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ABSTRACT

The third outbreak of coronavirus (CoV) infection (after SARS-CoV and MERS-CoV) caused by a novel CoV
(SARS-CoV-2) of the genus Beta-coronavirus has become a global pandemic. CoVs are enveloped viruses
whose proteins include spike (S), membrane (M), and envelope (E) which are embedded in the viral
envelope. The glycosylated S protein, which forms homo-trimeric spikes on the surface of the viral particle,
mediates viral entry into host cells. SARS-CoV-2, like SARS-CoV, uses the Angiotensin-Converting Enzyme 2
(ACE2) cell surface protein for cellular entry. An attractive anti-viral approach is targeting virus entry into
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cells, for which three strategies are suggested: 1) direct targeting of the viral glycoprotein; 2) targeting the
viral receptor on the cell surface; and 3) using soluble (s) ACE2 that binds to S protein thereby neutralizing
the virus. In this article, the advantages and disadvantages of these strategies are explained. Moreover, we
propose that fusion of the sACE2 to anti-CD16 to produce a bi-specific molecule could be a promising

anti-viral strategy.

Introduction

The Coronavirus (CoVs) family was discovered in the 1960 s
and was classified as the family of Coronaviridae, which is the
largest family of Nidovirales. The Coronaviridae family con-
sists of two main subfamilies, including Orthocoronavirinae
and Torovirinae. Orthocoronavirinae family is comprised of
four genera: Alphacoronavirus, Betacoronavirus,
Gammacoronavirus, and Deltacoronavirus.'

CoVs are commonly found in mammals and birds. Alpha
and Beta-coronaviruses circulate in mammals, including bats.
Gamma viruses mainly infect avian and some mammalian
species, while Deltacorona viruses infect birds and mammals.
Before 2002, CoVs were considered as nuisances but never as
serious viruses."”

The world experienced the first outbreak of coronavirus
(CoV) infection in 2002-2003 by Severe Acute Respiratory
Syndrome (SARS) and the second, in 2011 by Middle East
Respiratory Syndrome (MERS). In both cases, the causative
agents, SARS-CoV and MERS-CoV were newly identified as
coronavirus in the Betacoronavirus genus with zoonotic
origin.>~

Since December 2019, some hospitals in Wuhan, China
have been suffering from pneumonia of unknown causes that
later was identified as a novel CoV (nCoV) in the
Betacoronavirus genus and was formerly named as 2019-
nCoV (Coronavirus disease 2019) but recently named as
SARS-CoV-2. This virus caused the third outbreak of corona-
virus infection that became a pandemic.5 Fever, cough, fatigue,
and pneumonia are the main clinical symptoms of SARS-CoV
-2 infection.

Coronaviruses, including the newly discovered SARS-CoV
-2, are spherical single-stranded RNA viruses, characterized by
spike proteins, projecting from the virion surface. The spheri-
cal morphology of the viral particle together with the spike
projections led to the name of coronavirus from the Latin word
corona that means crown, due to the appearance of the virus as
a royal crown under the electron microscope.®’

Host cells entrance pathway of the SARS-CoV-2

Coronaviruses are lipid bilayer (from host cell membrane)
enveloped viruses shaped by structural proteins, including
spike (S), membrane (M), and envelope (E) proteins, which
are all embedded in the viral envelope. The S protein is heavily
glycosylated and forms homotrimeric spikes on the surface of
the viral particle and mediates viral entry into host cells.® The
tissue tropism of CoVs is determined by the S protein interac-
tion with the receptors on host cells. Several cellular molecules
have been described as the receptors for CoVs. Angiotensin-
converting enzyme 2 (ACE2) has been identified as the main
receptor of SARS-CoV-S and SARS-CoV-2-S proteins.

ACE2 is one of the main enzymes in the renin-angiotensin
system (RAS) that regulates blood pressure, fluids and electro-
lyte balance, and is involved in systemic vascular resistance.””"

Activation of local pulmonary RAS in lungs may affect the
pathogenesis of lung injury through several mechanisms, such
as increase of vascular permeability and alterations of alveolar
epithelial cells."*" Pulmonary RAS activation involves renin
enzyme that is the primary enzyme for the activation of RAS
cascade. Angiotensinogen, as a globular protein, is cleaved by
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renin to produce angiotensin I (Ang I, a decapeptide hor-
mone). ACE converts Ang I to active Ang II (an octapeptide
hormone). Ang II uses vasoactive effects via binding to angio-
tensin II type I (AT1) and type II (AT2) receptors.

ACE2 is a homologue of ACE and has a key role in balan-
cing responses that is initiated by ACE."' "> ACE2 hydrolyzes
Ang I to produce Ang-(1-9) and Ang II to generate Ang-(1-7)
that binds to the G-protein coupled receptor MAS'®'” in order
to antagonize several Ang II-mediated effects. Overall, ACE2
functions as a counter-regulatory enzyme by decreasing local
Ang IT concentrations. Recently, it has been shown that human
recombinant soluble ACE2 (hrs ACE2) inhibits the growth of
SARS-CoV-2 in Vero cell line."® This inhibition is due to
competitive interaction of SARS-CoV-2 with ACE2 and
hrsACE2.

High levels of Ang II can increase the vascular permeability
and pulmonary edema.'””*! In mice models of acute respira-
tory distress syndrome, mice with knockdown ACE2 expres-
sion showed more severe disease and symptoms, but over-
expression of ACE2 had protective effects.’” Viral replication
and viral spike protein have been shown to decrease the expres-
sion of ACE2 but not ACE in mice models infected with SARS-
CoV.?> Also, SARS-CoV can induce rapid downregulation of
ACE2 from the cell surface’*** and release catalytically active
ACE2 ectodomains.”**® Current results propose that the phy-
siological balance between Ang II/Ang (1-7) and ACE/ACE2
has been possibly interrupted by SARS-CoV infection. This
virus-mediated effect may have a pathogenic role in lung
injury.>*° Moreover, inoculation of SARS-CoV spike protein
into mice induced a significant increase of Ang II protein in
lung tissue and aggravated acid-induced acute lung injury.*
Data from these earlier animal studies may suggest a possible
mechanism of SARS-CoV infection and can cause severe lung
failure that is probably mediated through high protein levels of
Ang II that result from the inhibition of ACE2 by the viral
spike protein. It has been suggested that the pathogenic
mechanism of the disease might be shared between SARS-
CoV-2 and SARS-CoV, when their spike proteins interact
with ACE2.”" Accordingly, the balance of ACE/ACE2 function
and compensation of ACE2 may improve the virus-induced
severe lung injury.>

Analysis of the receptor-binding motif (RBM) of S protein,
a part of the receptor-binding domain (RBD) that binds to
ACE2, revealed that amino acid residues essential for binding
of SARS-CoV-S to ACE2 are conserved in the SARS-CoV
-2-S protein. However, most of these residues are absent
from S protein of SARS-CoV-related virus from bats and
were not found to be used by ACE2 for entry.”>° It has
been shown that anti-human ACE2 serum can block the
entry of virus through SARS-S and SARS-CoV-2-S proteins,
but not that of MERS-S virus protein into BHK-21 cells.
Furthermore, SARS-CoV-2 could infect the ACE2 transfected
BHK-21 cells with high efficiency but did not infect parental
BHK-21 cells, indicating that SARS-CoV-2-S, like SARS-S,
used ACE2 for entry. A recent study showed that SARS-CoV
-2-S protein has a higher affinity to ACE2 than SARS-S protein.
It has been demonstrated that binding of SARS-S to ACE2
induced ACE2 shedding from the cells with higher efficiency
than NL63-S protein. Indeed, the pathogenicity of NL63 virus
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(HCoV-NL63) is milder than SARS virus that is related to the
lower affinity of NL63 for human ACE2.°**"**

Neutralization of the virus before entry

The first approach to combat SARS-CoV-2 is virus neutraliza-
tion before entering human cells. Several strategies can be used
for neutralizing virus, including:

1) Targeting viral glycoprotein directly by neutralizing anti-
bodies. The genome sequence of SARS-CoV-2 virus is available
for gene synthesis, enabling the use of S protein to immunize
mice or rabbits. Screening immunized animals for neutralizing
antibodies using phage or yeast display libraries that express
antibody fragments could be used to identify the antibody
candidates for viral neutralization.®*’ The challenge is that
antibody candidates need to be validated in cell culture and
animal models to confirm their ability to neutralize SARS-CoV
-2 and prevent infection. A cocktail of different antibodies
might be required to ensure full protection for patients. Due
to the high rate of mutations in RNA viruses, several virus
mutants should be examined in the population to test if suffi-
cient breadth of coverage is obtained with the neutralizing
antibody. Despite all these efforts, this method cannot guaran-
tee that neutralizing antibodies can be resistant to other
mutants of the virus may have in the future.

2) Targeting the viral receptor on the human cell surface is
another strategy. The co-incidence of SARS-CoV and SARS-
CoV-2 using ACE2 as the receptor opens up the possibility
exploiting the extensive studies on the entry of SARS-CoV and
applying it to SARS-CoV-2. Several possible blocking methods
could be considered, which have been shown to be effective in
preventing infection in SARS-CoV models. The advantage of
this technique is that the ACE2 protein of the host cells will not
change, so, the possibility of virus escape from binding to
therapeutic agents is low. The first method is using soluble
reagents that bind to human ACE2. For example, small or large
molecule inhibitors could be proper reagents that prevent the
binding of virus to human ACE2'® or small RBD of SARS-CoV
-S protein that has been demonstrated to be the key domain for
binding to ACE2 during the entry process. Although the
administration of this domain has been shown to block the
entry of SARS-CoV in cell culture, it is unclear if the equivalent
RBD of SARS-CoV-2 has the same blocking effect as SARS-
CoV and SARS-CoV-2 may not share the same binding site on
ACE2. Second: administration of antibodies such as single-
chain variable fragments (ScFv) that bind to ACE2 protein
may prevent SARS-CoV-2 infection.

3) Using soluble ACE2 (sACE2), which may bind to the
S protein of SARS-CoV-2 and neutralize the virus. A recent
study has shown the positive effects of this approach. This
study has proven that soluble recombinant human ACE2 can
inhibit the entry of the SARS-CoV-2 to human cells.'® Soluble
ACE2 was noted to block the SARS virus from infecting cells in
culture. The binding affinity of SACE2 to the SARS-S protein
has been reported to be 1.70 nM that is comparable to the
affinities of monoclonal antibodies (mAbs). As mentioned
above, SARS-CoV-2 has more affinity for ACE2 compared to
SARS-CoV. Thus, it could be a promising strategy for treat-
ment or prevention of COVID-19 disease.*"**
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Moreover, it might be possible to construct a chimeric
immunoadhesin molecule through binding of sACE2 to
human immunoglobulin G (IgG) Fc fragment. Several studies
have demonstrated that the ACE2 amino acids 18-615 are
sufficient for SARS-S protein binding, which also covers the
peptidase domain necessary for ACE2 enzymatic function.”
Although the structure of the virus S protein and its binding to
the ACE2 is largely unknown, the same ACE2 protein domains
may be employed by the SARS-CoV-2 virus as used by SARS-
CoV to bind and infect the human cells.

The main advantage of the Fc fragment of the chimeric
molecule is endowing a longer half-life on the sACE2.
Recombinant ACE2 half-life was extended from less than 2
h to over 1 week in mice model when formatted as recombi-
nant ACE2-Fc.*?

A key difference of the ACE2-Fc compared to neutralizing
antibodies is that the effector functions of the Fc fragment may
recruit macrophages, natural killer, and dendritic cells through
the CD16 receptor against the particles of the virus or infected
cells. This may facilitate faster activation of immune response
and eliminate the virus. There are evidences that illustrate Fc
engaging antibodies were more potent in eliminating SARS via
activation of phagocytic cells than antibodies that neutralize
virus alone.** On the other hand, Fc domain of the chimeric
protein may direct SARS-CoV-2 toward Fc receptor (CD16)
positive cells, which has been shown in vitro for neutralizing
antibodies in MERS.*> The clinical significance of this phe-
nomenon is unclear in in vivo situation. However, clinical trials
may reveal the side effects of ACE2-Fc treatment.

The sACE2-anti-CD16 VHH bi-specific molecule

Human receptors for IgG (FcyR) are divided into three classes,
including CD64 (FcyRI), CD32 (FcyRII) and CD16 (FcyRIII).
CD16 (FcyRIII) and CD64 (FcyRI) are activatory and some
CD32 (FcyRII) isoforms are inhibitory receptors. CD16 is
a transmembrane isoform with low affinity for IgG and is
expressed on NK cells, a small subpopulation of
T lymphocytes, as well as monocytes and macrophages. It is
an activating receptor involved in antibody-dependent cell-
mediated cytotoxicity (ADCC), phagocytosis, endocytosis,
and cytokine release. The Fc domain of IgG can bind not
only to activatory but also to inhibitory Fc receptors
(FcyRIIB) that are expressed on B cells and myeloid cells.***’
However, due to the size of the Fc fragment and its low affinity
for CD16, chimeric ACE2-Fc molecule might not be effective
against the virus.

Therefore, a chimeric molecule consisting of single-domain
antibodies (sdAbs) with the variable domain of the camelid
heavy-chain antibodies (also named VHH or nanobodies),
might be a proper strategy for inhibition and treatment of
COVID-19 disease.”® These small antibody domains are
endowed with a large number of properties making them
very attractive for antibody engineering. Despite the reduced
size of their antigen-binding surface, VHH domains exhibit
affinities in the range of those of conventional mAbs.***° The
single-domain nature of VHH permits the amplification and
subsequent cloning of the corresponding genes, without
requiring the use of artificial linker peptide (as for ScFv) or of
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Figure 1. The spike protein of the coronavirus binds to ACE2 on target cells
(include lung and gastrointestinal tissues in the human body) leading to cell
entry. The sACE2-anti-CD16 VHH bi-specific molecule not only blocks SARS-CoV-2
from infecting cells but also mediates ADCC by NK cells. Anti-CD16 VHH fused to
soluble ACE2 would prolonged the construct circulation half-life in the body.

bi-cistronic constructs (as for Fab fragments). This feature
allows direct cloning of large VHH repertoires from immu-
nized animals, without disruption of CH2-CH3/CH2-CH3
pairing when generating Fc fragment. The VHH format is
likely responsible for the high production when these domains
or VHH-based fusion molecules are expressed. Moreover,
VHH fragments show exquisite refolding capabilities and phy-
sical stability.”" Finally, genes encoding VHH show a large
degree of homology with the IGVH3 family of human IGVH
genes,”> which might confer a low antigenicity in humans.
Altogether, these data show that VHH might be an excellent
candidate to engineer multi-specific or multi-functional pro-
teins for immunotherapy. Notably, sdAbs directed against
CD16 could be linked to sACE2 to generate bi-specific mole-
cules suitable for bridging effector killer cells and target cells.

The sACE2-anti-CD16 VHH bi-specific molecule (Figure 1)
may have several advantages compared to ACE2-Fc, including
binding to CD16 with high affinity and binding to activating
receptors. The small size of this molecule allows rapid permea-
tion into different tissues, and can be produced in large quan-
tities in prokaryotic and eukaryotic cell lines.** >

ace

Therefore, the sSACE2-anti-CD16 VHH bi-specific molecule
(Figure 1) may block the virus S protein or leaves the ACE2 free
to perform its physiologic function in lung.

Bridging the NK cells to SARS-CoV-2 may help to
infect them by the virus

NK cells are the first arm of the cellular immune response
against virus infection and tumor cells. But how they are
protected from SARS-CoV-2 and other viruses?

Although the immune system of COVID-19 patients pro-
duces specific antibodies step by step against the virus, natural
antibodies also target virus S protein, but these antibodies have
two disadvantages: first, they have low affinity for the Fc recep-
tors and cannot induce appropriate ADCC. Second, they can
activate the complement system and cause severe leukocyte
invasion and inflammation that potentially results in tissue
damage.

On the other hand, it has been noted that plasma from
infected patients recovered from the disease contains high



levels of opsonizing antibodies against the virus and induces
the virus neutralization via ADCC, before exacerbating the
inflammation.”® These experiments are ongoing for SARS-
CoV-2 infected patients, and initial results appear
promising.”® These antibodies have several functions, includ-
ing opsonization process, ADCC, complement activation and
recruitment of NK, MQ, and other immune effector cells. The
sACE2-anti-CD16 VHH bi-specific molecule can block
S protein and provides proper balances between ACE2/ACE
and angiotensin II/1, followed by removing edema and pul-
monary permeability. It does not activate complement system
and has high affinity for FcyRIII (CD16) that results in activa-
tion of ADCC and rapidly prevents the proliferation of virus-
infected cells.

Conclusion

To help alleviate virus symptoms and alleviate SARS-CoV-2
disease, it is necessary to treat subjects as quickly as possible,
especially before irreversible lung damage, during and after
SARS-CoV-2 vaccine development. This could be done
through using sACE2-anti-CD16 VHH bi-specific molecule,
which function through three mechanisms, including treat-
ment of ACE2 deficiency and lung injury, virus neutralization,
and recruitment of immune effector cells. As mentioned
before, the affinity of S protein for ACE2 in SARS-CoV-2 is
even more than of SARS-CoV. Therefore, virus replication in
infected cells is dangerous as the virus transfers from cell to
cell, using S protein on infected cells to bind to ACE2 on
healthy cells, which results in rapid lung infection and can
progress to death. It has been described that the pathogenicity
of SARS-CoV compared to the milder coronavirus NL63 is due
to the lower affinity of NL63 for human ACE2 versus SARS-
CoV.” Therefore, it is predicted if SARS-CoV-2 escapes from
ACE2 neutralization via decreasing affinity, it will mutate into
a less pathogenic virus, as occurred in reemergent SARS-CoV
in 2003-2004 that had lower affinity for ACE2 and resulted in
less severe infection without secondary transmission.”® Thus,
SARS-CoV-2 could be presented with an evolutionary trap
when faced with potential SACE2-anti-CD16 VHH therapy,
leading to milder clinical symptoms.
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