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A B S T R A C T

For the first time in Homo sapiens history, possibly, most of human activities is stopped by coronavirus disease
2019 (COVID-19). Nearly eight billion people of this world are facing a great challenge, maybe not “to be or not
to be” yet, but unpredictable. What happens to other major pandemics in the past, and how human beings went
through these hurdles? The human body is equipped with the immune system that can recognize, respond and
fight against pathogens such as viruses. Following the innate response, immune system processes the adaptive
response by which each pathogen is encoded and recorded in memory system. The humoral reaction containing
cytokines and antibodies is expected to activate when the pathogens come back. Exploiting this nature of body
protection, neutralizing antibodies have been investigated. Learning from past, in parallel to SARS-CoV-2, other
coronaviruses SARS-CoV and MERS-CoV who caused previous pandemics, are recalled in this review. We here
propose insights of origin and characteristics and perspective for the future of antibodies development.

1. Introduction

In full social distancing crisis, far from lab work, in looking an-
xiously at the red dots growing every day in the graphic map of cor-
onavirus disease 2019 (COVID-19) pandemic [1], we wonder how were
the other major pandemics and how antibodies, natural or artificial, can
fight the diseases.

Several pandemics have occurred throughout history, some had
more effects on human's life and/or on economics than the others. As
scientists, a key step in vaccines research is to learn from the past. By
that mean, what we are doing now might be cornerstone preparing us
for future pandemics.

In this review, we look for the diversity and variability of cor-
onaviruses, including SARS-CoV, MERS-CoV and SARS-CoV-2, which
cause pandemics from 21th century. The origins, impacts and molecular
structure with insights of vulnerable sites of viruses who are targets of
antibodies and its humoral responses will be described.

2. Overview of antibody and immunization

In response to pathogens including viruses, human body has evolved
its immune system to protect it from invasion. Following the virus in-
vasion, antibodies (Abs) are produced after a series of immune signaling
and these Abs are able to recognize a diverse array of antigens (Ag) [2].

More specifically, the paratopes (Ag-binding sites) of Abs bind epitopes
on virion-associated Ags. During an Ab response, B-cells which express
Ag receptors are clonally expanded [3]. Antibodies structurally are
composed of heavy (μ, α, γ, δ, ε) chains that are linked by disulfide
bonds with light chains (κ, λ). In the progress of B-cell development,
immunoglobulin heavy (IgH) chain gene recombination typically oc-
curs before immunoglobulin light (IgL) chain gene recombination [4].

Neutralizing antibodies (nAbs) can inhibit the viral infection via
following the viral replication cycle. Attachment is the first critical step
blocked by Abs by interfering with the virion-receptor binding.
Moreover, Abs may induce the aggregation of viral particles which
cause a reduction of individual penetration. In post-attachment step,
Abs on the virion possibly dampen virus endocytosis internalization
leading to the lysosomal degradation. The Abs also block fusion of
virion when they intercalate between viruses and cell membrane. The
next stage of interference is to uncoat or appropriate intracellular lo-
calization of core or capsid. Lastly, Abs might bind virion surface then
inhibit the metabolic events that blocks the replication of viruses even
after internalization [3,5,6].

The approach to nAbs design relies on the identification of antigens;
in other words, the epitopes are the central of quests. However, the
variable regions of the antigen induce the largest fraction of the anti-
bodies whereas broadly nAbs represent only a minor proportion of the
response. The major challenges related to both sides were previously
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described: viral antigen and the generation of antibodies to these sites.
In the detail, the antigen concerns are (1) epitope masking or shielding
by glycans or protein loops; (2) transient exposure during the entry
process or via other mechanisms such as viral “breathing;” (3) the size
of conserved epitopes is small resulting in the limitation of interaction,
(4) epitopes are constrainedly accessible, (5) the mutability of epitopes.
Regarding antibody production, (1) the need for extensive somatic
mutations and focused evolution; (2) the use of specific germline allelic
variants and HCDR3s of particular length and structure; and (3) the
molecular mimicry of host molecules are mentioned [6].

3. Coronaviruses

Coronaviruses are a group of related viruses in the family
Coronaviridae and subfamily Coronavirinae, order Nidovirales. In the
subfamily Coronavirinae, coronaviruses include 4 genres: alphacor-
onavirus, betacoronavirus, gammacoronavirus and deltacoronavirus
(Fig. 1). Coronaviruses infect a wide variety of hosts including many
species of birds, mammals and humans [7]. Alphacoronaviruses and
betacoronaviruses circulate among mammals, gammacoronaviruses
and deltacoronaviruses infect birds and mammals. Within betacor-
onaviruses, there are 4 lineages: lineage A contains human cor-
onaviruses HKU1 and OC43, lineage B to which SARS-CoV (Severe
Acute Respiratory Syndrome Coronavirus) belongs, lineage C belongs to
MERS-CoV (Middle East Respiratory Coronavirus Syndrome) and the
lineage D has the bat coronaviruses HKU4 and HKU5 who are close to
MERS-CoV.

The first human coronaviruses 229E (HCoV-229E) and OC43
(HCoV-OC43) were isolated in the 1960s and are now classified re-
spectively as alphacoronaviruses and betacoronaviruses. As these

viruses were not very pathogenic and often associated with colds [8],
this family of viruses attracted little interest from scientists until the
2000s. In November 2002, SARS-CoV, first reported in Guangdong
province, China, became the first highly pathogenic coronavirus that
emerged in the human population. This virus was responsible for an
epidemic of severe acute respiratory syndromes that started in China
before spreading rapidly over the world with around 8000 infected
people and with a mortality rate of around 10%, depending on patients'
age [9]. However, this coronavirus from animal origin was initially
unable to use the human angiotensin 2 converting enzyme (ACE2) as
receptor [10–12]. It has been suggested that the masked palm civet
(Paguma larvata) may be an intermediate host in which the viruses have
adapted to ultimately infect humans. A recent study suggests that
Chinese Horseshoe bats in the family Rhinolophidae may be the natural
reservoir for SARS-CoV. One of these two viral isolates in this study,
WIV1, was able to recognize the human ACE2 receptor and to replicate
in certain human cell lines, suggesting that this virus can directly infect
humans without adaptation [13].

4. SARS-CoV: from 2002 to 2003

SARS-CoV, first reported in 2002, belongs to the SARS-related cor-
onavirus species that also includes many bat viruses.

Coronaviruses are spherical enveloped viruses with a diameter of 80
to 120 nm [17]. The viral capsid formed by the nucleoprotein (N) and
the genome is contained in the envelope and is of helical symmetry.
Three structural proteins are embedded on the surface of particles, the
membrane protein (M), the envelope protein (E) and the protein spike
(S). They give this aspect of crown in electron microscopy that inspired
the name of this viral family.

Fig. 1. Isolates of coronaviruses discussed in this review and their receptors, host and reservoirs. SARS-CoV and SARS-CoV-2 from the lineage B use ACE2 as receptor.
MERS-CoV from the lineage C enters into host cells by binding DPP4. SARS-CoV has the masked palm civets as an intermediate host in which the virus has adapted
from the Chinese Horseshoe bat reservoir to ultimately infect humans [13]. SARS-CoV-2 has bats and pangolins as natural reservoir and can infect ferrets or domestics
animals, with a high susceptibility in cats [14]. MERS-CoV has the origin from bats [15] but maybe this virus had an adaptation through camels before its emergence
into human [16].
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The S protein of coronaviruses (~1255 amino acids) is a highly N-
glycosylated type I transmembrane protein, from 180 to 200 kDa, that
plays a major role in viral entry [18]. It insures a double function in
viral entry by binding the cellular receptor before conformational
changes and proceeding to the fusion of the viral envelope with the
membranes of the target cells. S protein has a long N-terminal domain,
a short C-terminal domain and assembles into homotrimers on the
surface of the viral particle [19]. S protein has a decisive role in cellular
tropism and for pathogenicity [20].

S protein of SARS-CoV is composed of two functionally distinct
subunits: the globular S1 subunit (~aa 12–680) allows receptor re-
cognition, whereas the S2 subunit (~aa 681–1255) facilitates mem-
brane fusion and anchors S into the viral membrane. S1 is organized in
four distinct domains A–D. Domains S1A and S1B may be used as a
receptor-binding domain (RBD, aa 318–510) containing the highly
conserved receptor-binding motif (RBM, aa 424–494) [21]. Moreover,
RBD contains 3 functional glycosylation sites located at amino acids
318, 330 and 357, which are necessary for S expression but do not
affect ACE2 binding [22]. S1B forms an extended loop on the viral
membrane-distal side and is a hypervariable region [20]. S2 contains
the fusion peptides (FP1 and FP2) [23], two heptad repeat regions
(HR1, aa ~889–972 and HR2, aa ~1142–1193) and the well conserved
transmembrane domain [24].

The mechanism of interactions with peptidases (aminopeptidase
APN, ACE2, DPP4) as a cellular receptor for most coronaviruses is not
known. Indeed, the binding of coronaviruses to their receptor is not
enough and S protein on the surface of the virus must undergo pro-
teolytic maturation. Coronaviruses do not use the catalytic activity of
peptidases serving as receptors for this maturation but enter after the
action of proteases located close to the receptors. The binding of SARS-
CoV to its ACE2 receptor is followed by internalization and decrease in
ACE2 enzyme activity on the cell surface, which may partly explain the
severity of SARS-CoV infections [25].

4.1. Anti-S1 & RBD antibodies

Neutralizing Abs can fight against viral infections by blocking
binding to cellular receptors or by interfering with viral fusion. Besides,
in the case of enveloped viruses, the Abs can recruit effector cells or the
complement, thus allowing the destruction of the infected cells or the
lysis of the viral particles [6]. The S1 domain contains most of the
epitopes recognized by nAbs during infection. The RBD located in this
S1 domain would be the most important target for nAbs against SARS-
CoV, MERS-CoV and the novel coronavirus SARS-CoV-2 [26–29]. More
specifically, certain secondary structures such as extended loops seem
to be particularly immunogenic.

RBD of SARS-CoV is composed of 193 amino acids (N318-V510)
within S protein. Five regions on the S glycoprotein of SARS-CoV (re-
sidues 274–306, 510–586, 587–628, 784–803 and 870–893), in which
three first regions belong to S1 subunit in the CTD2 and CTD3 (C-
terminal domain) and two later belong to HR1 domain of the S2 sub-
unit, were predicted to be associated with a robust immune response to
SARS-CoV [30]. Several specific-nAbs for SARS-CoV were discovered;
unfortunately none of them are under clinical trial [31] (Fig. 2).

The human single-chain variable region fragment (scFv) antibody
80R blocked ACE-RBD interaction (epitope aa 324–503) [32] but some
80R-escape variants were found with the mutations mostly locating at
lysine D480 [33]. The target epitope of 80R is not conserved in SARS-
CoV-2 then it does not affect this novel virus [34]. Another nAb gen-
erated from a non-immune scFv library, named 256, could bind to an
epitope of RBD but did not inhibit RBD binding. 256 is weak but spe-
cific to D480A-muted strains of 80R-escape variants. Some engineered
broad nAbs, fm6 and fm39, also showed a high affinity to D480A-muted
strains [33]. m396 (epitope aa 482–491) from human antibody fab li-
brary was cross-reactive [35] and used the D95 of m396 to form a salt
bridge with R395 or an electrostatic interaction with D408 of SARS-CoV

RBD [34]. m396 potently neutralized GD03 strain isolated from the
second outbreak which resisted neutralization by 80R and S3.1. m396
also neutralized isolates from the first SARS-CoV outbreak (Urbani,
Tor2) and from palm civets (SZ3, SZ16) [36]. Another human mono-
clonal antibody from scFv libraries CR3014 (epitope aa 318–510)
showed potent effects on SARS-CoV neutralization; however, this virus
can escape CR3014 upon P426L mutation in the S glycoprotein [37].
Same as 80R, m396 and CR3014 RBD-specific SARS-CoV antibodies
failed to bind the S protein of SARS-CoV-2 [34]. CR3022, always from
scFv libraries, could bind noncompetitively the SARS-CoV RBD (epitope
aa 318–510) and had a synergistic neutralizing effect with CR3014 on
SARS-CoV, even with the escaped P426L-muted variants [37].

By using Xenomouse in which mouse immunoglobulin genes were
replaced by human immunoglobulin genes, 19 neutralizing mAbs
bound S1 were found. 18 of them, 1B5 [38], 3A7, 3C7, 3F3, 3H12,
4A10, 4E2, 4G2, 5A5, 5A7, 5D3, 5D6, 5E4, 6B1, 6B5, 6B8, 6C1 and 6C2
bound RBD (aa 318–510) to avoid virus binding to the ACE2 receptor.
The last one, 4D4, bound an epitope (aa 12–261) located on the N-
terminal of RBD and inhibited post-binding event but not the RBD
binding. Truncation of the first 300 amino acids of S1 blocked the tri-
merization and the fusion of S protein [39]. Synergistic effects in some
SARS-CoV strains of 4D4 with other mAbs targeting S1 or S2 proteins
such as 3C7 (S1), 1F8 (HR1) or 5E9 (HR2) were also reported [38,40].
The tri-combination of 3C7, 3H12 and 4D4 could effectively neutralize
escape variants.

Other neutralizing human monoclonal Abs from transgenic mice
were also reported. Ab 201 interfered with ACE2 binding by targeting
S1 protein at the epitope aa 490–510. In contrast to 201, Ab 68 bound
epitope aa 130–150 at the N-terminal of RBD but did not affect ACE2
binding [41].

F26 family of monoclonal Abs generated from mice (F26G9,
F26G10, F26G18 and F26G19) showed neutralizing effect against
SARS-CoV [42]. F26G18 binding RBD at the epitope aa 460–476
showed the most potent effect [43]. F26G19 (epitope aa 486–492 on
RBD [44]) or 80R could also bind SARS-CoV by forming salt bridge
R426 (RBD)-D56 or D480 (RBD)-R162, respectively [34].

SARS-CoV mouse antibody 240CD had a nanomolar affinity for the
SARS-CoV-2 RBD but did not significantly block ACE-2 receptor binding
[45]. As 240CD, CR3022 also has high affinity to SARS-CoV-2 and
moreover, CR3022 had cross-neutralizing activity with this novel cor-
onavirus [34].

The effects of neutralizing human monoclonal antibodies, S3.1,
S215.13 [46] and S230.15, from Epstein-Bar virus transformation of
human B cells were observed. As m396, S230.15 had potent inhibitory
activity against isolates from the first, second SARS-CoV outbreaks and
from palm civets (SZ3, SZ16) [36].

4.2. Anti-S2 antibodies

In contrast to RBD, the fusion domains are more difficult to access
due to the tight folding of viral glycoproteins or the excessively tran-
sient exposure during the fusion stage. This is why few epitopes are
described in these regions [6]. Interestingly, the S2 specific mAbs can
neutralize pseudotyped viruses which expressing different S proteins
containing RBD sequences of various clinical isolates [47]. The S2
protein is highly conserved. No mutation in HR1 was reported in an
analysis of the amino acid sequences of the S protein from 94 SARS-CoV
clinical isolates. Only few mutations in HR2, at amino acids K1163 or
Q1183 for example, were observed in this study [47].

Some S2 epitopes inducing nAbs were reported. A peptide con-
taining aa 1055–1192 can elicit neutralizing activity [48]. Two other
proteins Trx-F3 and Trx-F9 containing linear antigenic determinants
(Leu 803 to Ala 828 and Pro 1061 to Ser 1093, respectively) on the S2
domain were identified by using sera from convalescent SARS-CoV
patients. Trx-F3 was capable of inducing nAbs in some animals [49].

Some human mAbs anti-HR1 (1F8, 1D12, 2A12, 2B12, 4A4, 4F9,
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5C3, 6C9, 6H2) and anti-HR2 (1E10, 2D2, 2D6, 3A11, 3E10, 3H11,
5B9, 5B10, 5D7, 5E9, 5G8, 5G9, 6H1) were reported. With these Abs,
the authors showed that the combination of HmAbs targeting different
regions of the S protein would likely increase the broad neutralization
against different isolates [47].

A human scFv antibody, named B1, showed a high affinity to an
epitope (aa 1023–1189) on S2 protein. This antibody also showed po-
tent neutralizing activities against SARS-CoV in vitro [50]. B1, 1F8 and
5E9 nAbs against epitopes on SARS-CoV S2 also showed effectiveness in
neutralization [51].

The protective immunity by the time in patients after SARS-CoV
natural infection was observed. After 6 years, the humoral immunity
continuously decreased and eventually disappeared in most infected
individuals. The IgG Ab could be an indicator of neutralizing Ab for the
humoral response to SARS-CoV infection [52].

5. MERS-CoV: from 2012 to present

MERS-CoV, a zoonotic virus, belonging to lineage C in the genre
betacoronavirus of the family Coronaviridae, caused the Middle East
respiratory syndrome, in 2012. As of August 11, 2016, the virus had
infected 1791 patients, with a mortality rate of 35.6% [53]. The natural
reservoir of MERS-CoV is assumedly bats whereas intermediate host is
possibly dromedary camels [54–57]. BtCoV-HKU4 and BtCoV-HKU5 bat
viruses have been shown to be the closest phylogenetically even if these
viruses are not direct ancestors [15]. The first transmission of a bat

virus to camels for an adaptation before its emergence into human was
suggested. nAbs anti-MERS-CoV could accordingly be found in camels.
Moreover, the viruses circulating in dromedaries and in humans are
very close suggesting that the dromedary is a reservoir of the virus
[58,59]. The genomic structures of bat, human and camel MERS-CoVs
are similar but their genomic sequences are different [16].

Structurally, MERS-CoV is a spherical, enveloped, single-stranded,
positive sense RNA beta-coronavirus [60]. MERS-CoV utilizes its S
protein to mediates cell internalization via binding with the receptor
dipeptidyl peptidase 4 (DPP4) on the surface of cells instead of the
receptor ACE2 of SARS-CoV and SARS-CoV-2. S protein is therefore the
most exposed and immunogenic viral protein [61]. The association of
MERS-CoV S protein is similar to that of SARS-CoVs including: the
distal subunit S1 containing the RBD and the membrane-anchored
subunit S2 containing a putative fusion peptide, transmembrane do-
main and two heptad repeat regions HR1 and HR2. This S protein is also
the target to develop nAbs, particularly the RBD [62].

Using the fragment containing residues 358–588 of S protein, the
neutralization against MERS-CoV of induced Abs were observed [63].
Other studies, also approaching RBD, reported the generated Abs with
the epitopes aa 377–662 or aa 377–588 of MERS-CoV RBD. The latter
elicited the strongest effect which effectively neutralized MERS-CoV
infection [64,65]. The epitope aa 736–761 also induced nAbs [66].

Using a novel panning strategy, seven anti-S1 scFvs Abs, named
1E9, 1F8, 3A1, 3B12, 3C12, 3B11, and M14D3, which bind one or
several of these three different epitopes (aa 21–358, 349–751 and

Fig. 2. S protein of SARS-CoV, MERS-CoV, SARS-CoV-2 with its subdomains are the target of antibodies. The antibodies cited in this review have different origins or
techniques, and some of them have specific targets such as the receptor binding domain (RBD) containing the receptor binding motif (RBM), the heptad repeat
regions (HR1 and HR2). Some antibodies could bind SARS-CoV and SARS-CoV-2. Background color: Black for SARS-CoV, dark grey for MERS-CoV, grey for SARS-
CoV-2. SP: Signal peptide, FP: Fusion peptide, TM: Transmembrane domain, CP: Cytoplasm domain.
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349–590) were identified. They neutralized MERS-CoV infection at
nanomolar of concentration [67].

Other Abs, such as MERS-4 and its variant MERS-4 V2, were in-
triguingly discovered to bind RBD and compete with DPP4 but from
outside. MERS-4 Fab and MERS-4V2 scFv interact with β5-β6, β6-β7,
and β7-β8 loops of RBD resulting in the inhibition of MERS-CoV in-
fection [68,69].

Three human monoclonal Abs, m336, m337, and m338 bind RBD of
MERS-CoV at extremely low concentration, 4.2, 9.3, and 15 nM, re-
spectively. m336, that neutralized 50% of both pseudotyped and live
MERS-CoV at 0.005 and 0.07 μg/mL, respectively, suggested the pro-
phylaxis and therapy of MERS-CoV infection [70].

In another study, using MERS-RBD to immunize mice, two mono-
clonal nAbs 4C2 and 2E6 recognizing an epitope that partially overlaps
the receptor-binding footprint in MERS-CoV RBD were identified. The
4C2 could further reduce the number of viral particles in MERS-CoV
infected mice [71].

Recently, other nAbs, such as human mAbs or Fabs (MERS-27,
MERS-GD27, or MCA1), humanized mAbs (hMS-1, 4C2 h), mouse mAbs
(Mersmab1, 4C2, or D12), single-domain antibodies (nanobodies Nbs)
HCAb-83 or NbMS10-Fc and transchromosomic cattle antibody SAB-
301 recognizing epitopes on the RBD have been demonstrated to neu-
tralize pseudotyped and/or live MERS-CoVs [31]. Only SAB-301 is
under phase I clinical trial [72].

Despite the efforts of scientists to find anti-MERS-CoV antibodies, no
vaccine has been found yet and the virus continues to circulate in
human beings and other species.

6. SARS-CoV-2: from 2019 to present

The novel SARS-CoV-2 coronavirus, first appeared in Wuhan, China,
in December 2019, is creating a pandemic over the world with the
number of confirmed cases reached 3,529,408, of which 248,025 were
dead up to the 4th May 2020 [1]. Phylogenetic analysis of SARS-CoV-2
demonstrated similarity with SARS-CoV and bat-derived SARS-like
coronaviruses (SL-CoVs) with 79.6% and 88% sequence identity, re-
spectively. They belong to lineage B of the beta coronavirus genus
[73,74]. SARS-CoV-2 seems to be more contagious but less pathogenic
than SARS-CoV [75]. COVID-19 is a self-limiting disease in> 80% of
patients. Same as Spanish influenza viruses, SARS-CoV and SARS-CoV-2
induce a “cytokine storm” but to different degrees. The difference of
some conserved interferon antagonists and of inflammasome activators
explains their abilities to modulate antiviral and proinflammatory re-
sponses.

Along with the race of finding therapeutic treatment, nAbs and
vaccine development are also important to control the spread in the
long run. SARS-CoV-2 entries the host via the binding of its spike S
protein to the ACE2 receptor - sharing receptor, but with higher affinity
than SARS-CoV S [76], suggesting a basis for the greater human-to-
human transmission of SARS-CoV-2 [51,77].

S protein of SARS-CoV-2 composed of 1273 amino acids [76] uses
its N-terminal S1 subunit to bind ACE2 receptor with a better affinity
than SARS-CoV S glycoprotein for entry [78]. Effectively, S1 subunit
divides into an N-terminal domain (NTD) and a receptor-binding do-
main (RBD). The latter is necessary for viral binding and a potential
target for nAbs. During infection, SARS-CoV-2 first binds the host cell
through interaction between its S1-RBD and ACE2, triggering con-
formational changes in the S2 subunit that is indispensable for virus
fusion and entry into the target cell [79,80]. Some recent studies also
confirmed that RBD is a conformational epitope [78]. Antibodies
binding RBD may sterically hinder binding to the nearby peptide S14P5
of ACE2 receptor, thereby abolishing virus infection [34].

SARS-CoV-2 nAbs could be detected in patients from 10 to 15 days
after symptoms onset and the positive rate for IgG reached close to
100% around 20 days [81,82] with the highest level during day 31–40
since onset. Some patients (5.7%) had neutralizing Abs titers under the

detectable level (ID50:< 40) [83]. The level of IgG antibodies was
different between gender, age and clinical classification. The average
IgG antibody level in female patients was higher than in male patients
[84]. Patient over 40 years old developed higher levels of SARS-CoV-2
specific nAbs than the younger persons. Patients with a worse clinical
classification had a higher antibody titer [83]. This remark is useful to
select a research candidate and to save research time. The passive an-
tibody therapy, such as plasma fusion containing polyclonal antibodies
from COVID-19 neutralized patients has been tested. This method was
tested as an option to treat other viruses such as influenza, Ebola or
SARS-CoV [85–89]. The lack of human sera, and the possibility of
contamination with other infectious agents limit this strategy. How-
ever, several groups have reported some positive results demonstrating
the potential of this approach. After one dose of 200 mL of convalescent
plasma derived from recently recovered donors with the neutralizing
antibody titers above 1:640, the patients with SARS-CoV-2 positive
revealed an improvement. Among ten patients, seven patients were
virus-negative post transfusion [90]. Whereas in another study, among
5 patients received transfusion with convalescent plasma with a neu-
tralization titer> 40, 3 have been discharged from the hospital (length
of stay: 53, 51, and 55 days), and 2 are in stable condition at 37 days
after transfusion [91]. More studies might brighter this approach but
evaluation in clinical trials are also still far from a bold conclusion.

6.1. Effect of cross-reactive antibodies on SARS-CoV-2 pandemic

Due to the high similarity of S proteins from SARS-CoV and MERS-
CoV [73], their specific cross-nAbs were tested against SARS-CoV-2
infection in the COVID-19 outbreak. Serum Abs from recovered SARS-
CoV patients could efficiently cross-neutralize SARS-CoV-2 but with
lower efficiency as compared to SARS-CoV [92]. Cross-reactive Abs
against SARS-CoV-2 S protein mostly target non-RBD regions [93].
Using simulation technique, the binding of five Abs against SARS-CoV,
six Abs anti-MERS-CoV to RBD of SARS-CoV-2 was predicted with Ro-
setta antibody-antigen docking protocols. The amino acid position
445–449 (VGGNY) and 470–486 (TEIYQAGSTPCNGVEGF) were found
to be conserved in SARS-CoV-2. Moreover, in addition to the amino acid
positions 71–77 (GTNGTKR) in the NTD region of the S protein, aa
445–449 and 470–486 are potential for further development [94].

The difference between RBD of SARS-CoV and SARS-CoV-2 is lo-
cated at the C-terminus residues. This change has an important impact
on the cross-reactivity of nAbs. This difference was observed using
bioinformatic approaches of epitope analysis. The antibody epitope
score of SARS-CoV-2 is higher than SARS-CoV. Moreover, compared
with the conserved regions, the non-conserved regions had a sig-
nificantly higher antibody epitope score indicating that non-conserved
regions of spike proteins are much more antigenic. The non-conserved
regions also showed significantly higher surface epitope accessibility
scores suggesting an easier accessibility for antibody recognition of
non-conserved regions. The divergence of spike proteins is considered
as a major change in the antibody epitopes. The search for SARS-CoV-2
requires more effort than simply screening SARS-CoV antibodies [95].

Antibody response to RBD is viral species-specific. Effectively, none
of the found SARS-CoV-2 antibodies nor the infected plasma cross-re-
acted with RBDs from either SARS-CoV or MERS-CoV. In a study, 206
monoclonal antibodies specific to the RBD SARS-CoV-2 were identified
in eight patients. These mAbs are different in: antibody heavy and light
chains, antibody clones, CDR3 length… which lead to different binding
and neutralizing capacities. ACE2 is out-competed with almost 100%
efficacity by some mAbs such as P2B-2F6 and P2C-1F11. Interestingly
the latter and a moderate antibody P2C-1C10 seems to target the dif-
ferent epitopes, and they could be combined for synergistic antiviral
effect [96]. CR3022, a SARS-CoV RBD-specific antibody, can bind
strongly with a kd of 6.3 nM to an epitope on RBD that does not overlap
with the SARS-Cov-2 ACE-2 binding site [34]. Despite its strong
binding, CR3022 could not neutralize SARS-CoV-2 [97].
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S1 is a specific antigen for SARS-CoV-2 diagnostics [98]. The S1
subunit of SARS-CoV or SARS-CoV-2 has four core domains S1A
through S1D. The human 47D11 antibody binds the S1B of both viruses,
without competing with S1B binding to ACE2 receptor expressed at the
cell surface, and showed cross-neutralizing activity by an unknown
mechanism that is different from receptor binding interference [99]. An
immunogenic domain in the S2 subunit of SARS-CoV S (aa 1029–1192)
was highly conserved in several strains of SARS-CoV-2. Four murine
monoclonal Abs, 1A9, 1G10, 2B2 and 4B12, against this S2 subunit of
SARS-CoV can also cross-reactive with the S protein of SARS-CoV-2.
Interestingly, 1A9 can strongly bind the S2 subunit of SARS-CoV-2
through a novel epitope (aa 1111–1130) and can detect S protein in
SARS-CoV-2 during infection [100]. This epitope also overlaps with one
of two cytotoxic T-lymphocyte epitopes (aa 884–891 and 1116–1123)
of SARS-CoV S2 subunit [101]. 1A9 is therefore suggested to induce
both humoral and cellular immune responses against SARS-CoV and
SARS-CoV-2.

In a serologic cross-reactivity test, Khan et al. found out that 4 out of
5 showed high IgG seroreactivity across the 4 common human cor-
onaviruses but all showed low IgG seroreactivity to SARS-CoV-2, SARS-
CoV, and MERS-CoV [102]. The weak cross-immunity against SARS-
CoV-2 from others betacoronaviruses, such as HCoV-OC43 and HCoV-
HKU1, could restraint the transmission of SARS-CoV-2 but a resurgence
is possible in the future [103]. Moreover, spike- and non-spike specific
CD4+ T cell responses were detectable not only in SARS-CoV-2 in-
fected patients but also in uninfected individuals. If there is an absence
of antibody cross-reactivity, T lymphocyte cross-reactivity present in
50% of cases will be responsible for the epidemiological evolution of
SARS-CoV-2 infection [104].

6.2. Anti-SARS-CoV-2 specific antibodies

Up to this moment, only few tests of specific Abs against SARS-CoV-
2 have been reported. 311mab-31B5 and 311mab-32D4 human
monoclonal Abs could strongly and specifically bind the RBD protein.
These mAbs could efficiently block SARS-CoV-2-ACE2 interaction and
neutralize pseudovirus entry into host cells ectopically expressing ACE2
[105].

Peptides S14P5 and S21P2 in the two distinct peptide pools S14 and
S21 from SARS-CoV-2 S library were strongly detected in COVID-19
patients but not in SARS-CoV patients by using pools of overlapping
linear peptides and functional assays [78]. With the data from anti-
bodies depletion assays, researchers indicated that S14P5 and S21P2
were necessary for SARS-CoV-2 neutralization. Moreover, pool S51
contains very conserved fusion peptide in coronavirus [106,107] and is
partially overlapped in the sera of SARS-CoV and SARS-CoV-2 patients.
These results suggested that S51 may be a potential pan-coronavirus
epitope. Sera from recalled SARS-CoV patients could neutralize SARS-
CoV, but not the SARS-CoV-2 pseudotyped lentiviruses [78].

In an effort to screen a set of B cell and T cell epitopes of SARS-CoV
toward to the spike S and nucleocapsid (N) proteins of SARS-CoV-2, 27
epitope-sequences were identical within SARS-CoV-2 proteins among
115 T cell epitopes. However, 19 out of 27 epitopes are associated with
five distinct MHC alleles (at 4-digit resolution): HLA-A*02:01, HLA-
B*40:01, HLA-DRA*01:01, HLA-DRB1*07:01, and HLA-DRB1*04:01.
For B cell epitopes, they found 49 identical match epitope-sequences
that have potential for developing effective vaccines to combat the
SARS-CoV-2 [108]. Based on the sequence of the spike glycoprotein,
seven epitope residue/regions (491–505, 558–562, 703–704, 793–794,
810, 914, and 1140–1146) in the surface glycoprotein were predicted to
be associated with a robust immune response to SARS-CoV-2 [30].
Other candidate epitopes need to be confirmed [95,108].

Using the memory B cells from a survivor who was SARS-CoV in-
fected in 2003, one nAb anti-RBD named S309 was found to bind to
SARS-CoV-2 without interfering ACE2 binding. Besides, S309 could
recognize a N343-glycan epitope that is distant from the RBM of SARS-

CoV-2. Interestingly, N343-glycan of SARS-CoV-2 corresponds to SARS-
CoV N330 and they are highly conserved. S309 potently neutralized
both pseudotyped SARS-CoV and SARS-CoV-2 and also the authentic
SARS-CoV-2 [109].

Using machine learning approaches with the data from other virus
outbreaks, some synthetic nAbs named C3, C7, C14, C17, C18, Co1, Co2
and Co4 showed a potential to against SARS-CoV-2. The authors also
confirmed that the mutations of Methionine and Tyrosine could in-
crease the affinity of antibody-target binding [110].

19 potential immunogenicity B-cell epitopes, including 2 epitopes
located within the RBD region were reported using in silico analysis. 17
of them have> 14 amino acids. The B-cell epitopes which had highest
score in this study is the 1052-FPQSAPH-1058 located at position
1052aa of S protein. 499 T-cell epitopes bound 34 most popular HLA
alleles in the Chinese population were also found. Around 30 candidate
vaccine peptides in which 5 peptides located within the RBD region and
17 of them contained both B- and T-cell epitopes, were designed [111].
These vaccine candidates are theoretically able to induce either specific
humoral or cellular immune against SARS-CoV-2.

A panel of five humanized single domain antibodies (sdAbs) or
nanobodies, 1E2, 2F2, 3F11, 4D8 and 5F8, was recently discovered.
These sdAbs bound SARS-CoV-2 tightly but not SARS-CoV, except for
5F8 could bind both viruses but with weaker affinity to SARS-CoV. They
also showed neutralization activity against both pseudotyped and au-
thentic SARS-CoV-2. 1E2, 3F11 and 4D8 completely prevented SARS-
CoV-2 RBD-ACE2 binding but this effect of 2F2 and 5F8 was only
partial. Interestingly, the fusion of the human IgG1 Fc to these sdAbs
improved their neutralization activity by 10- to 80-fold [112].

Due to the lack of repairing mechanism of RNA virus replicase
complex, SARS-CoV-2 mutations frequently occur during viral replica-
tion [111]. The genetic drifts of SARS-CoV-2 are a selective evolution
toward less immunogenicity for host immune surveillance by T- or B-
cells. The latter appearing strains are less immunogenic than earlier
ones [113]. Antigenic drift is also reported in the COVID-19 pandemic.
The highly prevalent 23403A > G (p.D614G) variant in the European
population may result in vaccine mismatches with little protection to
that group of patients [114,115].

Though SARS-COV-2 genome has a much lower mutation rate and
genetic diversity than SARS, some of its mutations attract the special
attention of scientists. Single amino acid mutation R408I in RBD can
reduce the affinity of ACE2 receptor binding [115] that leads to a low or
ineffective vaccine for the future epidemic. Effectively, sequence
alignment showed that this 408R is strictly conserved in SARS-CoV-2,
SARS-CoV. 408R located at the interface between RBD and ACE2, but
positioned relatively far away from ACE2, does not have direct inter-
action with ACE2. 408R can form a hydrogen bond with the 90 N of
ACE2. This hydrogen bond is suggested to contribute to the high
binding affinity of ACE2 binding [115].

7. Discussion

Science, with new advances, somehow might find the therapy to
protect human beings from COVID-19. Among these, plasma therapy
composing of antibodies and humoral immune components has been
doing great and being one of the first solutions. Because of that, the
quest of an antibody always becomes a “must-do-first” when human
population facing new pandemic. However, only one lesson could be
obvious is we can never get the answer for every pandemic at ones.

Some coronaviruses can infect birds, bats and other species, some
are phylogenetically similar to known pathogenic human cor-
onaviruses. The search for the reservoir has resulted in the vast ex-
pansion of the library of known coronaviruses which suggests that ad-
ditional emergence events are possible.

Pandemics will create the urgent need for vaccines around the
world simultaneously. But it is not because of this urgency that we can
license a vaccine when its benefits and side effects are not clear.
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Researching a vaccine for influenza viruses, HIV or SARS-CoV-2 is al-
ways challenging. Firstly, although the immunogen for protection of a
virus, glycoproteins gp120 or gp41 of HIV or S protein of SARS-CoV-2
for example, can be quickly detected, but the immune response needs to
be optimized with a good antigen design. Secondly, any drug has side
effects immediately or in long-term, directly by the composition of the
medication or indirectly by the response of the body to the medication.
Pre-clinical experiences with vaccine candidates for SARS-CoV and
MERS-CoV are typical examples in aggravating lung disease, either
directly or by antibody-dependent enhancement [116–118]. Thirdly, in
natural acquired infection, the time point of the detection of nAbs can
be easily observed, from 10 to 14 days post-infection in SARS-CoV-2
case for example [119,120], but the potential duration of immunity
response is not clear. Therefore, the use of singe-dose or several doses of
vaccines needs to be confirmed. Moreover, once a vaccine has been
approved, that does not mean that virus research and monitoring can
stop. Indeed, influenza and HIV viruses have been reported to have high
mutations, making it difficult to find broadly neutralizing vaccines. In
the actual pandemic of SARS-CoV-2, drift variants have been reported
and that can affect COVID-19 vaccine development [114,115]. No
vaccine is available against any coronavirus [121]. Monoclonal anti-
bodies cocktails including multiple epitopes targeting Abs could be
taken into account to broaden spectrum of therapy.

Vaccine development is a long and expensive process. From iden-
tifying a virus to producing vaccines to market, it takes us a few years. If
pandemic gets end before vaccines are approved, the research of vac-
cine candidates under development need to be continued and ready for
clinical trials, in order to get emergency authorization when an out-
break recurs. This statement draws on experience from Ebola pandemic
in which vaccine was still under development when the Ebola outbreak
ended in 2016. Ebola vaccine is recently approved [122–124] and al-
ready used in the recent outbreak in the Democratic Republic of Congo
[125].

Studying and understanding the antigen-antibody mechanism of a
virus can be used as a precondition to accelerate the studying another
virus during an outbreak. In the COVID-19 pandemic, some nAbs stu-
dies were based on the research of previous viruses such as SARS,
MERS, Ebola and HIV. Through machine learning approaches with the
data composed of HIV gp41-antibodies complexes and of 13 more dif-
ferent virus types, some potential nAbs against SARS-CoV-19 were
found [110]. This case shows the usefulness of this review of host-an-
tibody interactions from coronaviruses pandemics for young or mature
scientists working on vaccine research.

The key findings in coronavirus antibodies investigation could re-
veal S protein and its subunits as major frame for antibody generation
in which RBD seems to be the most efficient peptides. A lot of effort has
been tried but still plenty of gaps to fill up. Other approaches and
therapies are also needed to protect us from coronavirus infection.
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