCV, HCoV-229E, MERS-CoV,
SARS-CoV, HIV-1 and Zika virus (Romanelli et al., 2004; Delvecchio
etal, 2016; Read et al., 2017; Chandru et al., 2018). In addition to this,
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another zinc ionophore, Quercetin is known to inhibit replication of
Influenza A virus and Rhino virus (Wu et al., 2016; Mehrbod et al.,
2021). These studies indicate that zinc ionophores may be used as
antivirals and since zinc has a significant role to play in liver
homeostasis, the use of these ionophores is likely be an excellent
antiviral strategy against hepatitis causing viruses.

8.3. Future perspectives

ZnO NPs have shown promise in biomedical applications due to
their anti-viral, anti-bacterial and anti-diabetic roles. Inherently toxic,
the ZnO NPs inhibit cancerous cells as well as bacteria by generating
intracellular ROS generation. This activates the apoptotic signaling
pathway making these nanoparticles excellent anticancer and anti-
bacterial agents. Furthermore, Zinc nanoparticles and tetrapods have
shown significant antiviral activities ranging from affecting replication,
to neutralizing viruses and influencing viral entry. As drug carriers,
ZnO NPs enhance therapeutic efficiency by promoting the
bioavailability of the drugs or biomolecules.

The FDA has listed ZnO NPs as a safe substance. However, they
should be further explored and studied as there are no comparative
analysis of the biological advantages of Zinc nanoparticles over other
metal nanoparticles. Further, there is lack of information on evidence
based randomized trials and animal studies emphasizing their
therapeutic roles. Focused studies on these aspects would help us
better understand their diagnostic and therapeutic potential.

It is also important to be cautious and careful while interpreting
and extrapolating the data obtained from cell-based experiments to
patient studies. Generally zinc compounds are used in micromolar
(uM)-millimolar (mM) concentration in the cell-based studies to
evaluate their antiviral potential whereas plasma zinc concentration
ranges between 10 and 18 pM in human (Riikgauer et al., 1997). On
top of that free zinc levels are very tightly controlled in vivo. Although
intracellular level of zinc maybe in micromolar concentration, most
of it is bound to metallothioneins, thereby reducing the free zinc
concentration to nanomolar scale (Krezel and Maret, 2006; Zheng
etal,, 2017). Such complex regulation makes it difficult to fully harness
the therapeutic benefit of zinc based on the data obtained in cell-based
experiments. Therefore, even though a zinc compound may exhibit
very potent antiviral effect in laboratory condition, it needs stringent
evaluation in the clinic.

The treatment of viral hepatitis has evolved rapidly over the last
few years especially with the introduction of curated therapies for
Hepatitis C. In addition to this the improvement in HAV, HBV and
HEV vaccination has also led to a significant advance in viral hepatitis
management. Viral hepatitis treatment is still dependent on a few
drugs like Ribavirin and PEGylated Interferon but none of these are
known to specifically target these viruses. Thus, targeted therapies can
be further explored; one such strategy could be the use of zinc salt,
zinc nanoparticles and zinc ionophore based therapies. We have
recently shown the antiviral activity of zinc oxide nanoparticles and
tetrapods against HEV and HCV, which could pave the way for the
development of new therapeutic strategies against these viruses
(Gupta et al., 2022).

Zinc oxide nanoparticles have shown promising antiviral effects
on various viruses, but further research needs to be performed to
explore and understand the underlying mechanism of zinc

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1218654
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Kumar et al.

nanoparticles dependent antiviral activities. Zinc seems to inhibit
the enzyme activities of viral protease and polymerases and is also
involved in the physical processes of viral attachment and uncoating
(Mishra et al., 2011). However, it is important to study these in
clinical scenarios as zinc could become a viable supplement to the
traditional viral treatments. A number of in vitro studies have
demonstrated that free zinc possesses a strong antiviral effect
through the trials with creams and tablets containing higher
amounts of zinc (Mishra et al., 2011). These studies also tell us that
when zinc is used at therapeutic doses and in the right form could
improve viral clearance in case of acute and chronic infections. Zinc
supplementation can be successful in two ways: it can be either
be administered to improve the systemic immunity and the antiviral
response in zinc deficient patients or can be used to specifically
target viral replication and the symptoms of infection (Mishra et al.,
2011). Although zinc-based strategies have been shown to have
various roles in inhibiting the viral replication, there is a lack of
information on whether these zinc-based strategies are sufficient as
a standalone treatment or in enhancement of the effect of other
antiviral treatments. Zinc supplementation with Ribavirin or
PEGylated IFN-a reduced the side effects of Ribavirin/PEGylated
IFN-« in case of HCV and HEV chronic patients but had no
additive effect on these treatments (Farouk and Shebl, 2018; Suda
etal., 2019). It has also been proven that in chronic patients of HCV
and HBV zinc supplementation induces anti oxidative functioning
of the liver preventing further liver damage during the treatment
with Ribavirin and PEGylated IFN-a (Murakami et al., 2007). Zinc
supplementation has also been shown to reduce inflammation and
production of cytokines like NF-xB in chronic HCV and HBV
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Smallpox is an infectious disease caused by the variola virus, and it has a high
mortality rate. Historically it has broken out in many countries and it was a great
threat to human health. Smallpox was declared eradicated in 1980, and Many
countries stopped nation-wide smallpox vaccinations at that time. In recent years
the potential threat of bioterrorism using smallpox has led to resumed research
on the treatment and prevention of smallpox. Effective ways of preventing and
treating smallpox infection have been reported, including vaccination, chemical
drugs, neutralizing antibodies, and clinical symptomatic therapies. Antibody
treatments include anti-sera, murine monoclonal antibodies, and engineered
humanized or human antibodies. Engineered antibodies are homologous, safe,
and effective. The development of humanized and genetically engineered
antibodies against variola virus via molecular biology and bioinformatics is
therefore a potentially fruitful prospect with respect to field application. Natural
smallpox virus is inaccessible, therefore most research about prevention and/or
treatment of smallpox were done using vaccinia virus, which is much safer and
highly homologous to smallpox. Herein we summarize vaccinia virus epitope
information reported to date, and discuss neutralizing antibodies with potential
value for field application.

KEYWORDS

vaccinia virus, variola virus, epitope, neutralizing antibody, engineered antibody

1. Introduction

Variola virus (the smallpox virus) is one of the largest and most complex viruses in the
world. It is a member of the genus Orthopoxvirus of the Chordopoxvirinae subfamily of the
Poxviridae family (Theves et al., 2016). Smallpox is a highly contagious virus that only infects
humans. There are two forms of infectious viral particles; mature virions (MV) and enveloped
virions (EV). MVs are the main form, and they play a major role in the spread of the virus
between hosts. EV is formed by an MV and an extracellular enveloped membrane. By
experimental operation, the enveloped membrane of EV is easy to be destroyed (Condit et al.,
2006; Roberts and Smith, 2008). EV facilitates infection between cells (Roberts and Smith, 2008).

Poxviruses include a large family of viruses characterized by large linear dsDNA genomes,
cytoplasmic replication sites, and complex virion morphology (Lefkowitz et al., 2005; Condit

122 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1255935﻿&domain=pdf&date_stamp=2023-10-25
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1255935/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1255935/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1255935/full
mailto:fengjiannan1970@qq.com
mailto:bioqcx@126.com
https://doi.org/10.3389/fmicb.2023.1255935
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1255935

Peng et al.

etal.,, 2006). The prototype laboratory virus used for poxvirus research
was vaccinia virus, which was used as a live, naturally attenuated
vaccine to eradicate smallpox (Roberts and Smith, 2008). Members of
the poxvirus family are very similar, so lessons learned from vaccinia
can easily be applied to other poxviruses. Vaccinia virus particles are
“brick-like” or “ovoid” membrane-bound particles with a complex
internal structure characterized by a walled, double-concave core
flanked by “lateral bodies” VACV produces two different forms of
infectious virion, both of which are targets of antibody responses to
smallpox vaccine. Most infectious VACVss are intracellular MV, which
remain inside the cell until cell lysis. MV has a membrane that is
associated with at least 19 different viral proteins. A27, L1, D8, H3,
and A28 are known targets of neutralizing antibodies. A small portion
of the MV in the cell gains additional membrane by being wrapped in
the Golgi cisternae. They are eventually released as EV through
exocytosis and are responsible for the viruss long-distance
transmission within the host. EV has an additional outer membrane
than MV and is associated with at least six different viral proteins, with
B5 being the primary target for neutralizing antibodies and A33
triggering a protective antibody response. For optimal smallpox
immune protection, antibodies against both smallpox virus MV and
EV are required (Roberts and Smith, 2008). Antibodies block the
transmission of the virus between and within individuals by
recognizing epitopes of MV and EV.

The mortality rate of smallpox is >50% (Fulginiti et al., 2003;
Nafziger, 2005). Starting in the 17th century smallpox caused a
worldwide pandemic that killed approximately 400,000 people every
year in Europe, and blinded one third of those it infected. In the 20th
century smallpox killed at least 300 million people worldwide. From
1967 to the end of the 1970s a widespread campaign aimed at
elimination via vaccination was implemented, resulting in the
eradication of smallpox. In 1980 the World Health Organization
(WHO) announced the eradication of smallpox, and ceased worldwide
vaccination against the disease. Currently only two secure laboratories,
one in Russia and one in the US, are authorized to store live
smallpox virus.

Historically smallpox has never been used as a weapon in wars
because of its high infectivity and lethality. Now, the smallpox virus
has become one of the best materials for use in biological warfare or
bioterrorism (Pennington, 2003). After the 9/11 attack in the US the
smallpox virus was listed as one of the most important biological
agents with potential use for terrorist attacks in that country. The
cessation of smallpox immunization means a large number of people
today have no resistance against smallpox. Other Orthopoxvirus spp.
and their possible mutation or recombination in nature may also
threaten human health. Thus, it is necessary to research potential
antagonists against smallpox.

Vaccination is a simple and effective means of preventing smallpox
before or after exposure to the virus (Mayr, 2003; Meyer et al., 2020).
Expanding the reserves of smallpox vaccines has become a global
need. Although the efficacy of traditional smallpox vaccines has been
fully verified they sometimes did cause side effects (Parrino and
Graham, 2006), which necessitates the development of a safer and
more effective smallpox vaccine. Several different types of smallpox
vaccines have been developed, including cell-cultured live virus
vaccines, replicating and non-replicating attenuated live virus
vaccines, protein-based subunit vaccines, DNA-based subunit
vaccines, and vector-based subunit vaccines (Addeo et al., 2021).
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Dryvax (Amanna et al., 2006) is a traditional smallpox vaccine that is
no longer stored in the United States. Currently the two main vaccines
are ACAM2000 (Beachkofsky et al., 2010; Nalca and Zumbrun, 2010)
and Jynneos (Kennedy and Greenberg, 2009; Rao et al., 2022). In the
event of a smallpox outbreak, antiviral drugs such as cidofovir,
ribavirin, and tecovirimat (TPOXX®; ST-246) (Russo et al., 2021)
could be used for emergency treatment. Tecovirimat is a potent
antiviral that was approved for the treatment of symptomatic smallpox
by the US Food and Drug Administration in July 2018, and it has been
stockpiled by the US government for use in a smallpox outbreak.

Antibodies have been used as therapeutic agents for hundreds of
years, including antiserum, mouse monoclonal antibodies, and
human/humanized antibodies. In individuals for whom smallpox
vaccination is contraindicated, specific vaccinia immunoglobulin
(VIG) or monoclonal antibodies (mAbs) are alternative strategies for
preventive or post-infection treatment. The indications that grant the
use of VIG include generalized vaccinia, progressive vaccinia, eczema
vaccinatum, and certain accidental implantations. Data suggest VIG
efficacy for prophylaxis of vaccinial superinfection of eczema, burns,
chickenpox, immunosuppression, pregnancy, or certain skin
conditions (Hopkins and Lane, 2004). There is limited potential for
the broadscale use of VIG extracted from the serum of vaccine
recipients however (Hopkins and Lane, 2004), and VIG obtained from
animals such as mice or rabbits tends to cause side effects. Murine
mAbs also have several disadvantages in humans, including a lack of
antibody-dependent cell-mediated cytotoxicity, complement-
dependent cytotoxicity, a short half-life, and human anti-mouse
antibody reactions, which reduce efficacy and can cause allergic
reactions (Hansel et al, 2010). Therefore the development of
humanized and genetically engineered antibodies against smallpox
virus via molecular biology, immunology, and bioinformatic methods
is a worthwhile prospect. Such endeavors require an understanding of
the antigenic epitopes of smallpox viral proteins (e.g., A27, B5, D8) to
facilitate the generation of neutralizing antibodies.

Because the smallpox virus is dangerous and currently stored
under highly regulated conditions, the effects of anti-smallpox
antibodies are estimated using the vaccinia virus (VACV). Most
research about prevention and/or treatment of smallpox were done
using vaccinia virus, which is much safer and highly homologous to
smallpox. At least 20 proteins have been identified on the surface of
smallpox MVs, and 6 have been identified on EV. Rodriguez et al.
(1985) isolated a series of monoclonal antibodies against VACV,
including anti-B5 monoclonal antibody MAb20 and anti-A27
monoclonal antibody C3. In 2011 Meng et al. (2011) immunized
BALB/c mice with VACV, and after fusion and clone screening 66
mAbs were obtained. Their epitopes were identified on 11 proteins;
D8, Al4, wRl48, D13, H3, A56, A33, C3, B5, A10, and F13. The
proteins recognized by neutralizing antibodies include A33 (Fogg
et al., 2004; Fang et al., 2006), B5 (Fogg et al., 2004; Aldaz-Carroll
et al., 2007), L1 (Wolffe et al., 1995; Ichihashi and Oie, 1996; Fogg
et al, 2004), H3 (Lin et al., 2000; Davies et al., 2005), A27, D8
(Sakhatskyy et al., 2006), A28 (Nelson et al., 2008), A17 (Wallengren
etal, 2001), A30, B7, and F8. Among them, L1 (Bisht et al., 2008), H3
(Lin et al., 2000), A27 (Chung et al., 1998; Vazquez and Esteban,
1999), D8 (Hsiao et al., 1999), and A28 (Senkevich et al., 2004) are
related to virus adsorption, membrane fusion, and virus entry. B5 is
involved in virus packaging, particle release, virus morphology, plaque
formation, and intercellular infection (Aldaz-Carroll et al., 2005). A33
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is related to virus transmission between cells. Proteins with
neutralizing epitopes include the EV proteins B5, A33 (Breiman and
Smith, 2010; Breiman et al., 2013; Monticelli et al., 2020), and the MV
proteins H3, L1, D8, A13, A27, A17, and A28. Those proteins and

their monoclonal antibodies are reviewed below.

2. Viral proteins and protective mAbs

2.1.B5

B5 is an EV protein that is highly conserved among
orthopoxviruses (Engelstad and Smith, 1993). It is a glycosylated type
I membrane protein with a relative molecular weight of 4.2 x 10* Da.
The extracellular domain of B5 contains four short repeat domains
similar to complement regulatory proteins, but it has no notable
complementary function. B5 is necessary for virus packaging, and it
contains epitopes that are recognized by neutralizing antibodies which
block virus infection (Bell et al., 2004; Aldaz-Carroll et al., 2007;
Benhnia et al., 2009), providing a protective effect both in vitro and in
vivo. The localization of B5 to the surface of intracellular EV and its
transport from the endoplasmic reticulum to the Golgi network is
dependent on its interaction with A33 and A34. A33, A34, and B5
form a trimeric protein complex that is vital for their endoplasmic
reticulum exit and Golgi transportation. The three glycoproteins
efficiently localize and become incorporated into the outer
extracellular virion membrane, and directly influence the release of
infectious poxvirions (Monticelli et al., 2020).

Chen et al. (2006) generated two human anti-B5 mAbs via phage
display technology, SAH7AL and 8AH8AL. The two mAbs displayed
high binding affinities to B5. In a mouse lung infection model
administration of 22.5pg 8AH8AL 24 h prior to infection provided
complete protection, and 5mg VIG provided similar protection
against intranasal inoculation with 10° plaque-forming units (PFU) of
VACV (WR strain). Administration of 90pg 8AH8AL 48h post-
infection also completely protected mice. The mAb 8AH8AL inhibited
the spread of vaccinia virus in vitro, protected mice from subsequent
intranasal challenge with virulent vaccinia virus. However, 5mg VIG
sometimes led to death, indicating a worse therapeutic effect than that
of BAH8AL. Froude et al. (2011) generated a humanized anti-B5 hB5R
mADb whose maternal antibody was isolated from immunized rats. In
a murine model where mice were infected with 107 VACV PFU
intranasally and given 10 pg of antibody intraperitoneally 5h later,
body weight loss was reduced relative to the control group.

2.2. A33

A33 is a specific EV type II membrane glycoprotein involved in
the efficient formation of endocellular enveloped virus, and
transmission of the virus in the host (Matho et al., 2015). It has strong
immunogenicity and effectively induces protective antibodies in vivo.
Pre-immunization with vaccines containing the A33 subunit or post-
treatment with anti-A33 antibodies may help protect animals infected
with a lethal dose of VACV (Galmiche et al., 1999; Zajonc, 2017). In
in vitro models anti-A33 antibodies inhibited comet formation,
suggesting they can block intercellular transmission (Galmiche
etal., 1999).
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Three fragment antigen-binding (Fab) regions that recognize
overlapped epitopes of A33 glycoprotein have been isolated from
simians; 6C, 12F and 12C (Chen et al.,, 2007). The corresponding genes
were fused with the human heavy chain constant region to form full
antibodies. Their affinities were 20 nmol/L (6C), 0.14 nmol/L (12F), and
0.46nmol/L (12C). The affinity of 6C was approximately 140 times
weaker than that of 12F, but its neutralizing effects were similar to those
of 12F both in vitro and in vivo. In a mouse model of intranasally
introduced infection, injection of 6C 24 h before infection completely
protected mice from death and minimized weight loss, and weight loss
recovery was observed within 15 d post-infection. As little as 22.5 pg of
6C could completely protect mice to a similar degree as 5mg of VIG. In
addition, whether mice were injected 24 h before or 48 h after infection,
90pg 6C or the anti-B5 mAb 8AH8AL—or a combination of both
(45ng each)—completely protected mice from death. Anti-B5
mAb-treated mice exhibited less weight loss during 15 d of treatment,
particularly in the post-infection administration experiment, amounting
to better efficacy than that demonstrated by 6C. The efficacy of the
combination group was between that of the two single antibody groups.

Matho et al. (2015) generated seven mouse anti-A33 mAbs that
bind to conformational epitopes on A33 rather than linear epitopes,
five of which neutralized endocellular enveloped virus in the presence
of complement. The authors elucidated the crystal structures of three
representative neutralizing mAbs (A2C7, A20G2, and A27D7), then
estimated the binding kinetics of each to wild-type A33 and to an
engineered A33 protein containing a single alanine substitution in the
epitope area. A2C7 and A20G2 are bound to a single A33 subunit,
whereas A27D7 is bound to both A33 subunits. Alanine substitution
did not affect the binding of A27D7, which also showed high affinity
binding to the recombinant A33 protein. A27D7 was an effective
cross-neutralizer against orthopoxvirus strains such as agamia virus,
monkeypox virus, and VACV, and it protected mice from lethal
challenge with agamia virus (Matho et al., 2015).

Paran et al. (2013) reported that a single dose of Sindbis VACV
A33 (a recombinant vaccinia virus protein A33 using Sindbis virus-
expressing System) did not protect mice from cowpox virus infection,
but effectively protected mice from VACV-WR and ectromelia virus
challenges. Homologous vaccination with cowpox virus A33 also
failed to protect mice from cowpox challenge, and provided only
partial protection against VACV-WR. A single protective region
located in residues 104-120 of VACV A33 was identified that carries
the H2Kd CD8" T cell epitope and the B cell epitope, recognized by
the neutralizing antibody mAb 1G10, which effectively blocks
extracellular virion transmission (Paran et al., 2013).

Mucker et al. (2020) evaluated the ability of the anti-A33
humanized monoclonal antibody C6C to affect VACV infection in
vitro. Enveloped virions released from infected cells were either
sensitive or resistant to C6C, suggesting that different types of
biologically distinct extracellular virions particles exist, including
extracellular enveloped virions and cell-associated released virions. In
addition, mAb C6C bound to the recombinant A33 homolog of the
Zaire strain of the monkeypox virus (Mucker et al., 2020).

23. 11

L1 is an MV membrane protein with a relative molecular mass of
2.9x 10" Da that is highly conserved among all sequenced poxviruses.
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It has a transmembrane domain at the C-terminus, and no signal
peptide at the N-terminus, but it is myristoylated and can attach to the
membrane easily. The L1 protein is required for the virus to enter host
cells, and is an important target recognized by neutralizing antibodies.
It was originally identified using the neutralizing antibody 7D11
(Wolffe et al., 1995). L1 is comprised of three pairs of disulfide bonds,
two of which are necessary for the production of infectious virions
(Blouch et al., 2005). Once the disulfide bonds are broken, L1 is not
recognized by neutralizing antibodies (Wolffe et al., 1995; Ichihashi
and Oie, 1996). Ichihashi et al. (1994) produced the anti-L1
neutralizing antibodies 2D5 and 8C2, which block viral cell plaque
formation. Su et al. (2007) investigated the neutralizing effects of the
mouse anti-L1 monoclonal antibody 7D11, including its Fab, F (ab’),
and full IgG using plaque formation assays, and reported that the
neutralizing effects of Fab were weaker. X-ray diffraction techniques
revealed the crystal structure of 7D11 interacting with the L1 protein.
Based on the contact area and inter-molecular distance, 7D11 bound
to the L1 antigen mainly via its heavy chain, and the effect of the light
chain was very weak. 7D11 also formed hydrogen bonds and van der
Waals interactions with loop l and loop 2 of L1. 7D11 binding sites are
conserved among VACYV, smallpox virus, and monkeypox virus
suggesting that 7D11 may exhibit cross-protective effects. Kaever et al.
(2014) generated five mouse anti-L1 mAbs, which can be categorized
into three groups based on their epitopes. At a concentration of 20 g/
mL three mAbs (M12B9, M2E9, and M7B6) neutralized more than
70% of VACYV, but the other two did not neutralize the virus. The
neutralizing antibodies have a higher affinity for the recombinant L1
protein than the non-neutralizing antibodies, and they also bind to
viral particles. The epitopes of the neutralizing antibodies were
mapped to a conformational epitope with Asp35 as the key residue,
and the epitope was similar to that of 7D11 (Kaever et al., 2014). By
immunizing two alpacas Walper et al. (2014) generated multiple
specific single-domain antibodies with affinities ranging from
4x107° M to 7 x 107 M. The single-domain antibodies, as capture and
tracer agents, reduced the detection limit to 4x 10° PFU/mL in a
sandwich assay-a four-fold improvement over conventional
antibodies. This demonstrates the development of single-domain
antibodies and the ability to detect viruses in sandwich assays (Walper
etal., 2014).

24.D8

Matho et al. (2014) described the crystal structure of the adhesion
protein D8. Its N-terminal domain contains a carbonic anhydrase fold
region (CAH; residues 1-234) followed by a smaller domain (residues
235-273). The remainder of the protein consists of a transmembrane
domain (274-294) and a small tail (295-304) within the virion. The
CAH domain can bind to glycosaminoglycans and chondroitin sulfate
(CS) in host cells because it has a central positively charged gap that
complements the negative charge of CS. The optimal ligand for D8 is
CS-E, which is characterized as a disaccharide moiety with two sulfate
hydroxyl groups at the 4" and 6’ positions of GalNAc (Matho et al.,
2014). Hsiao et al. (1999) constructed A27 and D8 single null, and
A27-D8 double-null virus strains based on the WR32-7/Indl4K virus
strain. The A27-null virus was amplified in BSC40 cells, but the
infectivity of the D8 null and A27-D8 double null strains was
significantly lower than that of the wild-type virus, with virulence of
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only 10%. This indicates that D8 is key for virus infection and
endocytosis, and that the A27 protein cannot compensate for loss of
D8 function.

Sakhatskyy et al. (2006) constructed a DNA vaccine encoding D8
and immunized BALB/c mice, which induced neutralizing antiserum
and protected mice against a lethal dose of VACV. Addition of the D8
protein to the existing subunit vaccine induced antibodies with better
neutralizing activity. Based on this, they proposed that D8 was a
satisfactory recognition target for neutralizing antibodies. Matho et al.
(2012) generated the anti-D8 monoclonal antibody LA5, which is
capable of neutralizing VACV in the presence of complement. They
described the D8 and LA5 Fab structures to respective resolutions of
0.142 and 0.16nm, and the crystal structure of the LA5 Fab-D8
complex to 0.21 nm. Based on these structures they predicted that the
binding site of CS is located in the central positively charged gap of the
D8 molecule. The structure of the gap is highly conserved across
several poxviruses. The D8 epitope recognized by LA5 consists of 23
discrete residues scattered across 80% of the D8 sequence. Interestingly
LA5 binds to the region above the gap with high affinity, and the
antigen—antibody interaction area is unusually large, covering the
243.4nm protein surface.

Matho et al. tested the capacity of a panel of mouse monoclonal
antibodies to compete with CS-E for D8 binding. CS-E binding was
only completely abolished by LA5. D8 forms a hexameric arrangement
via the self-association of its C-terminal domain. Oligomerization of
D8 allows VACV to adhere to multiple CS variants, including CS-C
and potentially CS-A, thus improving overall binding efficiency to
CS-E (Matho et al., 2014). Matho et al. characterized several epitopes
of human D8 antibodies (VACV66, VACV-138, and VACV-304) and
determined the first crystal structures of human antibodies that bind
to D8. The epitopes are located in the CAH domain, which possesses
moderate neutralizing activity in the presence of complement. The
crystal structures of VACV-66, VACV-138, and VACV-304 bound to
the D8 CAH domain have respective resolutions of 2.23, 2.90, and
2.90 A. VACV-138 and VACV-304 completely block the binding of D8
to CS-A, whereas VACV-304 only partially blocks binding of D8 to
the high-affinity ligand CS-E, indicating the presence of both a high-
affinity and a low-affinity CS binding region in the D8 gap. VACV-66
laterally binds to D8 far away from the CS-binding gap, explaining
why VACV-66 does not interfere with D8 binding to CS-E (Matho
etal., 2018).

2.5.A13

The theoretical molecular weight of A13 is 8 x 10° Da, but some
studies show that A13 migrates to 1.2 x 10*Da in SDS-PAGE analysis.
A13 is an antigenic molecule recognized by neutralizing antibodies.
Xuetal. (2011) described the mAb 11F7 (IgG2a), which bound to A13
with an affinity of 3.4nM/L and neutralized MVs. The antibody
recognizes the 10-amino acid epitope ISSLYNLVKSS which is highly
conserved among Orthopoxvirus species, including VACV and
monkeypox virus, indicating its potential to exert a wide range of
protective effects. BALB/c mice were injected intraperitoneally with
2 mg of the antibody 24 h before intranasal challenge with VACV WR
virus, and changes in body weight and mortality rate were observed.
After challenged with VACV WR, all mice lost significant body
weight, but mice that received either 11F7 or anti-H3 #41 lost less
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weight on average than mice that received PBS. mice that received
anti-B5 antibody B126 lost less weight on average than mice that
received 11F7. In addition, more mice that received B126 (100%),
11F7 (80%) or anti-H3 (80%) survived the challenge than mice that
received PBS (40%). Anti-A13 antibody had good protective effects,
and the efficacy of anti-A13 antibody alone was similar to that of
anti-H3 antibody #41. The therapeutic effect of the anti-A13 antibody
is evidently weaker than that of the anti-B5 antibody B126 (IgG2a)
(Benhnia et al., 2009) administered orally. Mice administered B126
alone and in combination with anti-A13 survived and maintained
body weight, and body weight in the combined group was greater than
that in the B126 alone group.

2.6. H3

H3 is the envelope protein of MV and has a relative molecular
mass of 3.5% 10*Da. The gene encoding H3 is a late gene in the MV
virus, and its sequence is highly conserved among members of the
poxvirus family. H3 can bind to heparan sulfate on the cell surface,
which is related to the adsorption of MV to cells. Lin et al. (2000)
constructed an H3-deficient virus that had a smaller plaque size, a
virulence one tenth that of the wild-type virus, and a modified
morphology. Notably however, H3 is not involved in cell fusion. In a
mouse model involving intranasal virus inoculation, mice inoculated
with wild-type virus had higher mortality and greater weight loss than
mice infected with the H3-deficient virus, which exhibited a higher
survival rate and faster recovery. These observations indicated that the
H3 protein is related to virus infection, and that the toxicity of
H3-deficient virus in vivo is reduced. The H3 protein evidently also
plays a role in the assembly of virus particles. Davies et al. (2005)
reported that H3-specific antibodies are detectable in most people
vaccinated with the Dryvax vaccine, especially after a second
vaccination. Anti-H3 polyclonal antibody purified from human serum
was able to reduce plaque formation by 50% at a dose of 44 pg/
mL. After mice were immunized with Dryvax, anti-H3 antibodies
were detected in serum via protein microarray technology. Mice
further immunized with H3 had serum neutralizing activity higher
than that obtained with the VVyyson vaccine strain (anti-H3
antiserum had a functional titer of 1:3760, whereas anti-vaccine
antiserum had a functional titer of 1:172). Moreover, immunized mice
resisted challenges with intranasally administered VACV WR as high
as 5 x LDs. In passive transfer experiments using anti-H3 antiserum
some mice were able to resist a challenge with 3 x LD5, VACV WR
(survival rates were 5/10 in the antiserum group and 0/10 in the
control group, p <0.05).

2.7. A27

A27 is another MV membrane protein that can bind
glycosaminoglycans on the cell surface and mediate the fusion of virus
and cell. The A27 protein is a trimer containing two parallel a-helices
and one antiparallel a-helix (Wang et al., 2014). The structure of A27
is similar to that of influenza hemagglutinin or HIV gp41, except A27
has no membrane-anchoring sequence. Instead it has a domain that
interacts with the A17 protein, thus Al7 is considered to be a
membrane-anchoring helper for A27. The C-terminus of A27 interacts
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specifically with the N-terminus of A17 via a parallel, cooperative
binding mechanism at the F1 and F2 binding sites. Thr88-Lys99 of
A27 interacts with Ser32-Lys36 of A17 at the FI binding site, and
Phe80-Glu87 of A27 binds to Leu20-GIn29 of A17 at the F2 binding
site (Wang et al., 2014). A27 and A26 form a stable complex, and this
helps A17 to bind to the surface of MV particles (Howard et al., 2008).

He et al. (2007) tested the neutralizing titer of anti-A27 antibodies
in antiserum after Dryvax vaccination. Antibodies binding to
recombinant A27 protein were detected in the antiserum, but
neutralizing capacity was not significantly weakened after removal of
A27 antibodies. Antibodies against recombinant A27 protein were
used in passive transfer experiments, and they enhanced the
neutralizing capacity of VIG, indicating that A27 is a neutralizing
epitope. A27 is not the main epitope recognized by VIG however, at
least in Dryvax vaccine antiserum. Fogg et al. (2008) reported that the
antibodies produced by A27-immunized and L1-immunized mice
were comparable. In an intranasal virus mouse model however, the
anti-A27 antibody was less effective than the anti-L1 antibody. In
addition, the ability of mice immunized with both L1 and A33 to resist
virus infection was worse than that of animals immunized with A27
and A33. In cytological experiments rabbit anti-L1 polyclonal
antibody had a comparable neutralizing effect to anti-A27 polyclonal
antibody in both human and mouse cell lines, and in
glycosaminoglycan-deficient cell lines, irrespective of whether the
antibody was given before or after virus adsorption. This suggests that
early identification of neutralizing antibodies is necessary in animal
models, at least for the identification of A27 and L1 antibodies.

Thomas et al. produced and characterized three groups of mAbs.
All group I mAbs (1G6, 12G2, and 8H10) bound to a linear peptide
spanning residues 21-40, located near the glycosaminoglycan binding
site of A27. These mAbs could neutralize MV and resist VACV attack
in a complement-dependent manner. This suggests that the group
I mAbs may interfere with A27 cell adhesion. The crystal structures of
1G6 and the non-neutralizing mAb 8E3 bound to the corresponding
linear epitope-containing peptides indicate that both the light and
heavy chains of the antibody are important for binding to the antigen.
For both antibodies, the L1 loop is important for the overall polar
interaction with the antigen, whereas for 8E3 the light chain was more
important for contact with the antigen. mAbs that bound to the
functional region of antigens (e.g., mAb 1G6) provided greater
protection than those that bound to the distal region (e.g., mAb 8E3)
(Kaever et al., 2016).

2.8. A17

The precursor of A17 has a relative molecular mass of 2.3x 10*Da
and contains 203 amino acids. It is hydrolyzed by protease at the AA17
site to obtain the A17 protein. A17 has two hydrophobic peptide
segments, thus both its N-terminus and C-terminus were once
thought to be located inside the membrane to act as a membrane-
anchoring helper of the A27 molecule, not as a membrane protein and
antibody recognition epitope of MV. Wallengren et al. (2001)
identified a series of rabbit polyclonal antibodies against different
segments of A17 via immunoelectron microscopy, immunoblotting,
and neutralization assays in BSC-40 cells. Their investigations
indicated that the polyclonal antibodies against the C-terminus of the
A17 protein had no protective effects, whereas anti-N-terminus and
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anti-A17 protein antibodies had good protective effects. These
observations suggested that the extracellular N-terminus of A17
contained the neutralizing epitopes, whereas the C-terminus was
inside the MV membrane and did not

neutralizing antiserum.

located induce

2.9. A28

The poxvirus cell/membrane complex consists of at least nine
transmembrane proteins (including A28 and H2) that are
conserved among all poxviruses, although the physical structure
and immunogenicity of each component are not well understood.
Nelson et al. (2008) expressed and purified soluble A28 protein in
an insect expression system and generated rabbit anti-A28
polyclonal antibody. This antibody neutralized VACV and
prevented it from entering cells. In an in vivo intranasal
inoculation mouse model the virus caused significant weight loss
that was inhibited by administration of the polyclonal antibody.
Its neutralizing effects were similar to those exerted against
VACYV; however, the anti-H2 polyclonal antibody had no
neutralizing effects. ELISA results derived from peptides of 20
amino acids in length designed based on A28 indicated that the
polyclonal antibody is recognized mainly at the C-terminal amino
acids, encompassing approximately one third of the total length.
Antibodies binding to each peptide were obtained by affinity
purification, and the antibody recognizing residues 73-92 of A28
had the best neutralizing activity (ECs, was 0.11 pg/mL); which
was better than that of the original polyclonal antibody. The
activity of other antibodies was similar to or worse than that of
the polyclonal antibody, indicating that the sequence is key to
epitope recognition. Shinoda et al. (2010) investigated the effects
interaction between A28 and H2 on the production of anti-A28
neutralizing antibodies. Higher titers of antibodies were obtained
with simultaneous immunization of A28 and H2 genes, and
neutralizing activity in vitro and in vivo was stronger than that
obtained via a single immunization with either A28 or H2, or even
anti-A28 antiserum mixed with anti-H2 antiserum. This suggests
that on the virus surface, interaction between H2 and A28 can
stabilize the conformation of A28. Thus the epitope recognized by
the anti-A28 antibody is mainly located at the C-terminal of A28,
consistent with Nelson’s above-described study.

3. Multivalent antibodies and
recombinant polyclonal antibodies

The body produces billions of antibodies against different antigens
and different antigenic epitopes of the same antigen. Isolated
antiserum has a good curative effect that is typically better than some
mAbs, particularly when the antigenic epitopes are mutated.
Antiserum also has obvious shortcomings however, including
heterogeneity of animal origin, low safety, low proportions of effective
antibodies, limited supply, and poor batch-to-batch consistency.
Antisera contain multiple neutralizing antibody components (Bell
et al., 2004; Goldsmith et al., 2004; Davies et al., 2005, 2007; He et al.,
2007; Benhnia et al., 2008). In vaccine studies immunization with
subunit vaccines of A27/L1 (MV particles) and B5/A33 (EV particles)

Frontiers in Microbiology

10.3389/fmicb.2023.1255935

can protect mice and rhesus monkeys from poxvirus challenge
(Hooper et al., 2003, 2004; Sakhatskyy et al., 2006). A33, B5, and L1
fusion proteins can also protect mice from lethal doses of virus
infection (Fogg et al., 2004). Therefore, to obtain a similar or better
therapeutic effect than that derived from antiserum, it is best to
combine two or more antibodies targeting both EV and MV proteins.
Two human monoclonal antibodies obtained from transgenic mice,
hV26 and h101, recognized the H3 protein of MV and the B5 protein
of EV, respectively (McCausland et al., 2010). A dose of 20 ug hV26
was as effective as 1.25 mg antiserum in the treatment of SCID mice.
The efficacy of 50 pgh101 was similar to that of 1.25 mg antiserum,
and the lowest dose of 25 pg antibody was superior to 1.25mg VIG in
terms of body weight loss and clinical score. In an in vivo evaluation
of antibody combinations 50% of mice were protected by 50 ug mAb,
30% of mice were protected by 25 pg mAb, and all mice died in the
control group and the 1.25 mg antiserum group.

With the development of human antibody library and site-specific
integration technology, it is possible to generate recombinant
polyclonal antibodies with all the advantages of antiserum and mAbs.
Moreover, recombinant polyclonal antibodies have the advantage of
batch-to-batch stability, making them the best choice for treating
complex infectious diseases and cancers (Haurum and Bregenholt,
2005). The company Symphogen (Lyngby, Denmark) is currently
working on recombinant polyclonal antibody drugs. The first fully
human recombinant polyclonal antibody formulation, Sym001 against
RhD, is composed of 25 antibodies. A phase II clinical trial was done
in 2012 in which Sym001 was used for the treatment of hemolytic
diseases in newborns, and congenital thrombocytopenic purpura.
Several other recombinant polyclonal antibody drugs are in various
stages of development. These include the anti-VACV recombinant
polyclonal antibody formulation Sym002 (Haurum, 2006), anti-RSV
Sym003, anti-Pseudomonas aeruginosa Sym006, Sym008, and Sym009
(all against infectious diseases with undisclosed targets), anti-EGFR
Symo004 for tumor treatment (of which a phase II clinical trial is soon
to commence), and the anti-Her family member Symo013.

4. Conclusion

Smallpox is a severe infectious disease caused by the variola virus.
Traditional vaccinations should usually be injected before exposure to
viruses, and sometimes the vaccines might have unpredictable side
effects. Human-sourced antiserum supply is limited, and its anti-viral
efficacy is insufficient because of the low proportion of effective
antibodies (Hopkins and Lane, 2004; Wittek, 2006). Thus, the
development of anti-smallpox antibodies is worthwhile. To date the
development of mAbs against smallpox has yielded numerous drug
candidates with good efficacy in vivo and in vitro, and notably
antibody cocktails targeting multiple epitopes have proven more
effective than monoclonal antibodies alone. Given epitope escape
caused by virus mutation, the development of multivalent antibody
drugs capable of recognizing multiple epitopes will be beneficial for
treating viral infections. The neutralizing epitopes of vaccinia virus
reviewed herein could be used as candidate fragments for epitope
combinations. Moreover, we suggest that epitope combinations should
include both EV and MV proteins, such as those targeted by anti-B5
and anti-L1 antibodies, to better block the transmission of the virus
between and within individuals. With continued research, new
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neutralizing epitopes may be discovered. The study of epitopes, their
associated mechanisms and antigenicity, and their application has
important practical significance with respect to preparing for potential
bioterrorism involving the smallpox virus, and with regard to
preventing and treating similar infectious pathogens such as severe
acute respiratory syndrome viruses, HIN1 and H5N1 influenza
strains, and West Nile virus.
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Human cytomegalovirus (HCMV) is one of the main causes of serious
complications in immunocompromised patients and after congenital infection.
There are currently drugs available to treat HCMV infection, targeting viral
polymerase, whose use is complicated by toxicity and the emergence of
resistance. Maribavir and letermovir are the latest antivirals to have been
developed with other targets. The approval of letermovir represents an important
innovation for CMV prevention in hematopoietic stem cell transplant recipients,
whereas maribavir allowed improving the management of refractory or resistant
infections in transplant recipients. However, in case of multidrug resistance or for
the prevention and treatment of congenital CMV infection, finding new antivirals
or molecules able to inhibit CMV replication with the lowest toxicity remains a
critical need. This review presents a range of molecules known to be effective
against HCMV. Molecules with a direct action against HCMV include brincidofovir,
cyclopropavir and anti-terminase benzimidazole analogs. Artemisinin derivatives,
quercetin and baicalein, and anti-cyclooxygenase-2 are derived from natural
molecules and are generally used for different indications. Although they have
demonstrated indirect anti-CMV activity, few clinical studies were performed
with these compounds. Immunomodulating molecules such as leflunomide and
everolimus have also demonstrated indirect antiviral activity against HCMV and
could be an interesting complement to antiviral therapy. The efficacy of anti-CMV
immunoglobulins are discussed in CMV congenital infection and in association
with direct antiviral therapy in heart transplanted patients. All molecules are
described, with their mode of action against HCMV, preclinical tests, clinical
studies and possible resistance. All these molecules have shown anti-HCMV
potential as monotherapy or in combination with others. These new approaches
could be interesting to validate in clinical trials.

KEYWORDS

cytomegalovirus, letermovir, maribavir, direct antivirals, indirect antivirals,
immunomodulatory molecules, immunoglobulins

1 Introduction

Human cytomegalovirus (CMV) is an opportunistic pathogen in the immunocompromised
host. Not only in transplant recipients, but also in AIDS patients or highly immunocompromised
patients with congenital immunodeficiency or immunosuppressive biotherapies. Such infections
can lead to graft rejection and organ damages (Kotton et al., 2018; Ljungman et al., 2019). Due
to the use of preventive strategies, either preemptive treatment or prophylaxis, CMV disease
frequency has decreased. But in solid organ recipients, late disease may occur in up to 18% of
patients after stopping prophylaxis (Kotton et al., 2018). In stem cell recipients, it decreased from
10-40% to 2-3% in randomized trials but 5-10% in real life cohorts despite efficient preemptive
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treatment (Ljungman et al., 2019). Currently, available antivirals are
limited to virostatic polymerase inhibitors (ganciclovir, its oral
prodrug valganciclovir, cidofovir and foscarnet). Neutropenia limits
efficacy of ganciclovir or valganciclovir and this hematological toxicity
prevents its use as a prophylaxis in the stem cell recipients. Cidofovir
and foscarnet are highly nephrotoxic and restricted to second line
treatment. The second limitation of these molecules is the emergence
of resistance, favored by prolonged treatments in highly
immunocompromised hosts, and use of lower doses due to renal
impairment (Razonable et al., 2019).

Congenital CMV infection (cCMV) is also a leading cause of
hearing loss and neurological sequelae in children. During pregnancy,
the prevalence of primary CMV infection ranges from 1 to 2% in the
United States and Western Europe (Hyde et al., 2010; Leruez-Ville
et al., 2020), with an average cCMV birth prevalence of 0.65%
(Kenneson and Cannon, 2007). If the primary maternal infection
occurs during pregnancy, especially during the first trimester, more
severe sequelae, including complete hearing loss, are to be feared. The
risk of maternal transmission occurs in 30-40% of case with CMV
primary infection. Thus, during the first trimester of pregnancy;, it is
essential to prevent viral transmission to the fetus to avoid neurological
disability in newborns (Ornoy and Diav-Citrin, 2006; Ross et al., 2006;
Chatzakis et al., 2020). Among infected neonates, 12.7% will have
symptoms at birth and 40 to 58% develop permanent sequelae. As a
whole, long-term sequelae from sensorineural hearing loss to
neurodevelopmental disabilities may occur in 17 to 19% of infected
newborns, 51 to 57% of them following maternal primary infection
(Dollard et al., 2007; Leruez-Ville and Ville, 2020). Ganciclovir (GCV)
and its prodrug valganciclovir (VGCV), foscarnet (FOS) and cidofovir
(CDV), are proscribed during pregnancy, due to their toxicity (e.g.,
neutropenia, nephrotoxicity). Although a randomized study has
demonstrated the efficacy of a high dose (8 g per day) of valaciclovir
(VACV), a prodrug of acyclovir, in preventing transmission, only 50%
of periconceptional or 1st trimester primary infection transmissions
were avoided, and more efficient anti-CMV drugs are thus needed
(Shahar-Nissan et al., 2020). Treatment of symptomatic newborns for
6 weeks GCV or 6 months with VGCV was shown to improve hearing
skills, and is now recommended, although 49 to 63% of the treated
neonates developed grade 3 or 4 neutropenia with treatment
(Kimberlin et al., 2015).

The burden of long-term therapies for immunocompromised
patients, and the emergence of new resistance mechanisms (Chou,
2020), the unmet need for low toxic treatments to prevent or cure
cCMYV, make it essential to find new antiviral targets and to develop
new therapies, in order to treat CMV infections more efficiently while
reducing side effects.

Recently, two antiviral drugs with new targets, high specificity
and low toxicity, reached clinical development: letermovir targets the
highly virus-specific terminase complex (UL56, UL98 and UL51) and
maribavir inhibits the UL97 viral kinase. Letermovir (LMV) was
approved in 2017 by the Food and Drug Administration (FDA) for
the prophylaxis of CMV infection in hematopoietic stem cell
transplant patients with high risk of CMV infections (Marty et al.,
2017). This new antiviral inhibits the terminase complex, a viral
component not found in human cells, thereby reducing its toxicity.
Similarly, maribavir (MBV) was approved in 2021 for the treatment
of adults and children presenting post-transplant CMV infections
refractory or resistant to antivirals (Food and Drug Administration,
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2021). It targets the viral kinase UL97 (Biron et al., 2002). Both LMV
and MBV have a high oral bioavailability and a low toxicity profile.
Nevertheless, resistance mutations have already been described with
these new antivirals, making it crucial to continue to develop
new therapies.

This is why it is necessary to find new molecules with an
anti-CMV spectrum. In this context, this review summarizes the panel
of molecules with antiviral activity, including direct inhibitors
(brincidofovir, cyclopropavir, anti-terminase benzimidazole analogs),
molecules acting through cellular pathways inhibition (artemisinin
derivatives, flavonoids, leflunomide, everolimus, or anti Cox) and
immunoglobulins (Figures 1, 2 and Table 1).

2 Newly approved antivirals target the
late stage of the viral cycle

2.1 Letermovir

Letermovir (LMV; AIC246; Prevymis™; Figure 2), an antiviral of
the quinazoline class, was developed by Aicuris and further marketed
by Merck. LMV acts at the late stage of the viral cycle by direct
inhibition of the human CMV terminase complex (Goldner et al.,
2011). This viral terminase complex has no functional equivalent in
the mammalian cells and the drug is therefore highly specific.

It appears to be very specific of CMV, and has a high activity
against resistant strains to DNA polymerase inhibitors (Lischka et al.,
2010). In 2017, LMV has been approved by the FDA for CMV
prophylaxis in stem cell transplant patients seropositive for CMV
(Marty et al., 2017).

2.1.1 Mechanism of action

LMYV targets pUL56, the large subunit of the CMV terminase
complex that cleaves DNA prior to encapsidation of the genome in
neoformed capsids. In addition, it has high specificity against CMV,
even if other herpesviruses also possess a terminase complex. This
could possibly be explained by a particular mode of action, as LMV
probably disrupts the interaction between the subunits of the
terminase complex: pUL56, pUL89 and pUL51 unlike other
antivirals, which often act by blocking functional domains. LMV
has been shown to inhibit primarily the viral step of genome
encapsidation (Lischka et al., 2010). Moreover, it was demonstrated
that LMV prevents cleavage of concatemeric DNA into units of
genomes and formation of CMV mature virions (Goldner
etal., 2011).

2.1.2 Preclinical studies

Preclinical studies showed its very high antiviral activity (range:
1.6-5.1 nM; 1,000-fold more potent than GCV) against clinical and
laboratory strains included refractory-resistant isolates to current
drugs (Marschall et al., 2012) with low toxicity levels at high doses
over the ECy. LMV has a high specificity to HCMV and is well
tolerated in various cell types with a mean selectivity index of 18,000.
LMYV has in vivo efficacy in a mouse xenograft model (Lischka et al.,
2010) and shows an anti-CMV activity in histoculture of third
trimester placenta (Hamilton et al., 2020). It reached concentrations
above EC;, at the fetal face when perfused across a third trimester
placenta (Faure Bardon et al., 2020). However, its efficacy during the
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FIGURE 1

Antiviral targets in relication cycle of CMV. @ Virus attaches to cell. @ Entry of virus into cell and release of capsid into cytoplasm. ® Migration of capsid
to cell nucleus. @ Release of viral genome from capsid through nuclear pore. ® Replication of viral DNA by the rolling circle method using the viral
polymerase pUL54. ® Encapsidation of the genome into neoformed capsids via the encapsidation complex. @ Nuclear exit. ® Release of newly formed
virions into cell cytoplasm. ® Tegumentation of newly formed virions. @ Passage of virions through Golgi apparatus. @ Acquisition of a primary
envelope and transport of virions in a vesicle to the extracellular medium. 12) Budding, release of infectious virus particles and infection of a new cell.
Indirect antivirals, direct antivirals and antivirals targeting the viral polymerase are in blue, green and pink, respectively. Created with BioRender.com
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first trimester is not yet validated. Drug combination assays showed
additive effect and no synergistic toxicity with current CMV drugs
and no effect with anti-HIV drugs (Wildum et al., 2015).

2.1.3 Clinical studies

LMV is a highly lipophilic molecule with a C,,,, of between 45 min
and 2.25h and a half-life of 12 h. After administration, LMV is highly
protein-bound and eliminated via the biliary tract. The efficacy, safety
and pharmacokinetic parameters of oral LMV were studied in a Phase
ITa trial: LMV 40 mg twice daily or 80 mg once daily was administered
to patients for 14 days as a preventive treatment against CMV infection
in kidney and kidney/pancreas transplant recipients (Stoelben et al.,
2014). This study demonstrated that all patients responded to LMV
treatment. Chemaly et al. conducted a Phase IIb variable-dose
prophylaxis trial in 2014: LMV was administered daily orally at 60 mg,
120 mg or 240 mg for 12 weeks post-transplant in CMV-seropositive
allogeneic hematopoietic cell recipients. The incidence of prophylaxis
failure (with or without virological failure) was significantly lower in
the LMV-treated groups than in the placebo group (32% for the
120mg group, 29% for the 240 mg group vs. 64%). The incidence of
virological failure was lower in the 240 mg group (6%) than in the
placebo group (36%). This study demonstrated that LMV was well
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tolerated and that a dose of 240mg once daily was effective in
suppressing viremia (Chemaly et al., 2014).

The Phase IIT prophylaxis trial (NCT02137772) evaluated the
efficacy of a daily oral or intravenous dose of LMV of 480 mg/day (or
240mg/day in patients taking ciclosporin) for 14weeks after
transplantation. A significant reduction in the number of patients
developing CMV infection was observed. Indeed, at week 24, 38% of
patients in the LMV group developed an HCMYV infection versus 61%
in the placebo group. In addition, the mortality rate was higher in the
placebo group (16%) compared to the LMV group (10%). This study
confirms the efficacy of LMV in the prophylaxis of CMV infection
after HSCT in R+ patients (Marty et al., 2017). Used as primary and
secondary prophylaxis in the French Compassionate Use Program
(CUP) for high-risk patients, it was well tolerated and reduced the
number of CMV infections compared with historical studies (Robin
et al., 2020; Beauvais et al., 2022).

LMV has also been tested in case-series for prophylaxis or
treatment in organ transplanted patients. It had good virologic
outcomes and was well tolerated in patient with few side effects (Aryal
etal, 2019; Veit et al., 2020; Linder et al., 2021). Recently, a large study
conducted in 94 centers with kidney recipients showed that LMV was
non-inferior to valganciclovir for prophylaxis of CMV disease for
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Molecule structures. Structures of chemical molecules with their corresponding order in the review. All molecules are classified as approved antivirals,
molecules with direct antiviral activity or molecules with indirect antiviral activity.

52 weeks, with lower rates of leukopenia or neutropenia, arguing in
favor of its use in this indication (Limaye et al., 2023).

2.1.4 Resistance

In less than 5 passages, the selection of resistant strains is rapidly
achieved in vitro with UL56 mutations conferring high or absolute
LMYV resistance (Chou, 2017). In vitro studies have also revealed
mutations in the genes encoding pUL51 and pUL89. In clinical trials,
the first resistant isolate appeared after a sub-optimal dose of 60 mg/
day (Chemaly et al., 2014; Lischka et al., 2016). Resistant mutants can
emerge rapidly under LMV if treatment is interrupted or underdosed
(Alain et al.,, 2020). pUL56 is the main target of LMV, which explains
why mutations occur more frequently in this protein than in other
proteins of the terminize complex (Cherrier et al., 2018; Frietsch et al.,
2019; Alain et al., 2020). A new resistance mutation A95V in pUL51
was also described in vivo after LMV treatment in combination with
a L2571 mutation in pUL56 (Muller et al., 2022; Figure 3).

2.2 Maribavir

Maribavir (MBV; 1,263W94; LIVTENCITY™) [formerly
1,263 W94, 5,6-dichloro-2-(isopropylamino)-1,3-I-ribofuranosyl-1-
H-benzimidazole] (Figure 2) is an oral bioavailable benzimidazole
riboside initially developed by Glaxo Smith Kline (Biron et al., 2002),
then Viropharma, now marketed by Takeda Pharmaceuticals/a Shire
company for treatment of refractory or resistant CMV infections. In
November 2021, the FDA approved MBV for 400mg twice a
day-treatment of adults and children (12years of age or older,
weight > 35kg) with post-transplant CMV infection/illness refractory/
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resistant to GCV, VGCV, CDV and FOS (Food and Drug
Administration, 2021; Halpern-Cohen and Blumberg, 2022). In 2022,
the European Commission approved MBV in the same indications.

2.2.1 Mechanism of action

Maribavir does not require activation or intracellular processing.
Unlike other anti-CMV drugs, MBV targets the viral kinase UL97 and
its natural substrates, which are involved in the DNA replication and
viral capsid nuclear egress (Biron et al., 2002; Hamirally et al., 2009;
Prichard, 2009). This mechanism of action confers MBV an in vitro
and in vivo activity against GCV, FOS and CDV resistant CMV strains
(Biron et al., 2002; Drew et al., 2006). The combination of MBV and
GCV is therefore not recommended, as GCV activation requires three
phosphorylation, the first of which being mediated by pUL97. Indeed,
MBYV antagonizes anti-CMV effect of GCV by increasing the 50%
inhibitory concentration (IC50) of a GCV-sensitive strain by 13 fold
(Chou and Marousek, 2006).

MBYV competitively inhibits pUL97 (Biron et al., 2002) and blocks
the phosphorylation of several downstream proteins including cellular
components and the viral proteins pp65 and pUL44 the DNA
polymerase accessory protein (Prichard, 2009). Like Cdc2/Cyclin-
dependent kinase 1 (CDK1) in CMV-uninfected cells, the viral kinase
pUL97 phosphorylates nuclear lamina components (lamin A/C),
facilitating the removal of mature virions from the nucleus.
Consequently, MBV treatment results in the accumulation of
immature virions in the nucleus (Hamirally et al., 2009). It also
inhibits CMV DNA replication through pUL44 inhibition. In vitro
drug combination assays showed additive effect with foscarnet, and
synergy with artesunate (Morére et al., 2015). Additive effect was also
observed with cidofovir or letermovir (quinazoline), while association
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TABLE 1 Summary of molecules and their main characteristics.

Molecule Preclinical testing Clinical trials Selectivity index
(EC50/CC50)
In vitro Ex vivo Animal model  Phase | Phase I Phase Il
Chemaly et al. (2014),
Lischka et al. (2010)
Mouse xenograft Stoelben et al. (2014), | NCT02137772 (Marty | 0.0038 +£0.0009 uM 0.0051+0.0014 pM >18,000 (median SI) (Lischka
Letermovir and Marschall etal. | -
(2012) (Lischka et al., 2010) and Lischka et al. etal., 2017) (Lischka et al., 2010) (Lischka et al., 2010) etal., 2010)
1
(2016)
Papanicolaou et al. 0.54+0.06 pM (Biron
Lu and Thomas Mouse, rats, monkeys, Wang et al. (2003),
(2019), Maertens NCT02931539 (Avery | et al., 2002)
Maribavir (2000) and Chou - guinea pig, rabbit, dog Swan et al. (2007), and 13 (Williams et al., 2003)
etal. (2020), and Song | et al., 2021) 19.4+18.6 (Williams et al.,
etal. (2012a) (Koszalka et al., 2002) Winston et al. (2008)
etal. (2023) 2003)
Guinea pig Bravo et al., 0.0009 pM (Beadle et al.,
NCT00942305 (Marty
2011 2002)
etal, 2013) NCT01769170 (Marty
Brincidofovir Beadle et al. (2002) - Monkeys, mice, rabbits, | Painter et al. (2012) 0.001+0.001 pM - 1 x 10° (Beadle et al., 2002)
NCT00942305 etal., 2019)
rats, cynomolgous (Williams-Aziz et al.,
(Lanier et al., 2016)
monkeys 2005)
Kern et al. (2004a),
SCID mice (Bidanset
Komazin-Meredith
etal., 2004; Kern et al., (NTC01433835) 1.2+0.8pM
etal. (2014), Zhou
2004a) (Brooks et al., 2015) (Kern et al., 2005)
Cyclopropavir etal. (2004), Kern - - - - 1x10° (Beadle et al., 2002)
dog, rat (NCT02454699) 0.27-0.49 pM (Zhou et al.,
etal. (2005), and
(Brooks and Bowlin, (Rouphael et al., 2019) 2004)
Brooks and Bowlin
2013)
(2013)
Flavonoids: Polansky et al. (2016)
4.8+1.2 (Cotin et al., 1.3 (Cotin et al.,
Quercetin Cotin et al. (2012) - - and Polansky et al. - - -
2012) 2012)
Baicalein (2018)
Rats, mouse
(Lai et al., 2003; Dou Lietal. (2014) and Li 2.2+0.5 (Cotin et al., 3 (Cotin et al,,
Cotin et al. (2012) - - - -
etal,, 2011; Tian et al., etal. (2021) 2012) 2012)
2012)
Cotin et al. (2012),
Andouard et al.
Baryawno etal. | Mice (Baryawno et al., 8,6-22,1+3,6-10,1 M 3-10 (Andouard
Anti-COX-2 (2021), and R
(2011) 2011) (Andouard et al., 2021) etal., 2021)
Baryawno et al.
(2011)
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TABLE 1 (Continued)

Molecule Preclinical testing Clinical trials Selectivity index
(EC50/CC50)
In vitro Ex vivo Animal model Phase I Phase I
Artemisinin derivatives: 18.5+5.2uM (Arav-Boger
mice, rats and dogs
Artesunate Shapira et al. (2008) and et al., 2010) 4+2 (Arav-Boger
Hutterer et al. (2015) | - (Efferth et al., 2002; - -
TF27 Germi et al. (2014) 3.9+0.6 M (Hutterer etal., 2010)
Kaptein et al., 2006)
etal., 2015)
0.04£0.01 pM (Reiter
Placental vili immunodefective mouse
etal., 2015) 0.08+0.03 uM (Hutterer
Hutterer et al. (2015) | (Jacquet et al., strain Rag—/— (Sonntag | - - - -
0.04+0.01 pM (Hutterer etal, 2015)
2020) etal., 2019)
etal., 2015)
Benzimidazole analogs: 0.7pM (Townsend et al.,
BDCRB 1995)
TRCB Guinea pig (Nixon and 0.31%0.06 (Biron et al.,
Tomeglovir Townsend et al. McVoy, 2004; Kern et al., 2002) 0.9+0.2 (Evers et al.,
- - - - 425 (Williams et al., 2003)
(1995) 2004a; Ourahmane et al., 2.7+0.8 (Evers et al., 2002)
2018) 2002)
0.4+0.3 pM (Williams
etal., 2003)
1.4 (Migawa et al., 1998)
Townsend et al. 1.4pM (Townsend et al.,
_ - - - 2.9pM (Townsend et al., -
(1995) 1995)
1995)
Evers et al. (2002), Guinea pigs (Schleiss
Reefschlaeger et al. etal., 2005)
0.52+0.14pM
(2001), and - SCID mice - - - 300 (Reefschlaeger et al., 2001)
(Reefschlaeger et al., 2001)
McSharry et al. (Reefschlaeger et al.,
(2001) 2001; Weber et al., 2001)
Nude rats (Waldman
Waldman et al. etal, 1999a) Williams et al. (2002) 40-60 pM (Waldman et al,,
Leflunomide - - - - -
(1999a) Nude rats allograft and John et al. (2005) 1999a)
(Chong et al., 2006)
Everolimus
Coste Mazeau et al. Guinea pig (Bia et al,,
(2022), Germer et al. 1980; Bratcher et al.,
Placental vili NCT00881517
(2016), Miescher 1995; Chatterjee et al., NCT01376778 0.024 uM (Coste Mazeau
Immunoglobulins (Coste Mazeau Alsuliman et al. (2018) | (Revello et al., 2014; - -
etal. (2015), and 2001; Schleiss, 2008) (Hughes et al., 2021) | etal., 2022)
etal., 2022) Chiaie et al., 2018)
Schampera et al. Mouse (Cekinovic et al.,
(2017) 2008)
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Resistance mutations to letermovir in UL56, UL89 and UL51 genes. LMV resistance mutations according to EC50 values. Mutations are referenced on
genes under the map of conserved and variable regions. Scaled representation.

with BDCRB, a benzimidazole inhibitor of the terminase, or with
sirolimus, a mTor inhibitor, was synergistic (Chou et al., 2019).

2.2.2 Preclinical studies

In vitro, MBV has selective activity against CMV. Its activity has
been demonstrated against Epstein-Barr virus (EBV), however it is
not active against herpes simplex virus, varicella-zoster virus (VZV)
or human herpesviruses 6 and 8 (HHV-6 and HHV-8)
(Prichard, 2009).

Preclinical studies showed that MBV has a better oral
bioavailability, a better safety profile and a lower toxicity for host cells
than current drugs (GCV, FOS and CDV) with theoretical benefits for
the viral inhibition and cross-resistances appearing (Lu and Thomas,
2000; Koszalka et al., 2002; Chou et al., 2012a). MBV also reached
concentrations above ECs at the fetal face when perfused across a
third trimester placenta (Faure Bardon et al., 2020). In addition, it
inhibits CMV replication in first trimester placental villi models in
histoculture, with the same ECs, as in vitro (Morére et al., 2015).

In animal models, the oral bioavailability of MBV is 90% in rats
and 50% in monkeys. MBV is excreted via the biliary route and, to a
lesser extent, via the metabolic and renal pathways. The minimum
effect dose in rats was 100 mg/kg/day and the no-effect dose in
monkeys was 180mg/kg/day (Wang et al., 2003). It was initially
distributed in the gastrointestinal tract of rats, but did not cross the
blood-brain barrier. This study showed favorable results for MBV’s
safety profile (Koszalka et al., 2002). In addition, Kern et al. (2004a)
demonstrated that oral MBV significantly reduced HCMV replication
at concentrations of 75 mg/kg twice daily in SCID-humanized mice
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with human fetal retinal tissue implants or thymus/liver implants.
However, MBV was more effective in treating thymus/liver infection,
as it was shown to be poorly absorbed by ocular tissues.

2.2.3 Clinical studies

Several Phase I clinical trials have been conducted with MBV to
evaluate its safety, pharmacokinetics and efficacy against CMV
infection. In fact, two Phase I clinical trials with escalating single doses
of MBV (50mg to 1,600 mg) were conducted in healthy and human
immunodeficiency virus (HIV)-infected patients. 30-40% of an oral
dose of MBV was absorbed, and C,,, was reached 1-3h after
administration (Wang et al., 2003). MBV was rapidly eliminated. At
the 400 mg dose, no statistical difference was observed whatever the
renal functions of patients (Wang et al., 2003; Swan et al., 2007). The
main side effect of MBV is dysgeusia. A Phase I study with multiple
oral doses of MBV was carried out to evaluate its antiviral activity.
MBYV was administered orally at doses of 100 mg twice daily, 400 mg
once daily or 400mg twice daily to CMV-seropositive HSCT
recipients. One hundred days after transplantation, pp65 antigenemia
was lower in all groups than in the placebo group (15, 19, 15% vs. 39%
respectively). In addition, pharmacokinetic analysis of the 400 mg
twice-daily dose showed higher C,,; and area under the curve (AUC)
values than the 100 mg twice-daily dose, but with no improvement in
antiviral activity and more side effects (Winston et al., 2008).

At low doses, MBV failed to meet the primary endpoints of the
initial Phase III study for prophylaxis in hematopoietic stem cell
allograft and liver transplant recipients. However, in a Phase II dose-
ranging clinical trial, MBV >400mg twice was active against
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refractory or resistant CMV infections in transplant recipients
(Papanicolaou et al., 2019). This dosing also showed similar efficacy
to those of valganciclovir in pre-emptive treatment of solid organ
transplant and HSCT recipients (Maertens et al., 2020). MBV is
mainly metabolized in the liver, and moderate hepatic impairment
increased total MBV concentrations. This suggests that dose
adjustment of MBV may not be necessary for individuals with mild to
moderate hepatic impairment (Song et al., 2023).

A randomized Phase III trial, the Solstice study (NCT02931539),
demonstrated the efficacy of MBV in SOT and HSCT patients with
refractory CMV infections with or without resistance. The study was
conducted on 352 patients (235 patients receiving MBV 400 mg twice
daily versus 117 patients receiving investigator-assigned therapy
(IAT): GCV, VGCV, FOS or CDV) for 8weeks with a 12-week
follow-up. Endpoints were CMV disappearance at the end of week 8
and MBV disappearance and symptom control at the end of week 8,
maintained until week 16. Significantly, more patients in the MBV
group achieved the primary endpoint (55.7% vs. 23.9%; p<0.001) and
the secondary endpoint (18.7% vs. 10.3%; p<0.01). Side effects were
less frequent in the MBV group than in the IAT group. Acute kidney
injury was more frequent in patients treated with FOS (21.3% vs.
8.5%), and neutropenia was more frequent in patients treated with
GCV/GCV (9.4% vs. 33.9%). In the MBV group, 13.2% of patients
discontinued treatment due to drug-related adverse events, compared
with 31.9% in the IAT group (Avery et al., 2021).

2.2.4 Resistance

Although MBV is a newly approved antiviral, resistance mutations
(Figure 4) have already been found in viral genes UL97 and UL27.
Indeed, some pUL97 mutations (V353A, L397R, L337M, T409M,
H411L, H411N, H411Y, F342, C480F) confer moderate to high-level
resistance to MBV, with a 3.5 to 200 fold increase of the EC5, (Chou
et al., 2007, 2019; Chou and Marousek, 2008; Chou, 2020). These
mutations are close to the kinase ATP-binding and catalytic domains
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upstream the GCV resistance mutations (Chou and Marousek, 2008).
Mutations F342Y and C480F are responsible for cross-resistance to
ganciclovir and may be present before MBV treatment (Chou et al.,
2023). In addition, mutations in the UL27 gene confer low resistance
to MBV with a 2- to 3-fold increase in EC50. These mutations (R233S,
W362R, W153R, L193E, A269T, V353E, L426F, E22stop, W362stop,
218delC, and 301-311del) compensate for pUL97 inhibition by
destabilizing Tip60 (histone acetyltransferase), increase p21
expression and inhibit cyclin-dependent cellular kinases (Chou et al.,
2004; Chou, 2009; Kamil and Coen, 2011; Reitsma et al., 2011). In
phase IT and phase III clinical trials, resistance to MBV emerged in 52
and 26% of treated patients, respectively (Papanicolaou et al., 2019;
Chou et al., 2023).

3 New molecules with activity against
CMV

3.1 Direct-acting antivirals

3.1.1 Brincidofovir

Brincidofovir (BCV, CMX001; HDP-CDV) [[(S)-2-(4-amino-2-
0x0-1(2H)-pyrimidinyl)- 1-(hydroxymethyl)ethoxy]methylJmono[3-
(hexadecyloxy)propyl] ester (Figure 2) developed by Chimerix is a
lipid antiviral conjugate (LAC) composed of a lipid [1-0-hexadecyl-
oxypropyl (HDP)] covalently linked to the acyclic nucleotide analog
CDV, enabling the drug to utilize the natural absorption pathways of
lysophosphatidylcholine in the small intestine (i.e., passive diffusion
and flipases; Lanier et al., 2016). Currently, the United-States FDA
approves BCV for treatment of smallpox.

3.1.2 Mechanism of action

BCV was designed to remain intact in plasma and deliver the drug
directly to target cells. It enabled enhanced cellular uptake and high
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intracellular levels of the converted active antiviral agent,
CDV-diphosphate (CDV-PP), increasing antiviral activity against
CMV by 2 to 3 orders of magnitude compared with CDV alone
(Aldern et al., 2003; Williams-Aziz et al., 2005). BCV is cleaved to
release CDV. Then, CDV is converted by intracellular anabolic kinases
to CDV-PP, the active inhibitor of viral DNA synthesis. Unlike CDV,
BCV is not a substrate for the human organic anion transporter 1,
which mechanistically explains the absence of renal toxicity observed
in clinical trials with BCV (Tippin et al., 2016; Figure 5).

3.1.3 Preclinical tests

BCV has been developed for the treatment of infections by
double-stranded DNA viruses. It has broad-spectrum efficacy against
herpesviruses, polyomaviruses, adenoviruses, papillomaviruses and
orthopoxviruses (Beadle et al., 2002; Bidanset et al., 2004; Williams-
Aziz et al,, 2005). BCV is effective against clinical isolates of HCMV
(EC50 of 0.0009 pM against HCMV strain AD169) and HSV, including
isolates resistant to GCV and ACV (Williams-Aziz et al., 2005; James
et al., 2013). In addition, BCV has been shown to be 10 to 100 times
more active than CDV against murine CMV (Kern et al., 2004b).

In vivo tests were carried out on animal models to evaluate its
efficacy in congenital CMV infection. BCV showed antiviral activity
of 0.004 pM £0.001 pM against guinea pig CMV (GPCMYV). At the
end of the second or beginning of the third trimester of gestation,
guinea pigs were infected with GPCMYV. Significant pup survival was

10.3389/fmicb.2023.1321116

observed in the BCV group (93-100% vs. 50-60%; p <0.019). Viral
load was significantly reduced in the spleen and liver of pups after
BCV treatment (p=0.017 and p=0.029 respectively). Although pup
survival was improved with 4mg/kg treatment, virus levels in fetal
tissues were related to those in control tissues. This suggests that BCV
could have been a good candidate for the treatment of congenital
CMYV infections in humans, with high tolerance (Bravo et al., 2011).

3.1.4 Clinical trials

Painter et al. evaluated the pharmacokinetics and safety of BCV
in the first Phase I clinical trial in 2012. This was a randomized,
double-blind, placebo-controlled, parallel-group, dose-escalation trial
in healthy adults. There were no adverse events during the trial. No
significant changes in pharmacokinetic parameters were reported.
Gastrointestinal analyzes showed no BCV-related mucosal changes.
After multiple doses, no accumulation of BCV was observed.
Maximum plasma concentrations of BCV were observed 2 to 3 h after
dosing. This trial showed that BCV was relatively well tolerated and
had a high bioavailability with a dose of approximately 140 mg in
adults (2mg/kg) (Painter et al., 2012).

From 2009 to 2011, Marty et al. (2013) conducted a phase II
clinical trial (NCT00942305) on 230 adult CMV-seropositive
hematopoietic stem cell transplant recipients at 27 centers. Five
sequential study cohorts were planned according to a double-blind
ascending dose schedule (3:1 ratio to receive BCV or matching
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placebo). Drugs were administered for 9 to 11 weeks post-transplant.
The primary endpoint was a CMV-related event, i.e., CMV disease or
a plasma CMV DNA level above 200 copies/ml. In the BCV 100 mg
twice weekly group, the incidence of CMV-related events was
significantly lower than in the placebo group (10% vs. 37%; p=0.002).
The most frequent side effect of treatment was diarrhea in the BCV
200 mg weekly group. There were no reports of myelosuppression or
nephrotoxicity (Marty et al., 2013).

The Phase III clinical trial (NCT01769170) was a randomized,
double-blind, placebo-controlled (2:1) trial for CMV prophylaxis in
452 CMV-seropositive adults with HCT without CMV viremia.
Patients received BCV or placebo until week 14 after HCT. The
primary endpoint was the proportion of patients who developed
clinically significant CMV infection (CS-CMVi: CMV viremia
requiring preemptive treatment or CMV disease) up to week 24 after
HCT. This proportion was similar in both groups (51.2% vs. 52.3%;
p=0.805). Fewer BCV-treated patients developed CMV viremia up to
week 14 than placebo-treated patients (41.6%; p <0.001). BCV resulted
in more frequent adverse events (51.1% vs. 37.6%) such as acute graft-
versus-host disease (32.3% vs. 6.0%) and diarrhea (6.9% vs. 2.7%).
All-cause mortality at week 24 was 15.5 and 10.1% in the BCV and
placebo groups, respectively. In conclusion, BCV did not reduce CMV
viremia at week 24 post-transplant, and was associated with
gastrointestinal toxicities (Marty et al., 2019). BCV is not available to
date for the treatment of CMV infection.

3.1.5 Resistance

Since 2013, CDV resistance mutations in UL54 DNA polymerase
have been shown to confer resistance to BCV. In vitro, increasing
concentrations of BCV over 10months conferred CDV and BCV
resistance on a wild-type strain. Genotyping of the strain revealed a
D542E mutation in pUL54, which was responsible for a more than
10-fold reduction in susceptibility to BCV and CDV in marker-
transfer experiments. This mutation did not confer resistance to GCV
or FOS. A smaller plaque phenotype and slower replication kinetics
than the parent viruses were also demonstrated. This is the first
mutation described under BCV selective pressure. This suggests that
BCV may have a unique resistance profile associated with reduced
viral replication and maintenance of sensitivity to FOS and GCV
(James et al., 2013).

In vitro experiments under BCV pressure selected the N408K and
V812L mutations in CMV DNA polymerase, which were already
known to confer resistance to CDV. In addition, new substitutions in
the exonuclease domain were identified: D413Y, E303D and E303G,
which confer resistance to GCV and CDV, with 6- to 11-fold
resistance to BCV, or 17-fold when E303G is combined with
V812L. This confirmed the expected pattern of cross-resistance
(Chou et al., 2016).

In a clinical study, Lanier et al. investigated CMV genotypes from
a Phase II trial comparing BCV to placebo for prophylaxis of CMV
infections in HCT recipients. Two mutations (M8271 and R1052C)
were reported in pUL54 in a small number of patients, but did not
confer resistance to BCV, CDV, GCV or FOS. This study suggests that
the first-line use of BCV for the prevention of CMV infection may
preserve downstream options for patients (Lanier et al, 2016).
Nevertheless, A987G and F412L mutations in pUL54 have been
reported in other studies using BCV as rescue therapy (Kaul et al.,
2011; Vial et al., 2017). These mutations were known to confer
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resistance to CDV, suggesting that the emergence of resistance could
occur after BCV treatment.

3.2 Metylenecyclopropane analog:
cyclopropavir

Cyclopropavir (CPV, Filociclovir (FCV), ZSM-1-62), (Z)-9-{[2,2-
bis-(hydroxymethyl)cyclopropylidene]methyl}guanine (Figure 2) is a
new analog of methylenecyclopropane (MCPN) (Zhou et al., 2004).
This antiviral showed a good activity against HCMV and murine
CMYV in animal models (Kern et al., 2004b). In addition, CPV proved
highly potent against HCMV (wild-type and GCV-resistant mutants
in pUL97 and pUL54), EBV, both variants of HHV-6, HHV-7 and
HHV-8 (Kern et al., 2005).

3.2.1 Mechanism of action

As with other nucleoside analogs such as GCV; activation of CPV
by tri-phosphorylation is required (Littler et al., 1992). The primary
phosphorylation is performed by the viral kinase pUL97 (HCMV) or
pU69 (HHV-6), whereas the second and third phosphorylations are
made by the guanosine monophosphate kinase (GMPK), thus
resulting in tri-phosphate CPV (CPV-TP) (Kern et al., 2005; Gentry
etal., 2011; Komazin-Meredith et al., 2014). Therefore, the conversion
mechanism of CPV is different from that of GCV; it necessitates a
single cellular enzyme to have CPV-triphosphate (CPV-TP; Figure 6).

CPV inhibits HCMYV replication by a dual mechanism, inhibiting
both pUL54 DNA polymerase and UL97 kinase (James et al., 2011).
Indeed, some mutations on pUL54 confer a resistance to CPV, which
confirms that the viral polymerase is a target of CPV (Chou et al,,
2012b). CPV-TP inhibits pUL54 by competition with dGTP and takes
place as chain terminator that stops the DNA synthesis. Interestingly,
of the two CPV enantiomers, (+)-CPV-TP could have a twenty-fold
higher affinity with pUL54 (Chen et al., 2016). In addition, (+)-CPV
is preferencially converted in (+)-CPV-TP than (—)-CPV-TP by the
GMP kinase (Gentry et al, 2011). Besides this mechanism, the
inhibition of normal function of pUL97 kinase by CPV was assessed
by cell transfection with plasmids expressing pUL97 and a reporter
plasmid expressing pp65-GFP. CPV prevented the pUL97 capacity to
inhibit aggresomes formation, as MBV (James et al., 2011).

3.2.2 Preclinical tests

A study on immunocompromised SCID mice (BALB/c) infected
with MCMY, orally administered CPV showed a good effectiveness
compared with GCV. Mortality rates were significantly reduced with
CPV. Indeed, reducing of viral replication was much more effective in
CMYV target organs like liver, spleen and lung (Kern et al., 2004c).

Additionally, CPV showed a greater efficacy in vitro and in vivo
than GCV without any increase of toxicity (Zhou et al., 2004; Kern
etal., 2005) and achieved therapeutic concentrations in vivo without
prodrug modification (Wu et al., 2009). In addition, CPV was used in
combination with BDCRB and produced a statistically significant
synergistic effect against HCMV in vitro (O’Brien et al.,, 2018). On the
other hand, the introduction of 1.0 or 10nM MBV demonstrated a
competitive inhibition of CPV phosphorylation with a Ki of
3.0+0.3nM (Gentry et al., 2010).

Pharmacokinetics, toxicokinetics and absorption, distribution,
metabolism and excretion (ADME) datas of CPV showed good results
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Mechanism of action of cyclopropavir. CPV enters the HCMV-infected cell and is phosphorylated by a viral kinase to CPV monophosphate. Two
successive phosphorylations by GMPK are required to obtain CPV triphosphate. In the nucleus, CPV-triP binds competitively to the dGTP binding site
of DNA polymerase UL54 and inhibits DNA synthesis. It also inhibits the ability of the viral UL97 kinase to prevent aggresome formation. Both
mechanisms lead to inhibition of viral replication. GMPK: guanosine monophosphate kinase.

in animals. CPV has a high oral biodisponibility. It also shown that
plasma concentration were higher after the first dose of CPV than
after the fourteenth daily dose. CPV did not induce or inhibit
cytochrome P450 and was minimily metabolized by liver microsomes
(Brooks and Bowlin, 2013).

The safety study showed that CPV did not present adverse effects
on central nervous system, respiratory and cardiovasular systems.
Besides, toxicology studies demonstrated that CPV did not cause
haemolysis ex vivo (Brooks and Bowlin, 2013).

3.2.3 Clinical trials

The first phase 1A clinical trial (NTC01433835) included 48
healthy adults (3 males, 45 females) with a main age of 50.3 years. This
randomized, placebo-controlled (3:1) trial evaluated CPV safety and
pharmacokinetics after the administration of various doses ranging
from 35 to 1,350 mg. No serious adverse effects were classified. C,,,
were reached after 1 to 2h after oral administration and the CPV was
not detectable 24 h after last dose of treatment (Brooks et al., 2015).

A phase 1B, double blind, randomized, placebo-controlled (3:1),
single center, multiple ascending doses, clinical trial (NCT02454699)
was done to assess safety, tolerability and pharmacokinetics of CPV at
various doses in 24 healthy adult volunteers monitored for 22 days (7
males and 17 females; main age 47.4 years). Doses of CPV were 100,
350 and 750 mg for 7 days. During this study, no serious adverse effect
was highlighted.

Indeed, main adverse events concerned
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gastrointestinal tract (17%), nervous system (11%) and skin and
subcutaneous tissues (11%). The only severe adverse event appeared
in the 750-mg cohort was a reversible grade 3 elevation in serum
creatinine and bilirubin associated with a 1-log increase of CPV in
plasma after 24 h of the initial dose. The C,,,; was reached at 2 to 3h
following administration and CPV was undetectable in plasma 24h
after the last dose, as phase 1A trial. Finally, authors concluded that,
in vivo, doses as low as 100mg were sufficient to inhibit CMV
(Rouphael et al., 2019).

So far, no phase II or III clinical trials are in progress (source:
ClinicaTrials.gov).

3.2.4 A new antiviral against adenoviruses

Adenoviruses are responsible for a variety of infections in
children, and can cause acute hepatitis with high morbidity and
mortality (Kajon and St George, 2022). Recent studies have also
demonstrated the antiviral activity of CPV against adenovirus (HAdV)
by inhibition of the adenovirus-encoded DNA polymerase (Toth et al.,
2020). Hartline et al. (2018), have shown that the strain human
adenovirus type 5 (HAdV5) of the American Type Culture Collection
(ATCC) was sensitive to CPV. CPV has shown a high potential to
inhibit in vitro HAAV replication with a higher efficacy than CDV
(5- to 10- fold higher) (Tollefson et al., 2022).

The same potential against adenoviruses has been observed with
BCV. It has been demonstrated in several clinical trials, notably in the
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treatment of severe adenovirus infection and disease in 2022
(NTC02596997) (Alvarez-Cardona et al., 2020; Chimerix, 2022).

3.2.5 Resistance

Mutations are known to confer CPV resistance (Figure 7). Indeed,
a recombinant virus with A498 bp mutation in the UL97 open reading
frame (ORF) is resulting in a protein with a missing kinase domain
(Gentry et al., 2013). The K355M mutation confers to the virus a
moderate 5- to 7- fold increase in ECs, versus a 13- to 25- fold increase
for FCV and GCV, respectively, (Komazin-Meredith et al., 2014).
Recombinant virus lacking pUL97 kinase domain is 20 times more
resistant to CPV (Kern et al., 2005), which can be explained by the
need for the first phosphorylation of CPV by pUL97, essential for
activation of the molecule (Gentry et al., 2013). Mutations have been
identified in vitro, ranging from insignificant mutations to resistance
mutation confering cross-resistance to GCV, MBV and CPV.

Mutations close to critical functional residues were also identified:
F342S and V356G. These mutations are close to the highly conserved
residues involved in the kinase ATP-binding P-loop G338, G340 and
G343 (Chou et al., 2013). The L595S mutants are resistant to GCV but
remain susceptible to CPV (Chou and Bowlin, 2011). On the other
hand, M460V, A594V, C592G and C603W, which confer low resistance
to GCV; increase EC50 by 3 to 5-fold; M460I and H520Q induce high
resistance to CPV, with a 12- to 20-fold increase in EC50 (Chou and
Bowlin, 2011; James et al., 2011).

In addition, D456N, C480R and A617 confer resistance to GCV,
MBV and all the MCPNs including CPV (Komazin-Meredith
etal., 2014).

The combination H520Q-M488V (UL97-UL54) induced the
highest level of resistance to CPV. Resistance mutations are close to
finger and palm domains of the polymerase catalytic core (Chou et al.,
2012b). Two other mutations in pUL54 were shown to confer a lower
resistance to CPV: E756D and E756K. Both are involved in FOS
resistance (Lurain and Chou, 2010).

10.3389/fmicb.2023.1321116

3.3 Benzimidazole analogs: BDCRB, TCRB
and tomeglovir

BDCRB or 2-Bromo-5,6-dichloro-1-(beta-d-ribofuranosyl)
benzimidazole and TRCB or 2,5,6-Trichloro-1-(beta-D-ribofuranosyl)
benzimidazole (Figure 2) are benzimidazole ribofuranoside. These
two molecules are potent and selective inhibitors of HCMV replication
(Townsend et al., 1995). Tomeglovir (BAY 38-4,766) or {3-hydroxy-
2,2-dimethyl-N[4({[5-(dimethylamino)-1-naphthyl]sulfonyl}amino)-
phenyl] propanamide} (Figure 2) is an oral, non-nucleoside
compound related to the D-benzimidazole ribonucleosides. It is a
potent and selective inhibitor of HCMV replication by inhibition of
viral DNA concatemers processing (Reefschlaeger et al., 2001; Weber
etal., 2001).

3.3.1 Mechanism of action

The mechanism of action of BDCRB and TCRB (Figure 8) does
not need phosphorylation at the 5" position and does not involve
the inhibition of DNA synthesis (Krosky et al., 2002). It prevents the
cleavage of high molecular weight viral DNA concatemers to
monomeric genomic lengths (Underwood et al., 1998). Resistance
mutations were found in HCMV genes UL56 and UL89 suggesting
that BDCRB and TCRB target the encapsidation step (Krosky et al.,
1998; Underwood et al., 1998). BDCRB partially inhibits the
ATPase activity of pUL56 and the pUL89-associated nuclease
activity at high concentrations (Scholz et al., 2003). Furthermore, it
has been suggested that BDCRB causes HCMV terminase to skip
the normal cleavage site and continue packing DNA until a second
cleavage site is encountered 30kb further (McVoy and Nixon,
2005). In GPCMYV, monomer-length genomes are plentifully
produced under BDCRB, but are slightly truncated at the left end
(Nixon and McVoy, 2004). This is in accordance with the fact that
BDCRB alters recognition and cleavage of DNA by the
terminase complex.
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Resistance mutations to cyclopropavir in UL97 and UL54 genes. CPV resistance mutations according to EC50 values. In UL97, cross-resistance
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Mechanism of action of benzimidazol analogs. BDCRB, TCRB and tomeglovir enter the HCMV-infected cell and travel to the nucleus. They inhibit the
encapsidation complex composed of pUL56, pUL89 and pUL51, and inhibit the portal protein pUL104. This mechanism leads to inhibition of DNA
cleavage and concatemer recognition, or to premature cleavage. Encapsidation is interrupted and viral replication halted.

Tomeglovir mode of action (Figure 7) is the same as that of
BDCRB and TCRB described above. This molecule targets HCMV-
specific proteins required for cleavage and packaging of viral DNA,
transforming high molecular weight viral DNA concatemers into
monomeric genomes length (Reefschlaeger et al., 2001).

3.3.2 Preclinical tests

BDCRB and TCRB were effective against HCMV with ECs, of
0.7pM and 2.9 uM in plaque assays, respectively. It was also proved
that BDCRB and TCRB were inactive against HSV-1. However, the
incorporation of Cl and Br into these two molecules improved
dramatically their therapeutic index (Townsend et al., 1995). It was
also shown that BDCRB is inactive against HHV-6 and HHV-7
(Yoshida et al., 1998). Another study demonstrated the inefficacy of
BDCRB against HSV-1, HSV-2, VZV, HHV-8 but an activity against
EBV (Williams et al., 2003). Furthermore, it was demonstrated that
conformational changes in BDCRB structure could increase its
spectrum against herpesviruses. Indeed, the L-analog of BDCRB was
effective against HHV-6 (Prichard et al.,, 2011). Tomeglovir was
HCMV (ECs=0.5220.014 pM)
(Reefschlaeger et al., 2001). GCV-resistant clinical isolates were also

effective  against strains

susceptible to tomeglovir (McSharry et al., 2001).
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Interestingly, HCMV strain AD169 was more sensitive to
benzimidazole than the strain Towne (Krosky et al., 2000). Although
TCRB and BDCRB showed excellent activity in vitro, their glycosidic
bonds are hydrolyzed in vivo to less active metabolites that reduce
their activity (Good et al., 1994).

In addition, BDCRB showed synergy in combination with MBYV,
synergy at low concentrations and antagonism at higher
concentrations with tomeglovir (Evers et al., 2002). Furthermore,
tomeglovir had an antagonistic effect when combined with GCV
(Evers et al., 2002).

The toxicity of benzimidazole analogs was tested in bone marrow
cells. One hundred pM BDCRB inhibited cell proliferation by 20%
over a 10-day period, while 100 uM GCV inhibited it by 52%. In other
experiments on hematopoietic progenitor cell colony-forming assays,
100 pM BDCRB affected BFU-E and CFU-GM (burst forming units-
erythroid and colony forming units-granulocyte/macrophage) by 31
and 47%, respectively. In contrast, GCV inhibited BFU-E by 54% and
CFU-GM by 86%. However, TCRB was less effective than
BDCRB. This study concludes that certain benzimidazole nucleosides
are less toxic than conventional drugs (Reza Nassiri et al., 1996).

Additionally, in vitro study with BDCRB in guinea pig embryo or
lung fibroblasts showed that GPCMV was sensitive to BDCRB
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(EC5o=4.7puM). BDCRB did not inhibit the formation of genome-
sized GPCMV DNA, which was packaged but not protected from
nuclease. Termini formed on GPCMV genome were altered by
BDCRB. Then, BDCRB participated to the retention of C capsids in
the nucleus (McVoy and Nixon, 2005). However, more recently, a
GPCMV resistant to BDRCRB was generated and characterized.
Genetic alterations were reported: an L406P substitution in GP89, the
HCMYV UL89 homolog; a 13.4kb internal deletion of the GP131-
GP143 non-essential ORFs; and a dramatic increase in the number of
iterations of a 1 kb terminal repetitive sequence, from 0 or 1 to up to
9 at either genomic end (Ourahmane et al., 2018).

In animal model experiments, efficacy was evaluated in an ocular
model of SCID-humanized mice infected with the Toledo strain of
HCMYV. BDCRB was administered at doses of 50 mg/kg for 28 days or
25mg/kg twice daily for 1 week and once daily for 2 weeks. A slight but
non-significant reduction in HCMYV titers was observed in the 50 mg/
kg group, and no reduction in mean titers was observed in the 25 mg/
kg group. These results showed that BDCRB could only be active
against HCMV at high concentrations. In the second experiment,
HCMV-infected SCID-humanized retinal implants were treated with
BDCRB or CDV for 28 days. Mice were treated with 75 mg/kg BDCRB
from day one post-infection. BDCRB had no effect on reducing viral
titers in retinal implant tissues. These results demonstrated the
ineffectiveness of BDCRB in crossing the blood-ocular barrier in in
vivo models. In addition, the same experiments were carried out with
visceral organs (fetal thymus and liver) implanted in the kidney
capsule. Doses of BDCRB blocked viral replication by around 2 to 3
log' PFU/g (Kern et al., 2004a).

Tomeglovir was evaluated in MCMV-infected immunodeficient
mice and reduced viral load in target organs in a manner comparable
to GCV. Weight loss (consequence of viral infection) is reduced after
tomeglovir administration (Reefschlaeger et al., 2001). Another study
on murine model with per os administration of tomeglovir at dose
>10mg/kg showed similar results (Weber et al., 2001). A study in
guinea pigs also demonstrated that peak plasma tomeglovir levels
were 26.7mg/mL 1h after dosing. It reduced both viremia and
DNAemia, as well as mortality following lethal GPCMYV challenge in
immunocompromised guinea pigs, from 83 to 17% (p <0.0001). This
study demonstrated the safety, pharmacokinetics and favorable
therapeutic profiles of tomeglovir (Schleiss et al., 2005).

3.3.3 Clinical trials
Currently, no published clinical trial was performed to assess
BDCRB, TCRB and tomeglovir in human (source: ClinicaTrials.gov).

3.3.4 Resistance

Resistance mutations to BDRCRB and TCRB (Table 2) are located
in pUL56 (Q204R) and in pUL89 (D344E and A355T). If combined,
these mutations showed a greater resistance to benzimidazole analogs
than alone. Nevertheless, these mutations did not confer resistance to
GCV (Krosky et al., 1998; Underwood et al., 1998; Evers et al., 2002).
Additionally, mutations M3601I in M89 exon IT and P202A and I208N
in M56 confer murine CMV resistance to tomeglovir. Mutation in
M389 exon II had analogous mutations in HCMV pUL89 mentioned
for BDCRB and TCRB but those in M56 did not have it in HCMV
pUL56. Thus, pUL89 could be directly targeted by tomeglovir and
pUL56 could compensate for restricted activities of Buerger et al.
(2001). More recently, Chou (2017) highlighted new mutations in
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UL89 gene and UL56 responsible for tomeglovir resistance. In pUL89
N329S, T350M, H389N, N405D, D344E, C347S and V362M conferred
moderate to high drug resistance. The mutation 1334V did not
conferred tomeglovir resistance but affected growth fitness when
combined with N405D. Then, in pUL56, Q204R was shown as lower-
grade resistance mutation (Chou, 2017).

The L406P mutation described in GPCMV QP89 was more than
50 residues away from the positions of the confirmed resistance
mutations in HCMV pULS9. This mutation does not confer significant
resistance of GPCMV to BDCRB but may have a compensatory
function in enhancing replication by making easier genomic cleavage
at cleavage sites containing multiple repeats. Furthermore, deletion of
the E region of HindIII is unlikely to contribute directly to resistance
to BDCRB. Thus, the accumulation of terminal repeats could be a
response to BDCRB pressure and the resulting increase in genome
length resulted in compensatory deletion of the HindIII E region
(Ourahmane et al., 2018).

BDCRB and TCRB do not show any cross-resistance with GCV
because of their different mechanisms of action and their different
gene targets. Surprisingly, a cross-resistance with MBV is responsible
for an increase of 2-3-fold EC;, even if these molecules do not have
the same mechanism of action. Indeed, BDCRB and TCRB are DNA
processing inhibitors and MBV is a DNA synthesis inhibitor (Evers
etal., 2002).

In addition, a mutation was described in pUL104, the portal
protein of HCMYV, which is colocalized with pUL56, in resistant
strains to benzimidazole nucleosides. However, this L21F pUL104
mutation alone did not prove sufficient to ensure resistance of HCMV
to BDCRB (Komazin et al., 2004; Table 2).

4 Host-targeting antivirals

Several molecules targeting cellular metabolism have antiviral
activity by interfering with cellular components participating in the
viral replication cycle. These components have various targets, efficacy,
and share the absence of identified viral resistance.

4.1 Artemisinin derivatives: artesunate,
artemisone, and TF27

Artemisinin is an antimalarial drug that is an active compound of
A. annua (1972). Many derivatives of this drug were developed. In this
context, Saokim Ltd. (Hanoi, Vietnam) synthesized artesunate
(Figure 2), a semisynthetic drug of artemisinin. This compound is
available as intravenous or oral formulation to treat life-threatening
malaria access. In 2010, the World Health Organization (WHO)
recommended this drug as quinine to treat severe malarial infections
during the first trimester of pregnancy (McGready et al., 2012; Roussel
et al,, 2017). Besides this activity, artesunate (ART) was shown as a
good inhibitor of HCMV infections in vitro (Efferth et al., 2002, 2008).
The laboratory of Sensitive Biology Therapy (S.B.T) synthesized its
trimeric derived compound, TF27 (Figure 2; Hutterer et al., 2015;
Reiter et al,, 2015; Hahn et al., 2018). Recently, LH54, the heterologous
hybrid compound of artesunate was developed in the laboratory of
S.B.T. and has also a good antiviral activity (Wild et al., 2020). All
these artesunate derivatives have shown good efficacy.
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TABLE 2 Resistance mutations to benzimidazol analogs in UL56 and UL89 genes.

Resistance ECs, (pm; Fold change)

Reference

Tomeglovir

Q204R 17 (14) 1.2 (2.7) 57 (23) Chou (2017), Krosky et al.
(1998), and Evers et al. (2002)
L208M 0.8 (3.4) Chou (2017)
N232Y 1.2 (2.7) Chou (2017)
E407D 1.3 (6.0) Chou (2017)
H637Q 0.9 (2.0) Chou (2017)
V639M 4.6 (10) Chou (2017)
L764M 0.19 (0.4) Chou (2017)
Ql1H
1334V 1.1(0.9) Chou (2017)
N320H 3.0 (6.5)
N3298 2.0 (15) Chou (2017)
D344E 20,3 (10) 1.8 (1.7) 6-18 (10) Chou (2017), Underwood
etal. (1998), and Krosky et al.
(1998)
C347S 0.6 (0.3) Chou (2017)
T350M 2.8(8.7) Chou (2017)
A355T
M3591 3.4(7.4) Chou (2017)
V362M 1.2 (98) Chou (2017)
H389N 1.1 (29) Chou (2017)
N405D 6.9 (15) Chou (2017)
1334V-N405D 5.6 (12) Chou (2017)
D344E-A355T 20 (30) >50 Underwood et al. (1998)
H637Q-V639M 7.5(17) Chou (2017)
Q204R D344E 32(13) 2.5(5.8) 68 (30) Chou (2017) and Krosky et al.
(1998)
F261L D344E 0.91 (2.1) Chou (2017)
M329T D344E 0.98 (2.2) Chou (2017)

Bold values are significant values for resistance.

4.1.1 Mechanism of action

Artemisin and its derivatives are primarily metabolized in
dihydroartemisin (DHA) by cytochrome P-450 monooxygenase
enzyme (CYP) 2B6 in human liver microsomes. This step is followed
by the conversion into inactive metabolites via other enzyme systems.
DHA has a half-life of about 45 min and is also an anti-malarial drug.

In HCMV infections, ART inhibits cellular transcription factors
Spl and NF-kB (Hutterer et al., 2015). Indeed, its derivatives, TF79
and TF27, inhibit NF-xB signaling by approximatively 90% at
concentration of 3uM to 0.3 puM, with a correlation between the
diminution of NF-xB pathway and the antiviral activity (Hahn et al.,
2018). Previous studies have suggested that sustained NF-xB activation
is necessary for viral replication (Hiscott et al., 2001; Figure 9).

4.1.2 Preclinical tests

Artemisinin derivatives are well tolerated in humans (Ribeiro and
Olliaro, 1998; Adjuik et al., 2004). Rarely, slight and reversible adverse
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effects were observed such as first-degree heart block and neutropenia
(Ribeiro and Olliaro, 1998; Adjuik et al., 2004). However, in animal
models like mice, rats and dogs, neurotoxic effects were reported
(Toovey, 2006). Studies showed that a shorter exposure to artemisinin
derivatives with higher concentrations was less neurotoxic than a
longer exposure with lower concentrations (Li et al., 2002).

ART was shown to be efficient against all types of herpesviruses,
more than artemisinin. ART inhibits HCMV in vitro and in vivo
(Efferth et al., 2002; Kaptein et al., 2006), both HHV-6 variants
(Milbradt et al., 2009; Hakacova et al., 2013), Epstein-Barr virus
(Auerochsetal.,, 2011) and Herpes simplex virus 1 (Efferth et al., 2008).

In addition, ART can be combined with other conventional
anti-CMV drugs such as GCV, CDV and FOS to decrease risk of
resistance mutation emergence. ART also shows a pronounced
synergistic effect with MBV (Chou et al., 2011). Furthermore, its
activity was confirmed in a model of 1* trimester placental villi
infection (Morére et al., 2015). In combination with MBV, ART
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Mechanism of action of artemisinin derivatives. Artemisinin derivatives enter HCMV-infected cells and are metabolized to dihydroartemisin (DHA) by
the cytochrome P-450 monooxygenase 2B6 (CYP 2B6) enzyme, which is then converted to inactive metabolites. In addition, ART moves to the cell
nucleus where it inhibits the production of RelA and p65 involved in the NFk-B pathway, which is necessary for viral replication.

showed a synergistic effect at low concentrations, with ICs, of 0.25 and
2uM for the two molecules, respectively. However, the combination
with baicalein had an antagonistic effect (Moreére et al., 2015). In the
same year, Drouot et al. (2016) demonstrated that combining ART
with GCV, CDV and MBV was associated with synergy, while
combining it with FOS or LMV produced only moderate synergy.

Artemisin was also tested against HCMV in different ratios in
combination with the anti-HCMYV drugs BDCRB, LMV, GCV, CDV,
BCV and MBV. This study revealed synergistic antiviral activity with
no microscopically apparent cell toxicity or reduction in cell viability
(Oiknine-Djian et al., 2019).

ART derivative, TF27, also showed an anti-HCMV activity at
nanomolar concentrations (Hutterer et al., 2015; Reiter et al., 2015;
Frohlich et al., 2018). Besides, antiviral activity against HCMV
infections was also shown in ex vivo placental villi explant model
(Jacquet et al., 2020). Recently, Sonntag et al., demonstrated its
antiviral efficacy in vivo by using an established model of murine
CMYV infection of an immunodeficient mouse strain Rag—/— (Sonntag
etal, 2019). TF27 has a higher antiviral activity than ART: the ECs, of
0.04+0.01 pM against HCMV strain (Hutterer et al., 2015) was 100
fold lower than the EC50 of artesunate (Hahn et al., 2018).

4.1.3 Clinical tests

ART is a good inhibitor for clinical use in the treatment of drug-
resistant HCMV infection. The first report of treatment of CMV
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infection with ART in a HCT recipient with resistance to foscarnet
and ganciclovir (DNA polymerase L776M mutation) dates back to
2008. Treatment with GCV, CDV and intravenous immunoglobulin
had failed. ART was started at a dose of 100mg daily after other
treatments had been discontinued. A favorable response was observed,
followed by a rapid reduction in viral load and improvement in
hematopoiesis. During the 30 days of treatment, there were no adverse
events and no increase in viremia. The patient received a third
transplant with a recurrent episode of viremia but controlled by a new
antiretroviral treatment regimen. Nevertheless, retinitis was diagnosed
during treatment, reflecting the limited penetration of ART into the
eye. Combining ART with GCV resolved this local infection and
controlled the viral load. This study demonstrates the potential of ART
to control CMV infection (Shapira et al., 2008).

ART was used in a case series of 6 SCT recipients as a preventive
treatment for CMV infection to calculate its antiviral efficacy by
studying viral kinetics. Two patients showed a decrease in viral load
(0.8 to 2.1 log after 7days). Antiviral efficacy was described as
heterogeneous, ranging from 43 to 90%, and depended on the basic
growth dynamics of the virus (Wolf et al., 2011).

In another study, ART was evaluated in five patients with resistant
CMYV infection. ART was unsuccessful in two cases of severe CMV
disease with high CMV viral load and pulmonary involvement.
However, these patients also suffered from diseases (Wegener’s
granulomatosis and Hodgkin’s lymphoma) that may have accounted
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for some of the deaths. In conclusion, ART may be useful in the
treatment of mild CMV disease due to multidrug-resistant strains.
However, further data are needed on the risk factors associated with
ART failure. In addition, it should be noted that ART is not sufficient
to treat serious CMV disease with pulmonary involvement due to its
poor diffusion in lung tissue, as has been reported in animal models
(Zhao and Song, 1993; Germi et al., 2014).

4.1.4 Resistance
To date, no resistance to artemisinin derivatives has been
reported in CMV.

4.2 Flavonoids

Flavonoids are metabolites found in fruits and vegetables with high
biological activity and low toxicity. Flavonoids with well-classified
structures and well-defined structure—function relationships include
flavans, flavanones, flavones, flavanonols, flavonols, catechins,
anthocyanidins, isoflavones and chalcons (Tsao, 2010). Over 5,000
flavonoids were defined as molecules with potential health benefits as
antioxidative, anti-inflammatory, antitumoral, antiviral and antibacterial
effects (Middleton, 1998; Beecher, 2003; Cazarolli et al., 2008). Besides,
flavonoids can specially modulate activities of cellular enzymes and
inhibit protein kinases (Middleton, 1998). These metabolites are therefore
a real option for current antiviral therapies. Indeed, it was shown that
kaempferol inhibits herpes simplex virus (Amoros et al., 1992) and that
baicalein and genistein interact with the first steps of HCMV infection
(Evers et al.,, 2005). In an exploratory in vitro study, Cotin et al. (2012)
showed that baicalein and quercetin were the most potent flavonoids to
inhibit HCMV in vitro. Their combination had an additive effect. In
addition, the combination of these two molecules with chalcone to reduce
toxicity was tested against HCMV. The result was a synergistic effect for
baicalein, while an antagonistic effect was observed with quercetin
(Andouard et al.,, 2016). Both molecules were also combined with MBV,
and quercetin did not improve the efficacy of MBV alone, unlike baicalein,
which reduced infection by 90% at low concentrations (2.2 pM baicalein;
1 pM MBV; Morere et al,, 2015). In this review, quercetin and baicalein

will be explored for their potential antiviral activity.

4.2.1 Quercetin

Quercetin or (3,3,4,5,7-pentahydroxy-2-phenylchromen-4-one;
Figure 2) is the main representative of the flavonoid subclass,
flavonols. The fruits and vegetables with the highest concentration of
quercetin are apples, cherries, onions, asparagus and red leaf lettuce
(Nishimuro et al., 2015). It is also found in herbs such as licorice.

In food, quercetin is present as quercetin glycosides that are
hydrolyzed and released as aglycone. Then, aglycone is absorbed and
metabolized into glucuronidated, methylated and sulfated derives
(Kawabata et al., 2015). However, the stability of quercetin and its
derivatives in the organism can be influenced by pH, temperature,
metal ions and other compound as glutathione (GSH) (Boots et al.,
2005; Moon et al., 2008). This could affect the efficacy of the molecule.

4.2.1.1 Mechanism of action

Quercetin was shown to act by inhibition of early viral proteins
IE-land IE-2 expression (Cotin et al, 2012). Through the
downregulation of IE-2 of VZV and HCMY, it inhibits viral lytic gene
expression and replication (Kim et al., 2020) and modulates NF-kB,
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mitochondrial and ROS pathways (Hung et al., 2015; De Oliveira
et al., 2016). Quercetin also inhibits the activation of IRF3 and NF-kB
induced by HSV-1 infection in a TLR3-dependent manner that results
in alower production of TNF-a (Lee et al., 2017). Quercetin was then
shown to prevent EBV-induced B cell immortalization and
proliferation of lymphoblastoid cell lines by interrupting the dialectic
between IL-6 and STAT3, promoting autophagy and reducing ROS
levels and p62 accumulation (Granato et al., 2019; Figure 10).

4.2.1.2 Preclinical tests

Many studies showed the antiviral activity of quercetin. Indeed,
quercetin inhibits HBsAg and HBeAg secretion in Hepatitis B virus
infected cells (Wu et al., 2007). It is also an active agent against HIV-1
reverse transcriptase, protease and a-glucosidase with an ECs, value
of 60 uM (Yu et al., 2007).

Quercetin was tested in vitro against herpesvirus, reducing
intracellular replication of HSV-1 and HCMV. The antiviral activity
against HCMYV infected cells was 4.8 uM and 145 pM against HSV-1
(Cotin et al.,, 2012). In 2022, a formulation of polyxamer 188 and
quercetin (QP188) amplified the in vitro GCV antiviral activity against
HCMV. Indeed, QP188 was tunable, bioactive and rapidly internalized
in NIH/3T3 cells. This formulation had a dose-dependent activity
combined synergistically with GCV. These results could be interesting
for finding means to reduce GCV toxicities (Kjar et al., 2022).

4.2.1.3 Clinical study

In 2018, an herbal treatment (Gene-Eden-VIR/Novirin)
composed of five ingredients including quercetin was tested in a
clinical trial for the treatment of oral herpes. The study included 68
participants who took 1 to 4 capsules a day for an average duration
of 10.4months. Efficacy was assessed from symptom onset to
complete resolution and also included analysis of recurrence rates.
Treatment was compared with two conventional drugs: valaciclovir
(VAVC) and aciclovir (ACV). Gene-Eden-VIR/Novirin was more
effective in reducing the number and duration of oral herpes
epidemics, and more secure than ACV and VAVC. Gene-Eden-VIR/
Novirin reduced the duration of outbreaks from 5.83days to
3.21days in the treated group (p <0.0001). In addition, 46.4% of
patients on herbal treatment were relapse-free (p <0.0001), and no
adverse events were observed (Polansky et al., 2018). However,
results of this study must be confirmed with further investigations.
The same comparison was done with famciclovir (FCV) in 2016
(Polansky et al., 2016).

4.2.1.4 Resistance
Currently, no resistance mutation to quercetin was documented.

4.2.2 Baicalein

Baicalein (5,6,7-trihydroxyflavone; C15H1005) (Figure 2)
belongs to the flavone sub-family of flavonoids. This molecule is
isolated from the roots of Scutellaria baicalensis with different
properties: antioxidant, anti-inflammatory, anticancer, antidiabetic,
antithrombotic, anxiolytic, anti-convulsive, cardioprotective,
hepatoprotective and neuroprotective agent (Chang et al., 2016; Gao

et al,, 2016; Dinda et al., 2017; Cristelli et al., 2019; Tuli et al., 2020).

4.2.2.1 Mechanism of action
Pretreatment with baicalein failed in suppressing viral replication
in cells while post-treatment was effective. These results suggest that
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to a reduction in the NF-kB pathway and, consequently, in viral activity.

Mechanism of action of quercetin and baicalein in HCMV infected cells. Quercetin enters the HCMV-infected cell and travels to the nucleus, where it
inhibits early viral protein and TNF-a production. It also inhibits contact between interleukin 6 (IL-6) and STAT3, resulting in reduced ROS levels and p62
accumulation. Both mechanisms are responsible for modulating NF-kB, mitochondrial and ROS pathways. In the case of baicalein, the molecule
penetrates the cell and inhibits phosphorylation of IkB-a and IKK-f, which are degraded and inhibited, respectively. Each molecular mechanism leads
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baicalein may be effective at the post-entry stage of viral infection
(Luo et al., 2020). Previous studies indicated that baicalein had an
inhibitory effect on NF-xB activation induced by pathological factors
(Lietal., 2016).

In vitro, baicalein has been shown to act on IkB-« and therefore
to have an antagonistic effect with ART, as they share the same target,
which could lead to competitive inhibition (Morére et al., 2015). In
agreement, Luo et al., reported that baicalein blocks NF-kB activation
by inhibiting phosphorylation of IKK-f and IkB-a. By reducing IkB-a
degradation, baicalein could inhibit viral replication (Luo et al., 2020).
Thus, HSV-1 infections are prevented by a dual mechanism: the
suppression of IKK-f phosphorylation and the decrease of NF-kB
activation. This study also demonstrated that baicalein inactivates
HSV-1 particles in a direct manner (Luo et al., 2020). However, further
studies are needed to explain how baicalein acts on IKK-f
phosphorylation (Figure 10).

4.2.2.2 Preclinical tests

Baicalein has a poor oral bioavailability and a low aqueous
solubility, which are the major disadvantage of this molecule. Studies
of oral administration of baicalein have demonstrated that it is
glucuronized in the intestinal wall and livers of rats and humans
2000; Zhang et al., 2005, 2007). Additionally,
baicalein is well absorbed by the small intestine and stomach (Taiming
and Xuehua, 2006).

Some studies demonstrated baicalein is metabolized to baicalein
and baicalein 6-O-sulfate in blood (Muto et al., 1998; Zhang et al.,
2004; Dou et al., 2011). Following intravenous administration in rats,

(Nagashima et al.,

75.7% of circulating baicalein in blood was as conjugated metabolites
form (Lai et al., 2003). The bioavailability of baicalein in monkeys
reached 23.0% after oral and intravenous administrations (Tian
etal., 2012).
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Cotin et al. (2012) demonstrated that baicalein inhibits in vitro
CMYV early proteins production. The inhibition of the tyrosine kinase
activity of the EGF factor was already proved in a previous study
(Evers et al., 2005). Additionally, combinations of quercetins and
baicalein revealed additive effects particularly when baicalein was
added at fixed quercetin concentrations. That reflected the probably
higher efficacy of baicalein (Cotin et al., 2012).

4.2.2.3 Clinical study

A randomized, double-blind, single-dose phase I trial of baicalein
(100-2,800mg) was conducted in 72 healthy adults. Analysis of
baicalein and baicalin (baicalein’s 1st metabolite) was performed by
liquid chromatography-tandem mass spectrometry on various
biological fluids. Urinary clearance of baicalein and baicalin was 1,
and 27% of baicalein was eliminated unchanged in feces. Eleven
treatment-related side effects were recorded, but these were defined as
moderated and resolved without further treatment. Baicalein is well
tolerated by healthy patients, and no liver or kidney toxicity was
observed (Li et al., 2014).

In 2021, another trial was conducted by Li et al. using data from
the 2014 Phase I clinical trial. It was a randomized, placebo-controlled,
multi-dose, and escalating trial of 36 healthy subjects who received
200, 400, and 600 mg of baicalein or placebo tablets. The drug was
administered once on days 1 and 10, and three times daily from day 4
to 9. To analyze the pharmacokinetics of baicalein, blood and urine
samples were taken from the 600 mg group. This study showed that
baicalein tablets were safe and well tolerated. Mild adverse effects were
observed, but none were not resolved. Maximum plasma
concentrations were observed within 2 h of baicalein administration.
Urinary excretion of baicalein and its metabolites peaked in 2h,
followed by a tendency to double the peak in 12h. These results
support the launch of a Phase II clinical trial (Li et al., 2021).
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4.2.2.4 Resistances
No resistance mutation to baicalein was reported in CMV.

4.3 Anti-COX-2

COX-2 inhibitors (cyclooxygenase-2) have been developed to
reduce the adverse effects associated with the use of aspirin and
indomethacin (gastric hemorrhage or perforation and hepatotoxicity;
Nagi et al., 2015). Structural studies have highlighted the inhibitory
activity of COX-2 as a heterocyclic or carbocyclic structure and
substituting sulfonamide or methylsulfonyl in position para on one of
the aromatic rings (Chakraborti et al., 2010). Nevertheless, some anti-
COX-2 agents have been shown to cause serious adverse effects and
have been withdrawn from the market (Mukherjee, 2002). Thus,
certain anti-COX-2 agents have been identified in plants with fewer
side effects than polyphenols. In this category, chalcones are a
sub-category of the flavonoid family (Cerella et al., 2010).

4.3.1 Mechanism of action

HCMYV has been shown to increase the amount of COX-2 enzyme
in infected cells, establishing an inflammatory state to promote
replication (Speir et al., 1998). As part of the analysis of anti-
inflammatory activity, certain chalcone derivatives and those of
2’-hydroxychalocone were determined to inhibit COX-2 and the
production of PGE2 catalyzed by this enzyme. Chalcones appear to
act before the early stage of viral replication, by reducing the
production of IE-1 and IE-2 proteins (Andouard et al., 2021).

4.3.2 Preclinical study

Celecoxib, a COX-2 inhibitor, was evaluated against HCMV in in
vitro and in vivo (mouse) models of medulloblastoma. Its efficacy was
compared with that of VGC. Both drugs inhibited HCMV replication
in vitro, inhibited PGE2 production and reduced growth of
medulloblastoma tumor cell in vitro and in vivo (Baryawno
etal., 2011).

In a study carried out in 2021, the anti-HCMYV activity of new
2’-hydroxychalcone compounds was assessed. These molecules were
designed to inhibit PGE2 synthesis. To achieve this, a COX-2
pharmacophore (sulfonamide motif) and other substituents (chlorine,
group)
2’-hydroxychalcone backbone (Zarghi and Arfaei, 2011). The selection

fluorine and methyl were introduced into the
of 4 anti-COX-2 agents was based on their significant activity against
PGE2 production. However, three of them proved to be toxic to cells
and one had a CC50 of 1,500 pM in growing cells and 185 uM in static
cells, which was related to indomethacin (a non-specific cyclooxygenase
inhibitor). Toxicity was potentially increased by the presence of the
SO,NH, group in the molecules, whereas the presence of the chlorine
atom reduced it. These 2’hydroxychalcones were defined as less toxic
than the tri-hydroxychalcones (Cotin et al.,, 2012). The molecules were
tested against strain AD169-GFP. EC50s were up to 16 times higher
than GCV (EC50=19.6+10.1pM; 8.6+10.1pM; 10.5+3.6puM;
22.1+7.7uM; 15.1+£5.9uM for the 4 chalcones and indomethacin
respectively). EC50s were also determined on clinical isolates and
proved effective against resistant strains. Three chalcones tested proved
capable of inhibiting IE1-72 production (Andouard et al., 2021).

In addition, a synthesized anti-COX-2 was combined with other

anti-CMV drugs such as GCV, MBV, baicalein, quercetin and
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ART. This resulted in a synergistic effect with MBV or baicalein. An
additive effect was demonstrated with GCV or ART, and an
antagonistic effect was observed with quercetin (Andouard
etal., 2021).

4.3.3 Clinical study

No clinical study was done for anti-COX-2 molecules against
HCMV (source: ClinicaTrials.gov).

4.3.4 Resistances
So far, no resistance mutations in HCMV genome were defined.

5 Immunomodulating molecules
5.1 Leflunomide

Leflunomide (LEF) (HWA 486; A77 1726, Arava®) or N-(4-
trifluoromethylphenyl)-5-methylisoxazol-4-carboxamide (Figure 2)
is an antirheumatic agent used to treat rheumatoid arthritis. It was also
demonstrated as effective in HCMV infection in HCT and
renal transplant.

5.1.1 Mechanism of action

After administration, LEF is converted to an active matabolite,
teriflunomide (A77 1726) that blocks lymphocyte enzyme
dihydroorotate dehydrogenase and the pyrimidine biosynthetic
pathway (Williamson et al., 1996). This activity results in a lower T-cell
proliferation and changes in immune response (Dayer and Cutolo,
2005; Chong et al., 2006). At a later stage in virion assembly, it prevents
viral nucleocapsides from acquiring integument. LEF has a dose-
dependent effect on the infectious production of HCMV (Waldman
et al,, 1999a). Unlike polymerase inhibitors, LEF did not inhibit
HCMV DNA replication, but it did appear to interfere with tegument
assembly by inhibiting protein phosphorylation (Xu et al., 1995;
Waldman et al., 1999b; Figure 11).

5.1.1.1 Preclinical tests

HCMYV isolates in human fibroblats and endothelial cells,
including multidrug-resistant viruses (ECs, 40-60 pM), are inhibited
by LEF (Waldman et al., 1999b). LEF also inhibits HSV-1 with same
mechanism of action than with HCMV (Knight et al., 2001).

Furthermore, the LEF was evaluated in vivo using animal models.
Immunodeficient rats were inoculated with rat CMV (Maastricht
strain of RCMV) and administered 15mg/kg/day LEF for 14 days,
10mg/kg/day GCV for 5days, or a drug-free vehicle. Plaque assay
from tissue homogenates (salivary glands, spleen and lung) showed a
decrease of 75 to 99% of viral load in the organs of animals treated
with LEE and 85 to 99% in those treated with GCV. Thus, LEF is an
effective agent in decreasing viral load in vivo (Waldman et al., 1999a).
After that, it was demonstrated the efficacy of LEF in an allogenic
cardiac transplant model of RCMYV infection with low toxicity (Chong
et al., 2006).

5.1.1.2 Clinical study

Due to its synergy with calcineurin phosphatase inhibitors and its
inhibitory effects on herpesvirus replication, LEF was presented as a
promising drug for experimental transplantation (Williams et al.,

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1321116
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://ClinicaTrials.gov

Gourin et al. 10.3389/fmicb.2023.1321116
HCMV
infected cell
\x Pyrimidine synthesis
()
| /l
Protein
phosphorylation
Inhibition of tegument Inhibition of viral
assembly replication
FIGURE 11

Antiviral effect of leflunomide in HCMV infected cell. LEF enters the HCMV-infected cell and is converted to teriflunomide (A77 1726). The metabolite
inhibits protein kinase, which is unable to phosphorylate proteins. It also penetrates the nucleus to inhibit pyrimidine synthesis. These two mechanisms
are involved in inhibiting tegument assembly, thereby stopping viral replication.

2002). Fifty-three recipients of LEF were analyzed in a retrospective
study. A single-dose pharmacokinetic study was performed in stable
renal transplant recipients with a target serum concentration of
100 pg/mL to require a loading dose of 1,200 to 1,400 mg over a 7-day
period. Anemia in the renal transplant patients and increase of liver
enzymes in liver-transplanted patients were the major observed
toxicities (Williams et al., 2002). Another study reported same side
effects and diarrhea after a therapy with a mean duration of
3.5months. The recommended dose of LEF was 100 mg/day for 5 days
followed by 40 mg/day, based on the serum metabolite levels of A77
1726 teriflunomide (Avery et al., 2010).

In one study, John and colleagues analyzed 17 patients who
underwent kidney transplantation and were infected with
CMV. Patients were treated with monitored doses of leflunomide.
Among these 17 patients, 88% responded clinically to leflunomide
therapy with viral clearance in the blood and healing of the organs
involved. The cost of treatment was cheaper than that of ganciclovir:
64 $ for 6months against 721 $ for 2weeks, respectively, (John
etal., 2005).

Three cases of resistant HCMV infections were reported with LEF
treatment. It was showed that LEF is not efficient enough in
monotherapy and should be combined with GCV or FOS to better
control CMV infection. It was also only used for CMV maintenance
therapy (El Chaer et al., 2016). As an oral treatment, LEF is also a
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convenient alternative that does not need to stay in hospital to reach
undetectable viral load (Gomez Valbuena et al., 2016). Then, after lung
transplant, LEF was assessed in a case of drug resistant CMV retinitis.
In spite of intravitreal FOS administration and oral VACV, HCMV
disease progressed. Oral LEF helped in control of retinitis and allowed
cessation of intravitreal treatment. No recurrence of infection was
noticed (Rifkin et al., 2017).

A more recent study on case series assessed LEF in patients treated
with GCV and FOS with adverse effects reported in 50% of cases. In
66.67% of cases, resistance mutations to polymerase inhibitors were
present before LEF treatment. LEF was prescribed to treat HCMV
infection in 75% of patients and as secondary prophylaxis in 25% of
them. A primary reduction of HCMV viremia was observed after the
beginning of LEF treatment in 77.7% of recipients but was transient
in 22.2%. In 58.3% of recipients, LEF suppressed HCMYV infection for
long-term. Adverse effects were responsible for treatment
discontinuation in 25% of cases. This study showed that LEF can be an
effective treatment for transplant recipients with GCV-resistant
infections, whether alone or combined with other drugs, even though
the small number of subjects was a limitation. It can also be used as a
secondary prophylaxis (Silva et al., 2018). LEF was also proposed in
combination with hyperimmune globulins in cardiothoracic grafts
and was associated with decreasing viremia (Santhanakrishnan
etal., 2019).
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In other hand, there is few numbers of studies with LEF in
allogeneic HCT. One reported that LEF had efficacy in HCMV
clearance in 38% of cases. Nevertheless, treatment significantly
succeeded (53%; p=0.022) only when LEF was used in patients with
HCMYV viral load <2.10°copies/mL. Furthermore, it was demonstrated
as ineffective in patients with terminal organ disease. Thus, LEF could
be used in prophylaxis in stem cell transplants (Gokarn et al., 2019).

5.1.1.3 Resistance
Currently, there is no reported resistance mutation to leflunomide
in HCMV.

5.2 mTOR inhibitor: everolimus

Everolimus (SDZ RAD; Certican®, ZORTRESS®; EVR) or
40-O-(2-hydroxyethyl)-rapamycin (Figure 2) is an oral mammalian
target of a sirolimus-derived rapamycin inhibitor. It is used in
immunosuppressive therapy after SOT. FDA approved it for the
prevention of rejection in kidney transplant recipients at low to
moderate risk (Gabardi and Baroletti, 2010).

5.2.1 Mechanism of action

Intracellular immunophilin (FKBP12) is bound by EVR, but it
does not inhibit calcineurin, it binds to the mechanistic target of
Rapamycin (mTOR). It is at the origin of the inhibition of a
multifunctional serine-threonine kinase, preventing both the
synthesis of DNA and proteins that leads to a cell cycle shutdown.
More precisely, after stimulation of the IL-2 receptor on the activated
T-cell, EVR inhibits p70S6 kinase which acts at a later stage in the
T-cell mediated response (Roy and Arav-Boger, 2014). EVR inhibits
HCMYV through improved CD8+/CD4+ T cell responses specific to
HCMYV (Havenith et al., 2013; Roy and Arav-Boger, 2014; Figure 12).

5.2.1.1 Preclinical tests
So far, no preclinical test of the in vitro anti-HCMV efficacy of
EVR was done because it is not the primary function of this molecule.

5.2.1.2 Clinical study

The effectiveness of EVR against HCMV has been demonstrated
for several years. A multicenter Phase III trial included 634 heart
transplant patients receiving immunosuppressive therapies (1.5 mg/
day EVR; 3mg/day EVR or azathioprine). The EVR groups had
significant lower HCMV incidence (p<0.001). Thus, the use of EVR
suggests an additional benefit in cardiac transplant recipients as it is
linked to lower rates of HCMYV infection, syndrome or organ damage
(Hill et al., 2007). In accordance with these results, same doses of EVR
were assessed in heart and renal transplants recipients compared to
mycophenolic acid (MPA). A significantly lower HCMV incidence
was observed in the EVR group at 3.0 mg (3%) than in the MPA group
(7%) (p <0.04). The same observation was made for organ involvement
in the EVR 1.5mg group (0.9%) than in the MPA group (3%)
(p<0.04). Therefore, the EVR was associated with a decrease in EVR
events compared to the MPA (Brennan et al., 2011). In a study of data
from 3 randomized trials of de novo cardiac transplant recipients,
Kobashigawa et al. reported that EVR was linked to a significantly
lower incidence of HCMV infections compared to azathioprine and
mycophenolate mofetil by combining its immunosuppressive efficacy
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with antiproliferative effects that may have a positive impact on long-
term results (Kobashigawa et al., 2013).

In another study, EVR was compared with valganciclovir (VGC)
in heart transplant recipients. EVR was introduced at 1.5 mg/day to
discontinue the use of mycophenolate mophetil in combination with
VGC that caused neutropenia. HCMV antigenemia was negative even
after discontinuation of VGC and both renal function and neutrophil
counts were normalized. No major side effects or rejection due to EVR
were observed. Thus, EVR was described as an alternative or additive
option in immunosuppressive therapy for heart transplant recipients
because of maintenance of immune tolerance, prophylactic potency
against HCMV, reduced myelosuppression and potential sparing of
renal function (Imamura et al., 2012).

The impact of EVR on HCMYV infection at both systemic or
pulmonary level was also evaluated in lung transplant recipients
(n=32 patients). Eighteen patients were on EVR-immunosuppressive
regimens. No differences were described in HCMV viremia
occurrence between EVR-based and EVR-free immunosuppressive
regimens. However, patients with EVR treatment experienced fewer
high-load HCMV episodes defined as >10° copies/mL during EVR
administration. It validate the reduction of HCMV events in
EVR-based regimens transplanted patients, as lung transplant
recipients (Ritta et al., 2015).

The international randomized phase IV TRANSFORM trial
(NCT01950819) was conducted in de novo renal transplant patients
randomized to RVE with reduced exposure to CNI or MPA with
standard exposure to CNI, treated with induction and corticosteroids.
EVR caused more adverse reactions than MPA, such as hyperlipidemia,
interstitial lung disease, peripheral edema, proteinuria, stomatitis/
mouth ulceration, thrombocytopenia and wound healing
complications. However, EVR has been associated with viral infections
less frequently than MPA. Indeed, HCMV infections and HCMV
syndrome were lower (8.1% vs. 20.1%; p<0.001 and 13.6% vs. 23.0%;
p<0.044 respectively). The same result was observed for BKV
infections. EVR was more often stopped due to rejection or delayed
healing (Tedesco-Silva et al, 2019). Another phase IV trial
(NCT02096107) with EVR in kidney transplants was also conducted
and reported that EVR with low tacrolimus exposure produced related
efficacy to tacrolimus and MPA with significantly lower BK and
HCMV levels (Taber et al., 2019). A more recent Phase IV trial was
conducted with 186 seropositive HCMV kidney recipients randomized
(1:1) to receive EVR or MPA in combination with basiliximab,
cyclosporine and steroids. In seropositive recipients, HCMV
DNAemia is prevented by EVR treatment until it is no longer tolerated
or stopped (Kaminski et al., 2022a). In addition, the same authors
reported that the T-cell phenotype may offer a new biomarker for
predicting post-transplant infection and classifying patients who
should be eligible for EVR treatment (Kaminski et al., 2022b).

5.2.1.3 Resistances
Currently, there is no resistance mutation to EVR that was
reported in CMV.

6 Immunoglobulins

Two types of immunoglobulins are available in therapy:

intravenous  administered immunoglobulins (IVIG) and
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e interleukin-2 receptor (IL-2R) on HCMV-infected T cells. The molecule

hyperimmune immunoglobulins (CMV-HIG). We will focus on
HCMV-specific immunoglobulins which are able to neutralize viral
infectivity (Aiba et al., 2017). Immunoglobulins may be used in
preventing congenital infections or in association with other antivirals
to cure HCMYV infection in transplantation (EI-Qushayri et al., 2021).

CMV-HIG are obtained by purification of adult human plasma-
derived immunoglobulin products in pools selected for high levels of
anti-HCMV antibodies. IVIG are acquired from the plasmas of
healthy blood donors on the basis of a high level of antibodies against
HCMV (Maniez-Montreuil et al., 1984). Using a correlation test
between HCMYV antibody titer and viral neutralization titer, it was
shown that HIG has a higher level of anti-HCMYV IgG than IVIG
(Germer et al.,, 2016; Schampera et al., 2017). Currently, there is two
options of HCMV-HIG which are, respectively, authorized in
United States and Europe: Cytogam® (CMVIG CG; CSL Behring,
Berne, Switzerland) and Cytotect CP® (Biotest AG).

Cytogam® is an HCMV-HIG derived from human plasma with
high titers of anti-HCMYV antibodies [112,5 PEIU/mL (Paul Ehrlich
Institute Units)] (Germer et al., 2016). It contains a standardized
amount of Ig (5+0.1%). In the United States, it is approved for the
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prophylaxis of HCMV disease in heart, liver, lung, kidney and
pancreas transplant recipients.

Cytotect CP® contains 5% Ig (50 mg/mL), 96% of which is IgG
(110.1 PEIU/mL) (Germer et al., 2016). Its maximum IgA level is
2mg/mL, and its anti-HCMV antibody level is 100 U/mL. It is
approved in Europe for the prophylaxis of HCMV infection in patients
treated with immunosuppressants and in solid organ transplant
patients. In France, this solution is available as part of a patient-
nominated program for treatment of
HCMYV infection.

Cytotect CP® and Cytogam® preparations have high avidity
indexes (90.5 and 91.0% respectively) and both have been tested in

the prevention or

immunoblot assays against antigenic HCMV glycoproteins with
similar results (Germer et al., 2016).

6.1 Mechanism of action

HCMV-HIG involve the neutralization of viral particles in
extracellular environment, opsonization for phagocytosis (ADP),
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activation of the cellular immune system (ADCC) and immune
adaptation with complement activation (Carbone, 2016; Figure 13).

6.2 Preclinical tests

Efficacy of HCMV-HIG was proved in vitro with a higher HCMV
neutralizing activity than IVIG (Miescher et al., 2015; Germer et al.,
2016; Schampera et al., 2017).

In 2022 and 2023, an in vitro and ex vivo (in placental villi of the
first trimester) study analyzed the efficacy and mode of action of
Cytotect CP® and showed good efficacy and low toxicity in different
routes of HCMV infection (Coste Mazeau et al., 2022, 2023). The
development of infection foci was blocked by Cytotect CP® with a
DN50 of 0.011 to 0.033 U/mL on endothelial strains (TB40E/VHLE)
in in vitro neutralization assays. Samely, on day 7, Cytotect CP®
prevents CMV infection with an ECs, of 0.024 U/mL in placental villi.
Although, once infected, viral growth was not inhibited in explants.
The viability of villi has not been affected. An additional study shows
the need for renewing Cytotect CP® every 7 days in the medium to
maintain efficacy at day 14 in the explants. This was coherent with the
recent pharmacokinetics study from Kagan et al. showing the decrease
of plasma concentrations within 2 weeks (Kagan et al., 2021).

10.3389/fmicb.2023.1321116

Potency of CMV-HIGs during pregnacy was assessed in animal
models. Guinea pigs were used as model to study HCMV-HIG
because congenital infection has similarities between HCMV and
GPCMV. The placental barrier can be crossed by both viruses that can
create an in utero infection. In guinea pig experiments, pup survival
is the endpoint as GPCMYV causes their death (Schleiss, 2008). This
model evaluated passive immunization of the fetus. Indeed, studies
have used pregnant guinea pigs with GPCMYV infection prior to HIG
administration or after to assess the inhibition of viral particle and
gB. In two studies, fetal survival was increased after administration of
CMV-HIG but the viral load was not affected (Bia et al., 1980;
Chatterjee et al., 2001). Thus, anti-gB CMV-HIG were used in another
study and allowed a reduction in fetal infection, inflmmation of
placenta, death of the fetus and increased fetal development. Results
were independent of CMV-HIG administration time. Infection rate of
fetuses was significantly reduced with the administration of CMV-HIG
from 39 to 0%. Anti-gB HIG also reduced inflammation of placenta
and increased fetal development (Bratcher et al., 1995).

The mouse model was used to assess passive immunization in the
fetal brain because the mouse CMV (mCMYV) does not pass through
the placental barrier. Peritoneal cavity of new-born mice was infected
with mCMYV. The viral infection was disseminated in mice brains with
associated inflammatory lesions such as infiltrations of mononuclear
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cells and prominent glial nodules. Treatment with HIG or monoclonal
antibody specific of gB glycoprotein led to decrease of viral load in the
brains and a 5-fold reduction of inflammatory lesions. This study
showed that CMV-HIG are responsible for a limitation of viral
replication and its associated lesions in the brain (Cekinovi¢
et al., 2008).

6.3 Clinical trials

CMV-HIG treatments were shown to be effective against severe
HCMYV infections in immunocompromised patients and congenital
infections. Whereas, retrospective studies assessed the potency of the
HCMV-HIG for the prevention of cCMV infection. To date, the only
two published trials have reported that anti-HCMYV IgG has not been
effective (Revello et al., 2014; Hughes et al., 2021). The effectiveness of
treatment is determined according to the frequency of treatment, the
concentration of HCMV-HIG and the time of seroconversion of the
patient (Kagan et al., 2019, 2021). A new administration protocol with
higher concentrations at the first stage of pregnancy will begin as a
third Phase III trial (NCT 05170269).

Concerning adverse events, in the phase II study, Cytotect® CP
was associated with a tendancy to a low birth weight for treated
newborns (Revello et al., 2014). Nevertheless, these results were
disclaimed by a newer investigation of Chiaie et al. that was conducted
in 50 women with a dose of 200 unit/kg taken twice during pregnancy.
No side effects caused by HCMV-HIG were reported in this study
(Chiaie et al., 2018).

Recently, an observational study was undertaken in 149 pregnant
women to assess the effectiveness of Cytotect CP® in pregnant women
with HCMV primary infection during the first trimester or
periconceptional period. This study was based on pharmacokinetics
results showing the half-life of HCMV-HIGs, which is about 10 days.
Every 2 weeks, a dose of 2001U/kg body weight of Cytotect CP® was
injected to women with primary infection before 14weeks of
amenorrhea. Intravenous injection should begin within 3 weeks of
discovery of the primary infection. HCMV-HIG injections were made
until the 18" week of amenorrhea. A significantly lower rate of
maternal infection transmitted to the fetus was observed with 7.5% in
the intervention group and 35.2% in the control group (Kagan
etal., 2021).

In comparison with the historical cohort of Feldman, Seidel et al.
conducted an observational survey using the same doses as Kagan
et al. and found a significant reduction in the rate of mother-to-fetus
transmission, regardless of the term of pregnancy (23.9% versus 39.9%
for the Feldman control group; p=0.026; Feldman et al., 2011; Seidel
et al., 2020).

Some observational studies suggest that HCMV-HIG may have a
protecting effect on the fetus after maternal primary infection
(Buxmann et al., 2012). Cytotect® CP was evaluated on 592 cases of
maternal primary infection before the 19th week of amenorrhea. After
an administration of 200 unit/kg, HCMV-linked symptoms in the
newborn decreased (Visentin et al., 2012).

Nevertheless, Cytotect CP® has also been evaluated in rescue
therapy for hematopoietic stem cell recipients with resistant refractory
infections. One study determined the safety and efficacy profiles of
Cytotect CP® in 23 patients with refractory HCMV and GVHD (74%)
and/or steroid treatment (64%). After 15days, a response was
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observed in 18 patients. Of the 18, four had CMV reactivation, one
died of CMV infection, and 4 died of CMV-related causes within
100 days of starting treatment. Total 100-day survival was 69.6% after
Cytotect CP®. However, no statistical difference between respondents
and non-respondents was reported. Thus, it showed that Cytotect CP®
was well tolerated and effective as a recovery treatment (Alsuliman
etal., 2018).

Another rescue therapy study was conducted in cardiothoracic
transplant recipients. This was a 6-year retrospective single-center
experiment in 35 patients. The rescue therapy consisted of Cytotect
CP® supplemented by antiviral treatment (GCV/VGCV/LEF).
HCMV-HIGs were well tolerated by patients and safe; only two
patients had adverse events, but their symptoms were resolved after
reducing HCMV-HIG doses to 1.5 mg/kg. CMV DNA was reduced in
all patients and, after 4weeks, undetectable in 73% of them.
HCMV-HIG were shown as effective to control viral replication in
cardiothoracic transplant recipients (Santhanakrishnan et al., 2019).

6.4 Resistances

So far, there is no reported case of resistant CMV to HIG.

7 Discussion

The CMV DNA polymerase inhibitors (GCV, FOS, and CDV) are
essential molecules for decreasing the morbidity and mortality rate
associated with CMV infection in transplant recipients (SOT or
HSCT). However, they are often responsible for toxicity (hematologic
or renal) and emergence of resistance that may limit their use.
Nevertheless, they are always the most used in clinical practice. The
approval of letermovir represents an important innovation for CMV
prevention in HSCT. A decisive step forward in the management of
refractory and/or resistant infections has been achieved with the
validation of maribavir in transplant recipients. However, in case of
multidrug resistance, or in non-transplanted patient or also in the
prevention and treatment of cCMV infection, finding new antivirals
or molecules able to inhibit CMV replication with the lowest toxicity
remains a critical need.

In this review, we have listed the main compounds with potential
activity against CMV. They belong to different families of molecules,
some with specific antiviral activity, others known for their
antimicrobial or immunosuppressive activities but with anti-CMV
efficacy, and still others with a completely different mode of action,
such as immunoglobulins.

Some direct antivirals like brincidofovir or cyclopropavir have an
interesting profile for CMV treatment, but the development of the first
was stopped after emergence of toxicity in a phase II clinical trial
whereas the second did not enter in phase II trials until now. The
search of cidofovir derivatives or pro-drugs is not yet stopped:
recently, a new family of antiviral acyclonucleoside analogs with high
bioavailability and potential activity against HCMV was patented (Roy
and Agrofoglio, 2022) and are under evaluation (personal data).
Concerning anti-terminase benzimidazole analogs, their poor
biodisponibility limited their clinical use. As the effectiveness of
letermovir validates terminase inhibitors as a clinically relevant class
of antiviral agents, the development of other terminase inhibitors may
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be considered and research on these inhibitors should be encouraged
(Ligat et al., 2018; Gentry et al., 2019). Indirect antivirals are also an
interesting area to explore because of their cellular targets, which do
not select for resistance to direct antivirals. Artemisin derivatives have
shown their efficacy to control HCMYV replication in some transplant
patients but with varying degrees of effectiveness. A degree of
uncertainty therefore remains when these treatments are used as
monotherapy but artesunate is still an alternative alone or in
association in multidrug resistant infections. Other indirect antivirals
like flavonoids or anti-cox derivatives have demonstrated good
efficacy in vitro but few or no study were performed until now with
these molecules. Expanding these families of chemical compounds
could be a complementary approach. Concerning immunomodulating
agents, leflunomide, mTOR inhibitors and immunoglobulins could
be used in combination with other antiviral drugs, as their use as
monotherapy is not sufficiently effective to be reccommended for the
control of high level HCMV replication.

With agents acting by new modes of action as LTV and MBV
available in clinical use, association therapy for the treatment of CMV
infection and disease can move from concept to reality. In vitro studies
support at least one additive (and sometimes synergistic) effect of
association of LTV or MBV with DNA polymerase inhibitors. MBV
targeting the kinase pUL97, his mode of action differs from the DNA
polymerase or terminase inhibitors, but pUL97 being the kinase
essential for GCV activation, association of both antivirals are
antagonist. Moreover, we and others have already demonstrated in
vitro that combination of indirect antiviral with DNA polymerase
inhibitors have additive or synergistic activity (Morere et al., 2015;
Wildum et al., 2015; Drouot et al., 2016; Chou et al., 2019). So far,
clinical studies are needed to assess which combination therapy for
HCMV is superior to monotherapy and which combination regimens
are most effective. Combination therapy has already proved its
relevance to treat other viral infections such as human
immunodeficiency virus and hepatitis C virus (Hepatitis, 2018; Saag
et al., 2020). Use of immunoglobulins in addition with antiviral
therapy should also be considered in immunosuppressed patients,
especially those with weak or null cellular response against
CMV. Nevertheless, the effectiveness of this approach must
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Scytovirin (SVN) is a lectin from cyanobacteria which has a strong inhibitory activity
against Ebola virus infection. We engineered scytovirin as the inhibitor for surface
display of lactic acid bacteria to block Ebola virus infection. Two different bacterial
strains (Lactobacillus casei and Lactococcus lactis) were successfully engineered
for scytovirin expression on the bacterial surface. These bacteria were found to
be effective at neutralizing pseudotyped Ebolavirus in a cell-based assay. This
approach can be utilized for prophylactic prevention, as well as for treatment.
Since lactic acid bacteria can colonize the human body, a long-term efficacy could
be achieved. Furthermore, this approach is also simple and cost-effective and can
be easily applied in the regions of Ebola outbreaks in the developing countries.

KEYWORDS

scytovirin, lectins, lactic acid bacteria, Ebola virus, bacterial engineering, surface display

1 Introduction

Ebola virus (EBOV) is an enveloped negative-stranded RNA virus which can cause severe
Ebola viral disease (EVD) in humans and nonhuman primates (Jacob et al., 2020). EBOV
belongs to the family Filoviridae along with Marburg virus that also causes a similar disease.
Ebolavirus in Zaire was first identified in 1976 in Africa (Bowen et al., 1980), now five Ebola
species have been recognized (Kuhn et al., 2019): Zaire ebolavirus (ZEBOV or EBOV), Sudan
ebolavirus (SUDV), Tai Forest ebolavirus (TAFV), Reston ebolavirus (RESTV) and Bundibugyo
ebolavirus (BDBV). Ebolavirus has produced more than 20 outbreaks in humans with high
mortality rates from 25 to 90% (Feldmann and Geisbert, 2011;WHO, n.d.). The recent large
Ebola outbreak in 2014 in West Africa infected more than 28,000 people and more than 11,000
died (Cenciarelli et al., 2015). It is evident that this emerging and reemerging viral pathogen
represents a great threat to human health. However, we do not have any medicines to treat this
lethal viral disease until December 2019, when a vaccine (rVSVAG-ZEBOV-GP) was approved
by FDA for limited use against Zaire Ebolavirus, and in 2020, two antibody drugs (mAb114 and
REGN-EB3) were approved for treating this viral infection. It is apparent that more medicines
are required for fighting against this deadly, infectious viral disease.

Scytovirin (SVN) is a small protein of 95 amino acids which was first identified from
cyanobacteria of Scytonema varium (Bokesch et al., 2003). Scytovirin is a type of lectin which
are known carbohydrate-binding proteins with non-immunologic nature (Fernandez Romero
etal., 2021). Because lectins recognize the carbohydrates on the glycoproteins of viral particles,
they usually exhibit antiviral activities (Akkouh et al., 2015; Naik and Kumar, 2022). Lectins
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from algae, plants and cyanobacteria show strong inhibitory activity
against HIV infection (Li et al., 2008; Akkouh et al., 2015). Due to
their inhibitory effect and immunosuppressive properties, lectins such
as cyanovirin-N (CV-N) (Colleluori et al., 2005; Li et al., 2011; O'Keefe
etal, 2015; Vamvaka et al,, 2016) and griffithsin (GRFT) (Emau et al.,
2007; Girard et al., 2018; Alexandre et al., 2020), have been used as
microbicides for treating viral diseases (Abdool Karim and Baxter,
2012; Huskens and Schols, 2012; Koharudin and Gronenborn, 2014)
and have been investigated for pre-exposure prophylaxis (PrEP)
against HIV-1 infection. Like the well-studied lectins CV-N and GRFT
in HIV research, SVN has also shown highly specific activity to the
high mannose moieties that exist on the surface of glycoproteins of
HIV, Ebola, and Marburg viruses (Barrientos and Gronenborn, 2005,
Mori et al, 2005, Alexandre et al., 2010). More studies have
demonstrated that scytovirin has much stronger activity against Ebola
than HIV in vitro and in vivo (Garrison et al., 2014).

Because scytovirin demonstrated potent antiviral activity against
Ebola infection, we used it to develop a novel live microbicide for
Ebola infection control. This approach displayed scytovirin on the
surface of Lactic acid bacteria (LAB) for delivery against Ebola virus
infection. These bacteria can be delivered into mucosal surfaces of the
body (e.g., mouth, nose, and GI tract) that are the ports of viral entry
where they can colonize and replicate. Previous studies using LAB
expressing the antiviral lectin CV-N demonstrated that the bacteria
can pass through the GI tract unharmed and stably produce lectins to
inhibit HIV (Lagenaur et al., 2011, Li et al., 2011, Brichacek et al.,
2013). Therefore, this approach for application of viral inhibition
should be safe, long-lasting and effective. Furthermore, this approach
is cost-effective and easy-to-use, so it is especially valuable for use in
those outbreak regions in Africa. Here, we reported the in vitro data
we have achieved successfully in this research direction.

2 Methods and materials
2.1 Strains, cell lines, and plasmids

Escherichia coli DH5a and E. coli BL21 DE3 were used for cloning
and initial protein verification, respectively. Both were cultured in LB
media (FisherSci, BP1427-500) overnight in a shaker at 250 rpm and
37°C. The antibiotics used for plasmid selection were 50 pug/mL
kanamycin for pET28a and 250 pg/mL erythromycin for pLSVN3 and
pLSVNY (Table 1). L. casei and L. lactis were cultured statically in MRS
media (FisherSci, CM0359) at 37°C and 5% CO2 for 2-3 days until
reaching log phase. For engineered bacterial culturing, 5ug/mL
erythromycin was added to the MRS media for applying selection
pressure. HEK 293 T and TZM-bl mammalian cell lines were grown
in Dulbecco Minimum Essential Media (DMEM) (Gibco, 11,965,092)
supplemented with 10% FBS (Gibco, 10,082), 1 mM L-glutamine
(Gibco, 25,030), and 100pug/mL penicillin/streptomycin (Gibco,
15,140). Cells were cultured in a humidified cell culture incubator at
37°C with 5% CO2 using T-75 flasks.

2.2 Scytovirin gene expression in E. coli.
The scytovirin (SVN) gene sequence (GenBank: P86041.1)

(Bokesch et al., 2003) with an added E-tag sequence (total 348 bp) was
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synthesized with SacI/Xhol restriction sites by GenScript and inserted
into the vector pET28a (Novagen, Inc.) to test protein expression in
E. coli BL21 (DE3) bacterial cells. SVN was overexpressed in E. coli
previously by Xiong et al. (2006). SVN expression was induced by
IPTG (1 mM) to increase protein production which was verified by
Western blotting using an anti-E-tag (ab3397, Abcam), anti-His-tag
(HRP-66005, Proteintech) or anti-SVN (A64238-050, Epigentek)
polyclonal antibodies.

2.3 Scytovirin constructs for surface display
on LAB

To express the SVN protein on the surface of LAB, constructs
were created which included the Lactate dehydrogenase promoter
(Pldh), signal peptide (SP), cell membrane anchor protein (ANC),
E-tag marker (E), and the protein marker (GFP). The constructs were
built up based on our previous plasmid pWZ486 (Wei et al., 2019)
derived from pTRKH3-1dhGFP (Addgene). The SVN-E-tag-GFP
fusion sequence replaced the CD4 gene sequence in pWZ486 using
the Sacl/Xhol restriction sites. The constructs pLSVN3 and pLSVN7
were verified by DNA sequencing and PCR using the specific primers
(Table 1) marked in the construct maps.

2.4 Electroporation

Plasmids were transformed into the Lactic acid bacteria (LAB) by
electroporation as previously described (Wei et al., 2019; Welker et al.,
2019). Briefly, overnight cultures of LAB cells were diluted (1:50) into
fresh MRS media with 1% glycine and incubated at 37°C without
shaking for 2h. Cells were harvested and treated with 50mM EDTA
(pH 8.0) for 15min, followed by two washes with ice-cold
electroporation buffer (0.5M sucrose) and resuspended in
electroporation buffer (1/100 volume of the initial culture). 50 pL of
cells were mixed with plasmid DNA and incubated on ice for 15 min.
The mixture was added to an ice-cold 0.2cm GenePulser (Biorad)
cuvette and pulse was immediately applied at the conditions of 10 KV/
cm, 200€2, and 25 pF. Cells were suspended in 1 mL MRS broth with
2mM CaCl2 and 20mM MgCI2 and then incubated at 37°C for 4h.
Cells were pooled on MRS plates with 5pg/mL erythromycin and
cultured as described above. To verify transformation, single colonies
were picked and added to 25 pL PCR master mix (Promega, M791B)
containing 1pM forward and reverse primers (Table 1). PCR
amplification occurred in a SimpliAmp thermocycler (Applied
BioSystems, A24811) under the following conditions: Stage 1; 95°C
for 5min, Stage 2 (35cycles); 95°C for 305, 55°C for 305, 72°C for
1 min, Stage 3; 72°C for 7 min. PCR products were visualized on 1%
agarose gel electrophoresis.

2.5 Flow cytometry

For the pLSVN3 construct transformed into L. casei, the
fusion protein was detected based on the GFP fluorescence.
Bacteria were washed three times with PBS and analyzed on a BD
FACSAria using a 488 nm laser. For the pLSVN7 construct
transformed into L. lactis, the bacteria were first stained for 1 h
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TABLE 1 List of strains, cell lines, plasmids, and primers used in this study.
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Materials Relevant characteristics Source or reference

Strains

Lactobacillus casei host strain for SVN engineering ATCC

Lactococcus lactis host strain for SVN engineering ATCC

E. coli BL21 DE3 For SVN expression Previous study

E. coli DH5a For plasmid amplification Previous study

Cell lines

HEK 293 T human embryonic kidney 293 cells for making pseudotyped viruses Previous study

TZM-bl HIV permissive cells under Tat-responsive long terminal repeat (LTR) promoter NIH HIV Research reagents program
driving the expression of firefly luciferase and beta-galactosidase used as report cells.

Plasmids

pSG3AE An envelope gene defective HIV clone (cat no. ARP-11051, GenBank: L02317) used as | NIH HIV Research reagents program
the backbone for pseudotyping viruses.

pWZ486 pTRKH-PIdh-SP1-GFP-CD4-ANC, Erm" Previous study (Wei et al., 2019)

pET28a-SVN for SVN-E-tag expression in E. coli This study

pLSVN3 for Lactobacillus casei engineering This study

pLSVN7 for Lactococcus lactis engineering This study

Primers

037 GCGCCTGCAGCTATTCTTCACGTTGTTTCCGTTTC ANC, reverse

048 GCGCGAATTCGCAGTCGACAAGCTTTTTAGTC Pldh, forward

057 AATTCTCGAGTCCTGAGCCTTTGTATAGTTCATCCATG GFP, reverse

141 GCGACTCGAGGATAAGAAGACTTCGCTGC ANGC, forward

154 GCAGCAACCATAGAAAGCGGAGGTAGTAAAGGAGAAG Pldh-SP-GFP, forward

155 CTTCTCCTTTACTACCTCCGCTTTCTATGGTTGCTGC Pldh-SP-GFP, reverse

198 GCGCGAGCTCATGGGAGCACCACTACC SVN Forward primer to test integration

199 GCGCCTGCAGCTACTCGAGTGCGG SVN Reverse primer to test integration

Erm’, erythromycin resistance gene; SP, signal peptide; GFP, green fluorescent protein, ANC, anchor (prtP) (Wei et al., 2019). SVN, scytovirin; Restriction enzymatic sites are underlined.

with two primary antibodies: mouse monoclonal anti E-tag
(Novus NBP2-67081) and rabbit polyclonal anti SVN (A64238-
050, Epigentek). Goat anti mouse conjugated with AlexaFluor488
(A-11011, ThermoFisher) and goat anti rabbit conjugated with
AlexaFluor594 (A-11012, ThermoFisher) were used as secondary
antibodies, respectively. Bacteria were analyzed on a Beckman
Coulter CytoFLEX FX at 488 nm and 561 nm. Unstained bacteria
and stained wild-type bacteria were used in all experiments for
an appropriate gating strategy.

2.6 Confocal microscopy

Confocal microscopy was performed using the same
fluorescent fusion protein or antibody combinations as described
for flow cytometry (above). Following the antibody staining,
bacteria were pelleted, resuspended in 10 pL PBS, and transferred
to a microscope slide with cover slip. Images were captured using
a Nikon AIR-Ti2 (Nikon Instruments, NY, USA) inverted
confocal system.

Frontiers in Microbiology

2.7 Pseudotyping viruses

The Ebola pseudotyped viruses were made from a HIV-1
backbone plasmid, pSG34*™ (NIH HIV Reagent Program). The Ebola
Envelope gene (GP, Zaire ebolavirus, GenBank: AIO11753.1), was
synthesized by GenScript and cloned into pcDNA3.1(+). Both
plasmids were co-transfected into 293 T cells in a 10 cm plate using
transfection reagent polyethyleneimine (PEI). Three days post
transfection, the medium was harvested and centrifuged at 500¢g to
remove cell debris, and then the supernatants were stored at —80°C
(Platt et al., 2009; Wang et al., 2022). The viral titers were determined
by reverse transcriptase assay.

2.8 Reverse transcriptase assay

The titers of pseudotyped viruses were determined by Reverse
transcriptase assay (RTA) (Wei et al., 2019). 500 pL of pseudotyped
virus stock was spun at 14,000 g for 2h at 4°C to precipitate the virus.
The viral pellet was resuspended in a Triton X-100-based suspension
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buffer and vortexed, followed by three rapid freeze-thaw cycles to lyse
the viruses. 50 pL of reaction mix [Oligo-dT Poly-A and *H-dTTP
(PerkinElmer)] was added, and the samples were incubated at 37°C
for 1h in a heating block. Then, the samples were pipetted onto DEAE
Filter mat circle papers (PerkinElmer), followed by three 10 min
washes in 2X SSC buffer, and one 10 s wash in 100% ethanol. The
filters were dried at room temperature and analyzed using a
scintillation counter to measure the incorporation of *H-dTTP into
cDNA. The average CPM values from duplicates were determined.

2.9 Virus adsorption

Pseudotyped Ebola virus stocks were mixed with wild-type
bacteria or engineered bacteria (~5x10’/mL) in 1.5mL micro-
centrifuge tubes. The mixtures of bacteria and viruses were incubated
for 1h at room temperature. Then the tubes were spun for 1 min at a
13,000 g to remove the bacteria and bound pseudotyped virus. The
supernatants were collected, and the viral titers determined by RTA.

2.10 Virus neutralization

For the neutralization assay, pseudotyped Ebola virus was
mixed with wild-type or engineered bacteria in the same manner
as the adsorption assay described above. After centrifugation to
remove the bacteria and bound pseudovirus, the remaining
supernatants were applied to TZM-bl cells which were used as the
target cells due to their ability to express luciferase when infected
(Platt et al., 2009). The TZM-bl cells were set at a density of
6.0 x 10° per well in a 96-well plate. Each neutralization assay was
performed in triplicate with 5,000 RT units of pseudovirus per well
used as the starting titer. Two days post-infection, the supernatants
were removed, the cells were washed once with PBS, lysed in 1x
Passive Lysis Buffer, and frozen at —80°C. The plates were then
thawed, and luciferase activity was measured using beetle luciferin
substrate (Promega) in a Veritas Luminometer.

10.3389/fmicb.2023.1269869

2.11 Statistical analyses

Statistical analyses were conducted for virus adsorption and virus
neutralization data using GraphPad Prism software (version 9.0). The
significances were determined by using unpaired two-tailed Student’s
t-test at p-value <0.05.

3 Results
3.1 SVN gene cloning and expression

The scytovirin gene was initially synthesized by adding an E-tag
at the N-terminus and cloned into pET28a with Sacl/Xhol sites. The
SVN plasmid was transformed to E. coli BL21 (DE3) cells for protein
expression. The SVN fusion protein was observed under induction of
1 mM IPTG by Coomassie blue staining. The induced band of ~16kD
fusion protein was noticed clearly (Figure 1A). To further confirm this
protein, Western blotting was carried out by using E-tag, His-tag, and
SVN specific antibodies. Positive bands were observed from all three
different specific antibodies (Figure 1B), suggesting that the ~16kD
SVN-E-tag fusion protein is expressed correctly. Figure 1C shows the
construct design including the two His-tags encoded by the pET28a
vector, as well the SVN ribbon structure with two highly similar
domains (D1 and D2) for carbohydrate binding (Moulaei et al., 2007).
Thus, the SVN-E-tag expressing construct can be further utilized for
following bacterial engineering.

3.2 SVN gene engineering for surface
display on Lactobacillus casei

The SVN-E-tag construct was cloned into our previous plasmid
(pWZ486) through Sacl/Xhol sites to produce a new construct
designated as pLSVN3 (Figure 2A). This GFP-E-tag-SVN fusion
protein with the anchor has been modeled and shown in Figure 2B,
which should be flexible for capturing viral particles. The construct

A B Cc
M BL-21 WT BL-21 SVN M  BL-21WT BL-21 SVN 198
oMl s & = SR PET28a-SVN—H[E[  sw  [u}-
—
KD 199
180 |w— anti-E-tag Sacl Aol
130 -t . - 3 -
100 —— == }
7 aup pea SRS BN '
55
-y anti-His-tag
-_—
40 -_a
35 ..
25 | 'f-' '
2y - i D1 D2
15— — — — anti-SVN
Coomassie blue staining Western blotting SVN construct and structure
FIGURE 1
Expression of SVN-E-tag-His-tag in bacterial Escherichia coli K12 BL21 cells. (A) Coomassie blue staining, the induced fusion protein band was marked
with the red arrow. (B) Western blots showing the specific positive bands. The specific antibody for anti-SVN is a scytovirin polyclonal antibody. (C) The
SVN construct in pET28a and the SVN 3D structure, showing the two similar domains (D1 and D2) in magenta. H, His-tag, E, E-tag.
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was created first in E. coli DH5a cells and demonstrated the PCR
fragment of ~1800bp of GFP-E-tag-SVN sequence was correctly
amplified using primers 154 and 037 (Figure 2C). To engineer the
L. casei strain, the SVN construct pLSVN3 was transformed by
electroporation into the L. casei for protein expression. The
transformants were verified by PCR. A ~1800bp PCR band from the
amplification with primers 154 and 037 revealed that the pLSVN3
plasmid was transformed into the L. casei cells (Figure 2D). A ~75kD
band corresponding to the fusion protein size (GFP-E-SVN-ANC)
was detected by Western blotting using specific GFP and SVN
antibodies (Figure 2E), suggesting that the SVN-GFP based fusion
protein was produced from the L. casei cells. The smaller size band
(~43kD) that appeared is the partial fragment of the fusion protein
complex without the anchor domain (ANC). Flow cytometry analysis
revealed the rate of SVN-GFP positive cells was 33.5% (Figure 2F a
and b). To determine whether these protein inhibitors are displayed
on the bacterial surface, confocal microscopy was used to visualize
these SVN-GFP fused proteins. The pictures from confocal
microscopy exhibited the fusion protein in green (GFP) displayed on
the surface of bacteria (Figure 2F b). The biological functional studies
were conducted for virus binding and neutralization. The engineered
bacteria showed a moderate binding activity to the pseudotyped Ebola
particles, reduced 37.2% of virus load, but the wild-typed (WT)
bacteria also showed weak binding to the pseudotyped viruses because
of the unspecific binding, reduced 21.8% (Figure 3A). The virus
inhibition assay indicated that SVN-expressing bacteria had a
moderate inhibition activity against pseudotyped Ebola virus infection
which was 39.1%, but the WT-bacteria also had 23% inhibition
(Figure 3B). These moderate functions may be due to the lower
positive rate of SVN-expressing cells and the GFP interference of SVN
binding in the SVN-GFP-ANC fusion protein complex.

3.3 SVN gene engineering for surface
display on Lactococcus lactis

Lactococcus lactis is another type of LAB which has a round shape
and is widely used in the production of buttermilk and cheese. Thus,
it is a very safe host strain candidate for anti-Ebola infection.
We created the construct to remove the protein marker GFP but keep
the E-tag marker from the construct pLSVN3, and this new construct
was designated as pLSVN7 (Figure 2A). The construct pLSVN7 was
transformed into the L. lactis using electroporation method. Positive
bacterial colonies in the erythromycin selection plates were picked for
further evaluation. The PCR method was first used to confirm the
pLSVNY7 plasmid was in the bacterium of L. lactis using primers 048
and 199. The expected ~700bp band was identified (Figure 4A).
Western blotting further demonstrated that SVN fusion protein
(E-tag-SVN-ANC) was shown and in the correct molecular weight of
55kD both in anti-E-tag and anti-SVN specific antibodies. The 16kD
SVN-E-tag fusion protein from the E. coli BL-21 (DE3) lysate as the
positive control was also shown in the Western blots (Figures 4B,C).
These Western blotting data demonstrated that the E-tag-SVN-ANC
fusion protein was expressed in L. lactis. Next, the Confocal
microscopy method was used to verify the surface display. Two colors
of fluorescence were used for labeling E-tag (green) and SVN (red),
respectively. The results demonstrated that the SVN fusion protein is
clearly expressed on the surface of the bacterium. The single color,
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FIGURE 2

Plasmid constructs and characterizations of SVN-fusion protein
expression in Lactobacillus casei. (A) Maps of scytovirin (SVN)
plasmid constructs. Promoter, Pldh; SP, signal peptide; GFP, green
fluorescent protein; E, E-tag; SVN, scytovirin; ANC, anchor domain.
(B) Three-dimensional (3D) model of fusion protein of ANC-SVN-E-
tag-GFP. (C) DNA gels showing the PCR bands with the pair of
primers 154/037, indicating the total 1797 bp band from the positive
colonies of E. coli: 1. pLSVN3 plasmid, 2. pLSVN3 C1 (colony 1), 3.
pPLSVN3 C2 (colony 2). 4. E. coli WT. (D) Verification of pLSVN3
plasmid in L. casei after electroporation using PCR primers 154/037.
wt, wild-type L. casei; 1. pLSVN3 C1 (colony 1); 2. pLSVN3 C2 (colony
2). (E) Western blot for detecting the SVN-GFP fusion protein. 1. L.
casei wild-type bacteria only. 2. Engineered L. casei (using anti-GFP
antibody). 3. Engineered L. casei (using anti-SVN HRP conjugated
polyclonal antibody, MBS7005164). (F) Flow cytometry analysis: (a),
Wild-type L. casei (negative control), (b). Engineered L. casei and the
images of SVN-GFP surface displayed bacteria

green or red and the merged color of green and red indicated the
overlapping presence of fusion protein surface expression (Figure 5).
Furthermore, Flow cytometry analysis was also conducted, and the
data presented in Figure 6, shows that the positive rate of bacteria has
reached 92.4%. The results demonstrated that the SVN-fusion protein
is unambiguously expressed on the surface of these bacteria.
Functional studies were performed against the pseudotyped Ebola
viruses. First, we used the viral particles adsorption method to
evaluate the bacterial ability for capturing the viruses. We then tested
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Functional studies of SVN-engineered L. casei bacteria. (A) Virus adsorption assay. (B) Virus neutralization assay. Wild-type (WT) L. casei as the negative
bacterial control; virus only used as the positive control; DMEM medium or cells as the negative control.
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Characterizations of SVN expression in L. lactis. (A) PCR verification of SVN plasmid in L. lactis. PCR verified a positive band of ~700 bp from primers of
048 and SVN reverse primer 199. (B) Western blots showing anti-E-tag and Anti-SVN positive bands. 1. L. lactis WT, 2, L. lactis SVN. 3. E. coil SVN
(positive control). SVN specific polyclonal antibody A64238-050 (Epigentek).

the engineered strain activity to inhibit Ebola virus infection using
TZM-bl cells. The virus adsorption and neutralization data are shown
in Figure 7. Compared to the wild-type control bacteria, L. lactis, SVN
engineered bacteria demonstrated improved functional abilities,
absorbing 22.1% more pseudoviral particles and reducing infection by
28.5%. Overall, the SVN expressing L. lactis was able to adsorb 37.6%
and neutralize 53.5% of the total pseudotyped Ebola virus, reducing
infection in half compared to the virus only positive control
(Figures 7A,B). In comparison, the wild-type L. lactis also
demonstrated some ability to bind pseudotyped Ebola virus and
reduce infection (15.5% adsorption and 24.7% neutralization) through
non-specific binding, but the specific binding of the engineered
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bacteria to the viruses and are more than twice as effective, suggesting
the SVN-expressing L. lactis bacteria can offer better protection
against Ebola virus infection.

4 Discussion

Bacterial therapy is a promising approach for human health and the
common use of probiotics demonstrates its great potential (Yadav et al.,
2020; Tegegne and Kebede, 2022). Using commensal bacteria for treating
viral diseases has received broad attention since the bacterial microbicide
has its advantages such as easy-to-use, cost-effective, and long-term
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FIGURE 5
Confocal analysis of SVN-engineered Lactococcus lactis. Antibodies used for staining: AF-488 (green) for E-tag; AF-594 (red) for SVN. For more details,
please see the Method section

No Ab 2"- Ab 1st-Ab & 2" -Ab
» “1‘ |371 L |
w'q 0.05% ' 0.42% w4 9.6%
. 175] t:‘s‘! w5]
L. lactis X
w Ll
WT 3 3
¥ @;1.;_‘ q
s ; N ;
[=2] Lo : 10° 4
Ln . "o ’ w‘le‘ w‘w’ w‘w" To : mo i “’lo' w‘xo' W‘u‘ “|'o
L
<
og
=
> w 4 o 1’ o o
n 3 0.07% 3 0.21%
x:’] |:°]
L. lactis + o
SUN ] "
E-tag & AF488
FIGURE 6

Flow cytometry analysis of SVN-engineered Lactococcus lactis. The 1st antibody (AF-488 conjugated, green) used is for staining E-tag; The 2nd
antibody used (AF-594, red) is for staining SVN
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Functional studies of SVN-engineered L. lactis. (A) Virus adsorption assay. (B) Virus neutralization assay. Wild-type (WT) L. lactis as the negative bacterial
control; virus only used as the positive control; DMEM medium or cells as the negative control. Significances were determined by using unpaired two-
tailed Student’s t-test at p-value <0.05.

efficacy (Ramachandran and Shanmughavel, 2009; Obiero et al., 2012).
Especially, natural lectins as inhibitors can reduce unnecessary immune
responses and enhance specific inhibiting activities for therapeutic
applications (Akkouh et al., 2015; Mitchell et al., 2017; El-Maradny et al.,
2021; Fernandez Romero et al., 2021; Mazur-Marzec et al., 2021; Naik and
Kumar, 2022). For developing this method to use bacteria for antiviral
diseases, bacterial engineering is a critical step. In this report,
we engineered two types of Lactic acid bacteria (LAB) for surface display
of the Ebola inhibitor scytovirin (SVN). Both bacterial strains successfully
displayed scytovirin on the surface, suggesting the applicability of our
constructs for surface expression of SVN fusion protein in lactic acid
bacteria. The fluorescence of the SVN lectin fusion molecules when
stained with GFP or SVN antibodies perfectly overlapped on the surface
of the bacterium indicating a high display of inhibitors. The positive rate
of engineered bacteria is higher in L. lactis (92.4%) than in L. casei
(33.5%), suggesting that lower positive rate in L. casei is due to the higher
genetic instability because certain bacteria may lose the SVN plasmid or
SVN gene during the replication, especially when the antibiotic pressure
is reduced. Another possibility is the genetic recombination between the
SVN plasmid and host genome by which the plasmid composition could
be changed or damaged. We found that LAB were capable of quickly
developing resistance to erythromycin (5pg/mL) selective pressure,
especially when grown in stationary, liquid culturing conditions,
suggesting that the bacteria lose the plasmid (data not shown). Thus,
increased erythromycin concentration is usually needed to get more
genetically stable strains. In general, using a genomic integration method
for engineering would be better than plasmid transformation for making
genetically stable strains, which is essential for clinical or therapeutic use.
In this research, L. lactis was found to be highly stable and would
be assessed for in vivo (mice) colonization, and for protective efficacy
against challenge with infectious Ebola viruses conducted in the
BSL-4 containment.

In the construction of fusion protein plasmids, the GFP protein
marker seems unnecessary. Small protein tags such as E-tag appear to
be adequate for detection and evaluation during the studies. Removing
GFP reduced the size of the fusion protein by ~27kD, nearly 3x the
size of SVN, maximizing the exposure of SVN inhibitor and
preventing possible steric hindrance from GFP. Eliminating GFP from
the fusion protein also presents another advantage for in vivo
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applications by avoiding the potential for immunogenicity and
cytotoxicity caused by the GFP protein (Ansari et al., 2016).

In this report, our data from the in vitro study with pseudotyped
Ebola virus serves as a proof of concept of using engineered commensal
bacteria for blocking Ebola infection. Commensal bacteria have
previously been demonstrated to inhibit HIV-1 infection (Nahui
Palomino et al., 2017), and it is likely they provide a similar baseline level
of protection at mucosal surfaces against other viral infections. This study
indicates that this baseline level of protection is around 20-25% for WT
L. lactis. Our data shows that lectin displaying bacteria can bind and
neutralize significantly more viruses compared to the wild-type
commensal bacteria, suggesting that engineered bacteria could be used
prophylactically to improve upon the health benefit already provided by
commensal bacteria by decreasing the likelihood of contracting a viral
disease. This is contingent upon the engineered bacteria successfully
colonizing various mucosal surfaces in the body and stably producing
recombinant protein. To investigate this, we will test different routes of
administration in mice (oral, nasal, rectal, etc.) to determine the stability
of the L. lactis strain under different physiological conditions, as well as
determining the efficacy of the bacteria to prevent in vivo infection prior
to advancing to clinical trials. In conclusion, the commensal bacterial
based anti-Ebola approach is promising and will be beneficial for
combating this deadly viral disease.
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