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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged into the human population in late 2019
and caused the global COVID-19 pandemic. SARS-CoV-2 has spread to more than 215 countries and infected
many millions of people. Despite the introduction of numerous governmental and public health measures to
control disease spread, infections continue at an unabated pace, suggesting that effective vaccines and antiviral
drugs will be required to curtail disease, end the pandemic, and restore societal norms. Here, we review the
current developments in antibody and vaccine countermeasures to limit or prevent disease.

1. Introduction

In late 2019, for the third time this century, a highly pathogenic
betacoronavirus crossed into the human population (Zhou et al., 2020;
Zhu et al., 2020c). Unlike the first two coronavirus outbreaks, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the etiologic
agent of Coronavirus Disease 2019 (COVID-19), caused a global
pandemic resulting in immense loss of life and economic hardship.
Although the case-fatality rates for SARS-CoV and Middle East respira-
tory syndrome coronavirus (MERS-CoV) are higher, SARS-CoV-2 is
considerably more transmissible, most likely through sustained com-
munity and asymptomatic human-to-human spread by direct contact,
respiratory droplets, or airborne transmission (Petersen et al., 2020;
Day, 2020; Li et al., 2020b). At present, more than 108 million
confirmed cases and over 2.3 million deaths have been reported globally
(WHO, 2020a).

Coronaviruses are enveloped viruses encoded by an extraordinarily
large, single-stranded, positive-sense RNA genome. For all human
coronaviruses, the first two-thirds of the genome encodes nonstructural
proteins that primarily contribute to viral replication and RNA synthesis.
The remaining one-third of the genome encodes structural proteins
(spike (S), envelope (E), membrane (M), and nucleocapsid (N)) that

comprise the roughly spherical virion as well as accessory open reading
frame (ORF) proteins, which often mediate immune antagonism. The
SARS-CoV-2 S protein mediates cellular attachment and entry. Most
SARS-CoV-2 S proteins contain 27 amino acid differences compared to
SARS-CoV, including 6 substitutions in the receptor binding domain
(RBD) (Wu et al., 2020a). Despite these differences, both SARS-CoV and
SARS-CoV-2 utilize angiotensin converting enzyme 2 (ACE2) as a
dominant receptor for cell entry (Hoffmann et al., 2020; Letko et al.,
2020; Wan et al., 2020). After receptor engagement by the S1 subunit of
the trimeric SARS-CoV-2 S protein (Fig. 1A), cleavage occurs by a
plasma membrane-associated serine protease, TMPRSS2, which facili-
tates membrane fusion by the S2 subunit and release of the viral genome
into the host cytoplasm (Hoffmann et al., 2020; Matsuyama et al., 2020).
The SARS-CoV-2 S protein, because of its key role in target cell entry, is
the primary target of antibody and vaccine development. This review
highlights some of the key countermeasures currently in development to
control or prevent COVID-19.

2. Animal models for testing SARS-CoV-2 countermeasures

Under standard development timelines, animal models of disease are
generated and refined in preparation for determining vaccine or
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antibody efficacy. However, out of necessity, as the virus was unknown
prior to 2019, animal models for SARS-CoV-2 were established
concurrently with countermeasure development. Indeed, several of the
lead candidate vaccines progressed to human trials with minimal animal
or efficacy data. A few of the most promising animal models that are
used to test SARS-CoV-2 countermeasures are briefly summarized below
and have been reviewed recently in greater detail (Munoz-Fontela et al.,
2020).

Mice. A major hurdle for evaluating antiviral treatments and vaccine
efficacy in mice is the inability of SARS-CoV-2 to infect common labo-
ratory mouse strains (Hassan et al., 2020). Because SARS-CoV-2 utilizes
human but not mouse ACE2 as a receptor for entry, many of the reagents
and approaches developed for SARS-CoV research were repurposed for
SARS-CoV-2 such as mice with Krt18%%, chicken p-actin, HFHF/FOXJ1,
or endogenous mouse ACE2 promoters that drive transgenic expression
of human ACE2 (Bao et al., 2020; Jiang et al., 2020; Tseng et al., 2007;
Winkler et al., 2020). In addition, viral vector gene delivery systems,
which were initially developed to introduce DPP4, a MERS-CoV recep-
tor, and sensitize mice to infection by this virus, have been utilized to
transduce human ACE2 expression in mice (Hassan et al., 2020; Sun
et al., 2020; Zhao et al., 2014). The adenovirus-based hACE2 delivery
method has the added benefit that it can be used in pre-existing,
genetically modified mouse strains without the need for months of
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backcrossing. In many of these models, mice inoculated with
SARS-CoV-2 develop appreciable lung viral infection and an interstitial
pneumonia similar to that seen in COVID-19 patients (Hassan et al.,
2020; Jiang et al., 2020; Winkler et al., 2020). SARS-CoV-2 also has been
adapted by mutagenesis and passage, so that it can bind to and utilize
murine ACE2 and productively replicate in the upper and lower respi-
ratory tracts of non-transgenic young and aged BALB/c mice (Dinnon
et al., 2020; Gu et al., 2020).

Hamsters. Syrian hamsters have been used as an animal model to
study several respiratory viruses, including influenza A virus and
adenovirus (Iwatsuki-Horimoto et al., 2018; Miao et al., 2019) and are
known to support SARS-CoV infection (Schaecher et al., 2008). Multiple
groups have reported that SARS-CoV-2 infection of hamsters results in
labored breathing, high levels of viral RNA in the upper and lower res-
piratory tracts, immune cell infiltration, and extensive lung pathology
(Chan et al., 2020; Imai et al., 2020). However, weight loss in hamster
models can be variable, and furin cleavage site mutations in the
SARS-CoV-2 S protein, which are readily generated when viral stocks are
produced in vitro, greatly alter pathogenesis (Johnson et al., 2020).

Ferrets. Ferrets have been used to study respiratory virus infection
and transmission of orthomyxoviruses and paramyxoviruses (Enkirch
et al., 2015). In comparison, SARS-CoV-2 pathogenesis in ferrets is
relatively benign, consisting of slightly elevated body temperatures,
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Fig. 1. SARS-CoV-2 S protein organization and structural targets of neutralizing mAbs. (A) SARS-CoV-2 S protein schematic with key domains. SS; signal
sequence, NTD; N-terminal domain, RBD; receptor-binding domain, RBM; receptor-binding motif, FP; fusion peptide, HR; heptad repeat, CH; central helix, TM;
transmembrane domain, CT; cytoplasmic tail. (B) Structural model of the SARS-CoV-2 S protein. Left panels show trimeric spike in the three ‘down’ conformation
(PDB: 6VXX), with N-terminal domain (NTD) colored yellow, receptor-binding domain (RBD) colored green, the rest of S1 colored light blue, S2 colored silver, and
glycans colored as blue. Right panels show a single S monomer with S1 colored as a rainbow from N to C-terminus, and S2 displayed in light blue. For the closeup of
the RBD, the RBM is shown in green. (C) Epitopes of select antibodies on the SARS-CoV-2 RBD. ACE2 contacts are shaded green at the top of the RBD. Interfaces were
calculated based on buried surface area using UCSF ChimeraX. PDB codes used in visualization are as follows: S309; 6WPS, COVA2-39; 7JMP, REGN-10933; 6XDG,
P2B-2F6; 7BWJ, CR3022; 6W41, COVA2-04; 7JMO. (D) Depiction of the structural transition of a single RBD on the trimeric spike moving between the ‘up’ and
‘down’ conformations (PDB 6VXX for three down conformation, PDB 6VYB for one up two down conformation). The N-terminal domain of the blue S monomer has
been removed to aid visualization of the RBD.
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viral RNA predominantly in the upper respiratory tract, and mild alve-
olar and bronchoalveolar inflammation (Kim et al., 2020; Shi et al.,
2020a). Transmission of SARS-CoV-2 within cages has been described
for both hamsters and ferrets (Chan et al., 2020; Richard et al., 2020),
suggesting that these animal models have utility for interventions that
disrupt transmission.

Nonhuman primates. While expensive and in limited supply,
nonhuman primates (NHPs) are important for establishing treatment
and vaccine efficacy and providing rationale for initiating phase I clin-
ical trials in humans. African green monkeys, rhesus macaques, and
cynomolgus macaques have been the primary NHPs used for SARS-CoV-
2 studies to date. Mild to moderate disease, including viral replication in
the upper and lower respiratory tract and lung pathology consistent with
pneumonia, has been described for NHPs (Munster et al., 2020; Rockx
et al., 2020). Humoral and cellular immune responses as well as upper
and lower respiratory tract protection have been observed in several
vaccine studies (Corbett et al., 2020; Mercado et al., 2020; van Dor-
emalen et al., 2020; Wang et al., 2020a). However, NHP protection data
across studies should be interpreted carefully, as the challenge doses,
virus stocks, and routes of inoculation vary between groups. Further-
more, the efficacy of intranasal treatments may be underestimated
because most NHP models require intratracheal or intrabronchial virus
challenge, which bypasses mucosal immunity that may be present in the
upper respiratory tract.

3. Antibody therapy against SARS-CoV-2

Convalescent plasma therapy. The induction of a humoral response
against SARS-CoV-2 during natural infection is well-documented (Long
et al, 2020), and consistent with similar observations following
SARS-CoV or MERS-CoV infection (Ko et al., 2017; Shi et al., 2004). The
majority of patients infected with SARS-CoV-2 mount robust B cell re-
sponses and generate neutralizing S-specific antibodies (Atyeo et al.,
2020; Long et al., 2020; Ni et al., 2020) of the IgM, IgA, and IgG subtypes
(Sterlin et al., 2021; Wang et al., 2021a). A broader examination of the
humoral response landscape has shown production of antibodies against
other structural (e.g., N and M proteins) and non-structural (e.g., Orf3b
and Orf8) proteins (Hachim et al., 2020), although the role these anti-
bodies have in protective immunity remains to be established. The
initial description of protective anti-S neutralizing antibody responses
prompted the development, evaluation, and ultimately emergency use
authorization (EUA) of convalescent plasma therapy for the treatment of
SARS-CoV-2.

Convalescent immune plasma therapy was first used more than a
century ago for other infectious diseases including rabies (Aoki et al.,
1989). The evidence supporting plasma therapy for COVID-19 is limited,
and because of the clinical urgency, the majority of initial studies were
not powered adequately or designed in a randomized, controlled
manner (Duan et al., 2020; Liu et al., 2020c). An additional challenge
has been the lack of unifying metrics in the selection of donor plasma, as
different studies have used anti-SARS-CoV-2 IgG titers, anti-S or
anti-RBD IgG titers, neutralization titers, or a combination of multiple
parameters. The most recent findings from the few randomized,
controlled clinical studies suggests that the convalescent plasma has no
or marginal benefit in moderate or severe COVID-19 (Agarwal et al.,
2020; Li et al., 2020a; Salazar et al., 2020; Simonovich et al., 2020).
However, one limitation of these studies was the late timing of initiated
therapy after patient hospitalization. Indeed, in a subsequent multi-
center, randomized, controlled trial, when high-titer convalescent
plasma was administered within 72 h of symptom onset, the incidence of
severe COVD-19 in older adults was reduced (Libster et al., 2021). Thus,
the use of pre-selected convalescent plasma coupled with earlier inter-
vention might still limit disease progression.

Monoclonal antibody development. As convalescent plasma has
several limitations including the requirement for appropriate blood type
matching, a dependence on donors to maintain sufficient supplies, and
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inherent donor-to-donor variability in the quantity and quality of the
antibodies, the development of monoclonal antibodies (mAbs) against
SARS-CoV-2 is an attractive therapeutic alternative. Historically, the use
of mAbs in patients has been dominated by oncology and autoimmune
but not infectious disease targets, with the exception of respiratory
syncytial (Pavilizumab [Synagis®]) and Ebola (REGN-EB3 [Inma-
zebo®]) viruses. However, advances in mAb manufacturing as well as
the discovery of antibodies with robust neutralization breadth and po-
tency for other viral infections (i.e., HIV and Ebola) (Flyak et al., 2018;
Halper-Stromberg and Nussenzweig, 2016) suggest that optimized sin-
gle or cocktails of anti-SARS-CoV-2 mAbs could be a treatment option in
certain clinical contexts.

Multiple approaches have been used to generate neutralizing anti-
SARS-CoV-2 mAbs including classical animal immunization strategies
and combinatorial protein-display libraries (Table 1) (Alsoussi et al.,
2020; Hansen et al., 2020; Noy-Porat et al., 2020). The most common
method has been the isolation of B cells from SARS-CoV-2 convalescent
donors (Barnes et al., 2020b; Brouwer et al., 2020; Hansen et al., 2020;
Juetal., 2020; Kreye et al., 2020; Liu et al., 2020b; Robbiani et al., 2020;
Rogers et al., 2020; Shi et al., 2020b; Wu et al., 2020d; Zost et al., 2020).
In the majority of these studies, convalescent serum responses are
screened for antibody binding to S or RBD in conjunction with
neutralization tests against fully infectious or pseudotyped SARS-CoV-2.
Sorting or recovery of single antigen-specific memory B cells from do-
nors and subsequent sequencing and cloning of the immunoglobulin
heavy and light chain genes has enabled rapid antibody expression and
characterization.

Structural targets of neutralizing mAbs to SARS-CoV-2. To date, all
neutralizing mAbs to SARS-CoV-2 target the S protein (1273 residues),
which is displayed on the surface of the virus as 15 to 30 trimers (Ke
et al., 2020). The receptor-binding S1 subunit (residues 14-685) consists
of the N-terminal domain (NTD) and the RBD, whereas the S2 subunit
(residues 685-1273) contains the fusion peptide and transmembrane
domain (Fig. 1A-B). The majority of potently neutralizing mAbs bind
epitopes in the RBD (residues 319-541) (Fig. 1C) (Alsoussi et al., 2020;
Barnes et al., 2020b; Brouwer et al., 2020; Hansen et al., 2020; Ju et al.,
2020; Kreye et al., 2020; Liu et al., 2020b; Robbiani et al., 2020; Rogers
et al., 2020; Shi et al., 2020b; Wu et al., 2020d; Zost et al., 2020) with a
smaller number engaging the NTD (residues 14-305) (Chi et al., 2020;
Liu et al., 2020b). The description of two neutralizing mAbs that bind a
cryptic epitope on the S protein, but not the RBD or NTD also was
recently reported (Liu et al., 2020b), whereas neutralizing antibodies to
the S2 stalk region of the S trimer have not been described. The limited
diversity of neutralizing epitopes reported could be biased by use of RBD
to sort virus-specific B cells rather than trimeric S, virus-like particles, or
infectious virus. Additionally, most of the B cells obtained are from
donors who experienced relatively mild COVD-19, rather than severely
ill subjects who have higher neutralization titers likely due to persistent
viral antigen, prolonged germinal center reactions, and more extensive
somatic hypermutation (Ju et al., 2020; Robbiani et al., 2020; Wu et al.,
2020b).

Although many neutralizing mAbs bind the RBD, distinct, non-
overlapping epitopes have been identified. X-ray crystallographic or
cryo-electron microscopy structures of Fab fragments of mAbs in com-
plex with either the RBD or trimeric spike have been solved (Yuan et al.,
2020a). Each RBD in the S trimer can exist in an ‘up’ or ‘down’
conformation (Fig. 1D), with binding to human ACE2 occurring only in
the ‘up’ conformation, leading to four possible conformational config-
urations per spike trimer (Ke et al., 2020; Walls et al., 2020; Wrapp et al.,
2020). Some RBD-binding mAbs target only ‘up’ conformation RBDs,
whereas others preferentially bind the ‘down’ conformation; a third
group can bind both conformations (Barnes et al., 2020a).

The majority of neutralizing anti-RBD mAbs are believed to function
by directly blocking ACE2 through engagement with the receptor-bind
motif (RBM) of the S protein. As more RBM-specific antibodies have
been characterized, several trends have been observed. For example, in
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Table 1
SARS-CoV-2 mAb candidates in phase II/III clinical trials.
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Antibody Developer Clinical Antibody(s) Is IsIsotype/Fc Animal Model Trial number/

candidate Stage Modifications References
REGN-COV2 Regeneron/NIAID EUA (11/ REGN109333 higG1 Hamster, Rhesus NCT04452318
20/20) (Casirivimab)+ Macaques (Baum NCT04426695
REGN10987 et al., 2020a) NCT04425629

(imdevimab)

LY-CoV555 AbCellera/Eli Lilly/NIH EUA (11/ LY3819253 higG1 Rhesus Macaques NCT04634409
09/20) (Bamlanivimab) (Jones et al., NCT04518410
2020) NCT04501978
NCT04497987
LY-CoVO016 AbCellera/Eli Lilly/NIH EUA (2/ LY3819253 higG1 NR NCT04441931
10/21) (Etesevimab) NCT04427501

VIR-7831/ Vir Biotechnology/GlaxoSmithKline Phase III VIR-7831, GSK4182136 hIgG1 (extended half- NR NCT04545060

GSK4182136 (Sotrovimab) life, enhanced Fc
Based on mAb S309 effector functions)
AZD7442 AstraZeneca, Vanderbilt University Phase III AZD8895 + AZD1061 hIgG1 (extended half- NR NCT04507256
Medical Center (Sotrovimab) life, abrogated Fc NCT04625972
effector functions) NCT04625725
CT-P59 Celltrion PhaseII-IIl  CT-P59 (Regdanvimab) hIgG1 Hamster NCT04525079
Ferret
Rhesus Macaques
(Lee et al., 2020)

JS016, LYCoVO16, Shanghai Junshi Biosciences Co., / Eli Phase II JS016, LYCoVO016, hIgG1 (abrogated Fc Rhesus Macaques NCT04634409
LY3832479, Lilly and Company; Institute of LY3832479, CB6-LALA effector functions) (CB6-LALA) NCT04611789
CB6-LALA Microbiology, Chinese Academy of (Etesevimab) (Shi et al., 2020b)

Sciences
TY027 Tychan Phase III TY027 NR NR NCT04649515
Pending NCT04429529
SCTAO1 Sinocelltech Ltd. Phase II-11I SCTAO01, NR NR NCT04644185
Pending HO014 (assumed) NCT04483375
BGB DXP-593 BeiGene, Ltd. and Singlomics Phase II DXP-593 NR NR NCT04551898
Pending NCT04532294

NR; not reported.
EUA; emergency use authorization.

one study, a large number of the neutralizing RBM antibodies utilized a
restricted set of germline heavy chain genes, most commonly IGHV3-53,
with many of their paratope contact residues retaining their germline
identities (Yuan et al., 2020a). Additionally, these antibodies tended to
encode shorter CDRH3 loops, although others described mAbs (e.g.,
COVA2-39, another IGHV3-53 antibody) that adopt a different binding
orientation on the RBM, which accommodates a longer CDRH3 (Wu
et al., 2020c). Antibodies utilizing alternative germline variants also
have been reported, but still tend to display relatively low levels of so-
matic hypermutation (Barnes et al., 2020a; Ju et al., 2020).

A smaller subset of mAbs target epitopes outside the human ACE2
binding site, and thus may neutralize through alternative mechanisms of
action including blockade of one or more other cellular attachment
factors (heparan sulfate (Clausen et al., 2020), HDL scavenger receptor B
type 1 (Wei et al., 2020)) or possibly alternative receptors (neuropilin
(Cantuti-Castelvetri et al., 2020)), inhibition of conformational changes
necessary for fusion, or allosteric blockade of ACE2 interactions.
Recently, the structure of potently neutralizing antibodies C144 and
S2M11 showed that both target a similar quaternary epitope, binding
adjacent RBD subunits, and locking them into an ACE2-inaccessible
‘down’ conformation (Barnes et al., 2020a; Tortorici et al., 2020).
However, it is unclear how important this mechanism is for neutrali-
zation, since both mAbs also directly block ACE2 binding (Barnes et al.,
2020a; Tortorici et al., 2020). Among RBD antibodies, binding affinity to
recombinant protein does not necessarily correlate with neutralization
potency (Liu et al., 2020b). This could be due to differences in how
epitopes on the trimeric S are displayed or glycan shielding of epitopes
present on the native virion (Watanabe et al., 2020; Zhao et al., 2020).

A third subset of antibodies targets epitopes further away from the
RBM and typically display low to no neutralizing potency. Some of these
antibodies, such as the SARS-CoV derived CR3022, engage cryptic epi-
topes. Notably, despite its ability to bind SARS-CoV-2 RBD and cause S
trimer dissociation, CR3022 does not neutralize SARS-CoV-2 (Huo et al.,
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2020; Wrobel et al., 2020; Yuan et al., 2020b). In contrast, the recently
characterized mAb COVA1-16 targets an epitope outside the RBM that
overlaps with CR3022, but still blocks ACE2 binding as a result of steric
hindrance with its light chain, indicating that direct overlap with
binding residues is not necessarily a requirement for ACE2 blockade (Liu
et al., 2020a). Although non-RBM antibodies tend to be less potently
neutralizing, several have been shown to cross-react and neutralize
SARS-CoV due to the increased conservation in the RBD outside of the
RBM, highlighting their potential use against future betacoronaviruses
(Pinto et al., 2020; Yuan et al., 2020b).

Combatting viral resistance in mAb therapy design. Although
coronaviruses have a slower mutation rate relative to other RNA viruses
because of their proofreading 3'-to-5' exoribonuclease (nsp14), escape
from antibody neutralization is still a major concern. Multiple groups
have described viral escape under the selective pressure of single mAb
treatments and identified viral escape mutations in the RBD (Baum et al.,
2020b; Greaney et al., 2021a; Liu et al., 2020d; Weisblum et al., 2020).
The most concerning viral escape mutations are those that do not cause a
loss-of-fitness to the virus and can occur through single nucleotide
changes. Two approaches have been employed to prevent viral resis-
tance against mAb therapies: (1) the selection of antibodies that bind
highly conserved residues and epitopes that do not tolerate mutations
without marked loss-of-function phenotypes and (2) the development of
antibody cocktails targeting distinct, non-overlapping regions of the
RBD or S, which would require the less likely occurrence of simulta-
neous mutations at two separate genetic sites.

The emergence of rapidly-spreading SARS-CoV-2 variants in the
United Kingdom (B.1.1.7), South Africa (B.1.351), and Brazil
(B.1.1.248) as well as enzootic crossover events on mink farms (Oude
Munnink et al., 2021) has highlighted the need to monitor frequently
whether viral evolution could compromise mAb therapy or even vaccine
efficacy. Of particular concern, the South Africa and Brazil variants
contain an amino acid substitution at position 484 in the RBM, which
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previously was identified as a key monoclonal and polyclonal antibody
escape mutation in the context of yeast and chimeric vesicular stomatitis
virus screening campaigns (Greaney et al., 2021a, 2021b; Starr et al.,
2020; Weisblum et al., 2020). Structural and computational approaches
outlining the footprints of different classes of neutralizing antibodies
that synergize within the RBD (Barnes et al., 2020b; Greaney et al.,
2020; Hansen et al., 2020) and the discovery of additional classes of
neutralizing antibodies, such as the NTD mAbs (Suryadevara et al.,
2021) that bind epitopes outside the RBM and RBD, may be important
tools in designing mAb cocktails against COVID-19 and minimizing the
potential for emergence of resistance.

Testing of mAbs in animal models. In the majority of humans, viral
replication is followed by clearance and rapid clinical resolution.
However, a small, yet important, fraction of patients develop severe
COVID-19 requiring hospitalization and intensive care. Severe COVD-19
is thought to be driven by an over-exuberant immune response at a time
in which viral replication is waning. Prophylactic and therapeutic effi-
cacy of neutralizing anti-RBD mAbs has been demonstrated in vivo in
murine, hamster, and NHP models of SARS-CoV-2 pathogenesis
(Table 2) (Alsoussi et al., 2020; Baum et al., 2020a; Hassan et al., 2020;
Kreye et al., 2020; Rogers et al., 2020; Shi et al., 2020b; Wu et al., 2020d;
Zost et al., 2020). Treatment benefit is typically assessed by measuring
reductions in viral loads, clinical signs of disease (weight loss and body
temperature), and lung inflammation (cytokine levels and histopathol-
ogy). Pre-exposure administration of neutralizing mAbs prior to
SARS-CoV-2 infection reduces viral titers in the upper respiratory tract
and can completely prevent viral replication in the lower respiratory
tract of the lungs (Baum et al., 2020a). However, post-exposure mAb
therapy demonstrates more modest reductions in viral titers (especially
when measuring viral RNA levels in the lung), although improvements
in clinical disease and pulmonary pathology still are demonstrated. Of
note, in all therapeutic studies in animals published to date, mAbs have
been administered within 24 h of viral infection (often earlier), high-
lighting that treatment success may require an early window of inter-
vention. Although mAb treatment might have a role later in the course of
COVID-19 disease, the pathophysiology is complicated by immune
dysregulation and immunopathology in both pre-clinical animal models
and human disease.

Fc region considerations in mAb development. Mechanisms of
antibody protection in vivo can be due to multiple factors including
direct Fab-dependent virus neutralization and Fc-dependent engage-
ment of complement or Fc-gamma receptors (FcyRs) on leukocytes. The
vast majority of currently described anti-S mAbs are of the human IgG1
subclass that can engage FcyRs on a variety of immune cells. By binding
individual FcyRs on specific hematopoietic cells, antibodies and their Fc
effector functions can promote immune-mediated clearance by
antibody-dependent cellular cytotoxicity, antibody-dependent cellular
phagocytosis, and complement activation, enhanced antigen presenta-
tion and CD8™ T cell responses, and reshaping of inflammation (Bour-
nazos et al., 2020; Lu et al., 2018). The importance of Fc effector
functions for antibody efficacy in vivo has been illustrated in many virus
models, including HIV, Ebola, West Nile, hepatitis B, chikungunya, and
influenza viruses (Bournazos et al, 2014, 2019; 2014; DiLillo et al, 2014,
2016; Fox et al., 2019; Hessell et al., 2007; Li et al., 2017; Liu et al.,
2017; Vogt et al., 2011). While preliminary in vitro (Tortorici et al.,
2020) and in vivo studies highlight a possible beneficial role of Fc re-
ceptor engagement by mAb therapies against SARS-CoV-2 (Schafer
et al., 2020), further work is needed to identify which FcyRs, Fc effector
functions, and cell subsets mediate protection.

Notwithstanding these possible beneficial functions, under certain
circumstances, Fc-FcyR interactions can contribute to pathological out-
comes. As one example, antibody-dependent enhancement of virus
infection (ADE) (Morens, 1994) can occur when sub-neutralizing con-
centrations or non-neutralizing antibodies promote virus uptake and
infection of FcyR-expressing immune cells. Although well-documented
in dengue virus infection, ADE is at least a theoretical concern of
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antibody-based therapies and vaccines against SARS-CoV-2 (Diamond
and Pierson, 2020). Another potential concern is the generation of
non-productive Fc-mediated immune responses, such as the patholog-
ical T2 immune skewing seen with SARS-CoV in NHPs in the setting of
poorly neutralizing antibodies (Bolles et al., 2011). However, in
pre-clinical animal models and COVID-19 patients treated with conva-
lescent plasma or anti-SARS-CoV-2 mAbs, there has been no reported
evidence for ADE, immune skewing, or enhancement of disease.

4. Vaccines against SARS-CoV-2

A race for the most sought-after vaccine in history. Vaccination is
one of the most effective means by which to prevent infectious diseases
(WHO, 2019); with a goal of inducing immune responses that prevent or
limit disease upon subsequent natural infection. Smallpox, a lethal dis-
ease caused by variola virus, was officially eradicated in 1980 due to the
global implementation of a highly effective vaccine (Belongia and
Naleway, 2003). After smallpox vaccine immunization, approximately
95% of individuals developed neutralizing antibodies that endured for
5-10 years or longer (Belongia and Naleway, 2003). The measles,
mumps, and rubella vaccines are other examples of highly effective
vaccines that prevented what once were devastating childhood diseases
(Amanna and Slifka, 2018). Historically, developing a safe, efficacious,
and cost-effective human vaccine took between 4 to 15 years, if not
longer. In comparison, COVID-19 vaccine development has proceeded at
an unprecedented pace. The complete viral genome sequence of
SARS-CoV-2 from patient isolates was reported on January 11, 2020 -
less than a month after the first cases were documented in Wuhan, China
(Zhou et al., 2020). With this information, academic research labora-
tories and biotechnology companies globally embarked on a race to
generate an effective SARS-CoV-2 vaccine. Due to knowledge gained
during previous vaccine development efforts for MERS-CoV and
SARS-CoV, the initial step of target identification was essentially skip-
ped without loss. For both SARS-CoV and MERS-CoV, the S protein had
been demonstrated as the dominant antigen responsible for inducing
neutralizing antibodies and an important target of protective T cell re-
sponses (Graham et al., 2013; Yong et al., 2019). A plethora of vaccine
candidates for SARS-CoV-2 were designed rapidly using the SARS-CoV-2
S protein as the primary immunogen (Fig. 2 and Table 3).

5. SARS-CoV-2 vaccine platforms

Nucleic acid vaccines. At present, six DNA-based vaccines and six
mRNA-based vaccines against SARS-CoV-2 are in clinical trials (Fig. 2)
(WHO, 2020b). Although DNA vaccines are currently used in veterinary
medicine, due to their relatively modest immunogenicity as well as
delivery hurdles, they have not been widely utilized in humans (Suschak
etal., 2017). mRNA vaccines are a new platform commonly consisting of
an mRNA, which typically includes a 5 cap, regulatory elements in the
5 and/or 3’ untranslated regions (UTRs), a poly(A) tail, and modified
nucleosides to increase RNA stability and decrease innate immune
activation, that is engineered to encode specific viral antigens and
delivered by polymer-based or lipid nanoparticles (Pardi et al., 2018).
Upon entry into the cell cytoplasm, the mRNA is translated by host cell
ribosomes similarly to endogenous mRNA, resulting in antigen expres-
sion for immune system recognition and response. Two mRNA vaccines,
Pfizer/BioNtech’s BNT162b2 and Moderna/NIAID’s mRNA-1273, are
currently in phase III clinical trials and recently received EUA status
from the U.S. Food and Drug Administration and other countries (Cohen,
2020; WHO, 2020b). BNT162b2 is an mRNA-lipid nano-
particle-formulated vaccine that encodes a membrane-bound, prefusion
stabilized form of the full-length SARS-CoV-2 S protein (Walsh et al.,
2020). In a phase I, placebo-controlled, dose escalation trial, BNT162b2
and a similar vaccine candidate, BNT162b1, which encodes a secreted
trimerized form of the SARS-CoV-2 RBD, were tested for safety and
immunogenicity. Both vaccine candidates were evaluated at four doses
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Table 2

SARS-CoV-2 mAb Tested in Animal Models.
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Antibody Animal Model Prophylactic Therapeutic Virus Dose Outcome compared to control
2B04 murine 1 day prior to 4 x10° PFU e Prevented weight loss
(Alsoussi et al., 2020) BALB/C+ hACE2-AdV infection (IP) Intranasal e Reduced viral titers (Lung, 31-fold
(Hassan et al., 2020) (~10 mg/kg) decrease; spleen, 11-fold decrease)
e Diminished lung inflammation
(histopathology)
2HO04 murine 1 day prior to 4 x10° PFU e Prevented weight loss
(Alsoussi et al., 2020) BALB/C+ hACE2-AdV ( infection (IP) Intranasal e Reduced viral titers (Lung, 11-fold
Hassan et al., 2020) (~10 mg/kg) decrease; spleen, 6-fold decrease)
COV2-2196 BALB/C + Mouse-Adapted 1 day prior to 10° PFU o Reduced viral titers (Lung, 10°- fold
COV2-2130 SARS-CoV-2 (Dinnon et al., infection (IP) Intranasal reduction)
(Cocktail) 2020) (~10 mg/kg)
COV2-2196+ murine 1 day prior to 4 x10° PFU e Prevented weight loss
COV2-2130 BALB/C+ hACE2-AdV infection (IP) Intranasal e Lower viral titers (Lung, 20-fold decrease;
(Zost et al., 2020) (Hassan et al., 2020) (~10 mg/kg) spleen, 10-fold decrease; heart, 1000-fold)
e Diminished lung inflammation
(histopathology and cytokine)
COV2-2196 Rhesus Macaques 1 day prior to 10° PFU o Reduced viral titers (Nasal swab, 107-fold
COV2-2381 infection (IV) Intranasal and decrease; BAL, 10°- fold decrease)
(50 mg/kg) Intratracheal
COV2-2196 BALB/C + Mouse-Adapted 12 h post-infection 10° PFU For 2196 and Cocktail:
COV2-2130 SARS-CoV-2 (~20 mg/kg) Intranasal e Reduced viral titers (Lung, 10°- fold
(Cocktail) (Hassan et al., 2020) reduction)
COV2-2196+ For 2130:
COV2-2130 e No change in viral titers compared to mock
(Cocktail) BALB/C+ hACE2-AdV 12 h post-infection 4 x 10° PFU e Reduced viral titers (Lung, 10° fold
COV2-2196+ (Hassan et al., 2020) (~20 mg/kg) Intranasal reduction)
COV2-2130 e Diminished lung inflammation (cytokine
expression)
REGN-COV2 Syrian Hamsters 2 day prior to 2.3x 10* PFU All doses:
(REGN10987 + infection (IP) Intranasal e Prevented weight loss
REGN10933) (50, 5, and 0.5 mg/ e Diminished lung inflammation
(Baum et al., 2020a) kg) (histopathology)
For 50 and 5 mg/kg dose:
o Reduced viral titers (Lung, 10*-fold
decrease)
Syrian Hamsters 1 day post infection 2.3 x 10* PFU For 50 and 5 mg/kg doses:
(IP) Intranasal e Reduced weight loss
(50, 5, and 0.5 mg/
kg)
Rhesus Macaques 3 day prior to 10° PFU For 50 mg/kg:
infection (IV) Intranasal and o Reduced viral titers (Nasal swab, 10°-fold
(50 mg/kg) Intratracheal reduction; BAL, 10*- fold reduction)
Rhesus Macaques 3 day prior to 10°PFU For 50 mg/kg:
infection (IV) Intranasal and o Reduced viral titers (Nasal swab, 10°-fold
(0.3 and 50 mg/kg) Intratracheal reduction; BAL, 10*- fold reduction)
e Reduced histopathology
For 0.3 mg/kg:
e Reduced viral titers (Nasal swab)
e Diminished lung inflammation
(histopathology)
Rhesus Macaques 1 day post infection ~ 10° PFU For both 150 mg/kg and 25 mg/kg:
(IP) Intranasal and e Reduced viral titers (Nasal swab, 10°-fold
(150 and 25 mg/kg) Intratracheal reduction; BAL, 10% fold reduction)
e Reduced histopathology
CCL12.1 Syrian Hamsters 12 h pre-infection (IP) 10°PFU For 16.5, 4.125, and 1.03 mg doses:
(Rogers et al., 2020) (16.5, 4.125, 1.03, Intranasal e Reduced viral titers (Lung, 10°- reduction)
0.25, 0.06 mg/kg) For 16.5 and 4.125 doses:
e Diminished weight loss
CB6 LALA Rhesus Macaques 1 day prior to 10° TCID50 e Reduced viral titers:(Throat swabs, viral
(Shi et al., 2020b) infection (IV) Intratracheal RNA not detected)
50 mg/kg e Reduced histopathology
CB6 LALA Rhesus Macaques 1 day and 3 post 10° TCIDsq e Reduced viral titers:(Throat swabs, 102-
infection (IV) Intratracheal 103 fold reduction)
50 mg/kg e Redudced histopathology
B38 Murine hACE2 Transgenic 12 h post-infection NR e Reduced Weight Loss
(Wu et al., 2020d) (25 mg/kg) o Reduced viral titers: Lung 10-fold
e Reduced histopathology
H4 Murine hACE2 Transgenic 12 h post-infection NR o Reduced viral titers (Lung 102-fold
(Wu et al., 2020d) (25 mg/kg) decrease)
e Reduced histopathology
CV07-209 Syrian Hamsters 24 h prior (18 mg/kg) 10°PFU e Prevented Weight Loss
(Kreye et al., 2020) Intranasal e Reduced viral titers (Lung 10* to 10°-fold)

Syrian Hamsters
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Reduced histopathology
Prevented Weight Loss

(continued on next page)
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Antibody Animal Model Prophylactic Therapeutic Virus Dose Outcome compared to control
2 h post-infection 10°PFU o Reduced viral titers: Lung 10°-fold
(18 mg/kg) Intranasal e Reduced histopathology
S2M11 Syrian Hamsters 48 h prior (1 or 0.5 2x10° TCIDs, All doses:
S2E12 mg/kg) Intranasal o Reduced viral titers (Lung 10*-fold
Cocktail (S2M11 decrease)
+ S2E12)
(Tortorici et al., 2020)
LY-CoV555 Rhesus Macaques 1 day prior to 1.1x10° PFU For all doses:
(Jones et al., 2020) infection (IV) Intranasal and e Reduced viral titers (BAL, nasal swab, oral
(50, 15, 2.5, and 1 Intratracheal swab)
mg/kg)
ADG-2 BALB/c + Mouse-Adapted 12 h prior (10mg/kg) 10% PFU e Prevented weight loss
(Rappazzo et al., SARS-CoV-2 Intranasal o Reduced viral titers: Lung 10”-fold
2021) e Reduced histopathology
BALB/c + Mouse-Adapted 12 h post-infection 10°PFU Intranasal e Reduced weight loss
SARS-CoV-2 (10mg/kg) o Reduced viral titers: Lung 10*fold
e Reduced histopathology
O
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Fig. 2. SARS-CoV-2 vaccine candidate number and platform by developmental status. Each square represents a SARS-CoV-2 vaccine candidate officially
recognized by the World Health Organization (WHO, 2020b). The color of each square indicates the vaccine platform utilized. EUA indicates emergency use
authorization of vaccines that are still in phase III trials. *Licensed only for select groups or in a single country without completing clinical trials.

(10, 20, 30, or 100 pg) in a prime-boost strategy with three weeks be-
tween immunizations. Whereas serum neutralizing activity was
dose-dependent for both vaccine candidates and peaked at levels higher
than convalescent serum from COVID-19 infected subjects, BNT162b2
had fewer adverse reactions and was selected for clinical development.
A recently published safety and efficacy trial of a 30 pg dose of
BNT162b2 reported 95% protective efficacy against symptomatic
COVID-19 (Polack et al., 2020).

mRNA-1273 encodes a prefusion stabilized form of the SARS-CoV-2 S
protein and is delivered into cells by lipid-encapsulated nanoparticles
(Jackson et al., 2020). In a phase I, dose-escalation (25, 100, or 250 pg),
open-label clinical trial in 45 healthy adults using a 28-day prime-boost
intramuscularly administered regimen, mRNA-1273 induced serum
neutralizing activity in all participants. Participants receiving the 25 pg
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or 100 pg doses also elicited strong Ty1-polarized CD4 " T cell responses.
In a promising unpublished report from a 30,000-person efficacy trial,
185 placebo group participants developed COVID-19 symptoms over the
course of the trial compared to 11 such individuals in the mRNA-1273
vaccinated group, suggesting a 94% efficacy rate (Cohen, 2020).
Moreover, of the 11 mRNA-1273 vaccinated individuals that contracted
SARS-CoV-2, none progressed to severe disease compared to 30 of the
185 placebo group participants.

Other mRNA vaccines in clinical trials include those developed by
Curevac, Arcturus-/Duke-NUS, Imperial College of London, and the
People’s Liberation Army (WHO, 2020b). Although prior to COVID-19,
an mRNA vaccine had never been licensed for use in humans, the recent
deployment of mRNA-1273 and BN162b2 confirms the promising status
of this platform.
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Table 3
SARS-CoV-2 vaccine candidates in phase III clinical trials®.
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Vaccine Developer Platform Dose range” Route  Peak neut T cell Trial number/References
candidate titer” responses’
BNT162b2 Pfizer/BioNTech RNA 10-100 pg; 2 M 1:363 (30 NR NCT04368728 (Walsh
doses pgd* et al., 2020)
mRNA-1273 Moderna/NIAID RNA 25-250 pg; 2 M 1:654.3 CD4™; low NCT04470427 (Jackson
doses (100 pg)! CD8" et al., 2020)
ChAdOx1 AstraZeneca/ University of Oxford Non-replicating 5x10°VPs;1or IM 1:218 (2 Yes; bulk NCT04516746
nCoV19 viral vector 2 doses doses)® PBMCs NCT04540393 (Folegatti
et al., 2020)
Ad5-nCOV CanSino Biologics Inc./ Beijing Institute of Non-replicating 5x 10" VPs; 1 M 1:19.5 (1 Yes; bulk NCT04526990
Biotechnology viral vector dose dose)’ PBMCs NCT04540419 (Zhu et al.,
2020a, 2020b)
Ad26.COV2.S Janssen Pharmaceutical Companies Non-replicating 5x 101 VPs; 1 M NR NR NCT04505722
viral vector dose
Gam-COVID- Gamaleya Research Institute Non-replicating NR; 2 M 1:45.95° CD4" and NCT04530396
Vac Lyo viral vector heterologous CD8* NCT04564716
doses NCT04642339 (Logunov
et al., 2020)
NVX- Novavax Protein subunit 2.5-25 pg; 2 M 1:8344° CD4* NCT04611802 (Keech
nCoV2373 doses et al., 2020)
COVID-19 Anhui Zhifei Longcom Biopharmaceutical/ Protein subunit NR M NR NR ChiCTR2000040153
vaccine Institute of Microbiology, Chinese Academy
of Sciences
CoronaVac Sinovac Inactivated 3-6 ug; M 1:65 (6 pg NR NCT04456595
2 doses dose)" 669/UN6.KEP/EC/2020
NCT04582344
NCT04617483 (Zhang
et al., 2020)
BBIBP-CorV Sinopharm/ Beijing Institute of Biological Inactivated 2-8 pug; M 1:282.7 (4 NR ChiCTR2000034780 (Xia
Products 2-3 doses pg dose)’ et al., 2020b)
COVID-19 Sinopharm/ Wuhan Institute of Biolocial Inactivated 2.5-10 pg; 2-3 M 1:316 (2.5 NR ChiCTR2000034780
vaccine Products doses ug dose) ChiCTR2000039000 (Xia
et al., 2020a)
BBV152 Bharat Biotech Inactivated NR M NR NR NCT04641481
CTR1/2020/11/028976
CoVLP Medicago VLP NR M NR NR NCT04636697

NR; not reported.
IM, intramuscular; VP, virus particles; VLP, virus-like particle.

@ Vaccine candidates in phase III clinical trials according to the World Health Organization (WHO, 2020b).

b These data are from published phase I-II or phase III trials, when available.
¢ SARS-CoV-2 — mNeonGreen reporter virus neutralization assay.

d PRNTjg, assay with authentic SARS-CoV-2.

¢ Public Health England PRNTs, assay.

f Neutralization assay with authentic SARS-CoV-2.

8 Microneutralization assay with authentic SARS-CoV-2.

" Microcytopathic effect assay with authentic SARS-CoV-2.

! Neutralization assay with infectious SARS-CoV-2.

I PRNTs, assay with authentic SARS-CoV-2.

Viral-vectored vaccines. Viral-vectored vaccines utilize the genetic
backbone of another virus to deliver and express antigens of the targeted
pathogen. Two forms of viral vectors exist — replication-deficient or
replication-competent. Currently, 14 viral-vectored vaccines (9
replication-defective and 5 replication-competent) are in clinical trials
(Fig. 2) (WHO, 2020b). Replication-defective viral vectors are engi-
neered such that components of the viral genome essential for replica-
tion have been deleted and a transgene encoding the target antigen is
inserted. Hence, in a self-limiting fashion, the targeted antigen (S pro-
tein in the case of SARS-CoV-2) is delivered and expressed in cells of the
vaccine recipient, provoking an immune response. In contrast,
replication-competent viral vectors are derived from attenuated or
vaccine strains of viruses that have been engineered to encode a target
pathogen antigen but still are capable of one or more rounds of repli-
cation. Numerous SARS-CoV-2 vaccine candidates are in preclinical or
early stages of clinical development that utilize vesicular stomatitis
virus, influenza virus, adenovirus, and modified vaccinia virus viral
vectors (Case et al., 2020; Chiuppesi et al., 2020; Logunov et al., 2020;
WHO, 2020b).

Currently, four viral-vectored vaccines against SARS-CoV-2 are in
phase III clinical trials, all of which utilize replication-defective
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adenovirus strains in prime-only or prime-boost regimens (Table 3)
(WHO, 2020b). ChAdOx1 nCoV-19, which is jointly developed by the
University of Oxford and AstraZeneca, uses a genetically modified Y25
simian (chimpanzee) adenovirus strain to deliver and express a
full-length, codon-optimized form of the SARS-CoV-2 S protein (van
Doremalen et al., 2020). Preclinical studies showed strong cellular and
humoral responses in ChAdOx1 nCoV-19 vaccinated mice and NHPs
(van Doremalen et al., 2020). Phase I-II and II-III safety and immuno-
genicity trials in humans reported promising S-specific T cell responses
and seroconversion rates of >99% in all ChAdOX1 nCoV-19 prime-boost
vaccination groups (Folegatti et al., 2020; Ramasamy et al., 2020).
Adverse events attributed to the vaccine were not detected, and
immunogenicity data were similar across the multiple age groups
(18-55, 56-69, and >70 years). In efficacy analyses, vaccination with
two standard doses or a low dose followed by a standard dose resulted in
62% and 90% protection against symptomatic disease, respectively
(Voysey et al., 2020).

Ad5-nCOV, a replication-defective viral vector vaccine developed by
CanSino Biologics, uses a human adenovirus serotype-5 vector
expressing a full-length, codon-optimized form of the SARS-CoV-2 S
protein (Zhu et al., 2020b). Phase I and II clinical trials were conducted



J.B. Case et al.

at a single center in Wuhan, China between March and April, 2020 (Zhu
etal., 2020a, 2020b). The highest dose (1.5 x 10" viral particles) caused
considerable adverse reactions and was excluded from further devel-
opment. T cell and neutralizing antibody responses peaked at 14- and
28-days post-vaccination, respectively, but were generally modest for
the low (5 x 1010 viral particles) and middle doses (1 x 10! viral par-
ticles). Indeed, neutralizing antibody responses were observed in only
50% of participants receiving the low or middle doses. In contrast to
most viral-vectored vaccines in development, Ad5-nCOV is administered
as a single intramuscular injection. While an Ad5-nCOV booster dose
could theoretically improve the elicited antibody and T cell responses,
this approach might be hampered by immunity generated by the first
dose or even pre-existing natural immunity to the Ad5 serotype.
Ad5-nCOV is currently in phase III clinical trials in Russia, Pakistan, and
several Latin American countries (NCT04526990).

Other replication-defective human adenoviral vectors, such as those
based on adenovirus serotype 26 (Ad26), which there is little pre-
existing immunity in humans, also are under clinical evaluation. Jans-
sen developed an Ad26 vector-based vaccine (Ad26.COV2.S) that en-
codes for a full-length SARS-CoV-2 S protein containing a mutated furin
cleavage site between S1 and S2 (Fig. 1A) and two proline stabilizing
mutations in S2 (Mercado et al., 2020). Ad26.COV2.S was selected as the
best of seven constructs initially tested in NHPs, with each candidate
differing in the leader sequences used, status of the furin cleavage site,
introduction of proline stabilizing mutations, and/or truncation of
C-terminal components of the spike protein. At 28-days
post-vaccination, Ad26.COV2.S induced the highest neutralizing anti-
body titers of the different Ad26-vaccine formulations. T cell responses
were notably poor, especially for Ad26.COV2.S. Despite this limitation,
in challenged animals, viral RNA was absent in all bronchoalveolar
lavage fluid and all but one nasal wash samples obtained from Ad26.
COV2.S vaccinated animals. Currently, Ad26.COV2.S is under evalua-
tion in phase III clinical trials as a single intramuscular dose of 5 x 10'°
virus particles (NCT04505722).

Viral-vectored vaccines often can induce robust B and T cell re-
sponses, and some are suitable for mucosal administration, a key
consideration for SARS-CoV-2 immunity (Mudgal et al., 2020). How-
ever, a number of issues such as safety in immunocompromised in-
dividuals as well as pre-existing vector immunity (against Ad5 and
Ad26) may need to be overcome.

Recombinant protein vaccines. Subunit vaccines incorporating only
a specific component(s) of SARS-CoV-2 (e.g, S protein) are also under
evaluation. With 16 in clinical trials and 56 in preclinical development
against SARS-CoV-2, subunit vaccines are the most abundant platform
(Fig. 2) (WHO, 2020b). This is due in part to the relative ease in
generating recombinant proteins and the number of variations possible.
Novavax’s NVX-CoV2373 vaccine is a recombinant, prefusion stabilized
S protein adjuvanted with Matrix-M1 (Keech et al., 2020). A 3-week
prime-boost regimen of different doses (2.5, 5, or 25 pg) given by
intramuscular injection to cynomolgus macaques induced high levels of
neutralizing antibody titers. Upon challenge of NVX-CoV2373 immu-
nized macaques, viral RNA was undetectable in all but one bron-
choalveolar lavage fluid and all nasal swab samples isolated. In a phase
I-1I clinical trial, NVX-CoV2373 appeared safe without serious adverse
events, and participants receiving the vaccine developed neutralizing
antibody responses that exceeded convalescent patient-derived serum
controls (Keech et al., 2020). In addition, CD4" T cell responses were
observed and skewed toward a Tyl phenotype. NVX-CoV2373 is
currently being evaluated in phase III clinical trials (NCT04611802).

Another adjuvanted recombinant protein vaccine (RBD-dimer),
which is being developed by Anhui Zhifei Longcom Biopharmaceuticals
in collaboration with the Chinese Academy of Sciences’ Institute of
Microbiology, is currently in phase III clinical trials (WHO, 2020b).
However, no published immunogenicity or efficacy data are available
for this vaccine candidate.

Inactivated virus vaccines. Inactivation of a virus using chemical or
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physical methods is another proven vaccine strategy, as many antiviral
vaccines of this type are licensed for use in humans including against
polio, influenza, rabies, and hepatitis A viruses (Amanna and Slifka,
2018; Murdin et al., 1996; Vellozzi et al., 2009). Seven inactivated
SARS-CoV-2 vaccines are in clinical trials (Fig. 2) (WHO, 2020b).
Inactivated vaccines are relatively easy to produce, most often by
generating virus in cell culture on a massive scale, followed by inacti-
vation. In the case of SARS-CoV-2, production is more complex due to
the need for BSL3 production facilities prior to inactivation. Since the
entire SARS-CoV-2 virion is present in the vaccine, the resulting im-
munity may be more complete and include responses against S as well as
the other structural proteins present in the virion (E, M, and N). The
SARS-CoV-2 vaccine candidate PiCoVacc (now known as CoronaVac),
an alum-adjuvanted vaccine developed by Sinovac Biotech Ltd., elicited
potent neutralizing antibodies in mice, rats, and NHPs after two or three
immunizations (Table 3) (Gao et al., 2020). NHPs receiving the highest
vaccine dose were protected from severe interstitial pneumonia, and
viral RNA was absent in the lungs. In another study, the inactivated
vaccine candidate BBIBP-CorV, developed by Sinopharm, induced
neutralizing antibody responses in a dose-dependent manner in mice,
rats, guinea pigs, and rabbits after one, two, or three immunizations
(Wang et al., 2020a). However, CD4" and CD8™ T cell responses were
not observed with either inactivated vaccine (Gao et al., 2020; Wang
et al.,, 2020a). While inactivated vaccines are safe when given intra-
muscularly, they poorly induce mucosal immunity or secretory IgA in
the upper respiratory tract.

Live-attenuated vaccines. Live-attenuated vaccines are derived from
a pathogenic virus that has been weakened to the point where it no
longer causes disease despite replicating in an individual for a few days.
Serial passage of the virus in vitro, rational deletion of virulence genes,
chimerizaton, and codon de-optimization techniques are strategies to
reduce viral pathogenicity (Barrett, 1997; Coleman et al., 2008; Talon
et al., 2000; Theiler and Smith, 1937). Live-attenuated vaccines often
generate strong humoral and cellular immune responses at the site of
infection. While several live-attenuated antiviral vaccines are approved
for use in humans (Amanna and Slifka, 2018), only three are in devel-
opment against SARS-CoV-2, and only one, COVI-VAC, has advanced
beyond preclinical stages (WHO, 2020b). These vaccine candidates all
utilize codon-deoptimization strategies for attenuation.
Codon-deoptimization introduces silent mutations into the nucleic acid
sequences to yield a virus that uses codons that are relatively rare in
human host cells, which attenuates viral infection due to poor genome
translation efficiency. The primary concern of live-attenuated vaccines
is safety due to possible reversion to virulence by mutation or recom-
bination with a circulating strain. Since coronaviruses are known to
recombine in nature (Su et al., 2016), this issue may be challenging to
overcome.

6. Conclusions and SARS-CoV-2 countermeasures outlook

The deployment of effective vaccines against SARS-CoV-2 could
prevent disease and transmission, ultimately resulting in community
protection. However, large-scale manufacturing of EUA vaccines with a
requirement of two doses (for most vaccines) to all countries of the
world may take many months if not longer, especially in places where
cold-chain distribution infrastructure is lacking. Another consideration
is whether the current vaccines against SARS-CoV-2 will prevent
transmission. While phase III clinical trial data suggest that Pfizer’s
BNT162b2 and Moderna’s mRNA-1273 are effective against symptom-
atic disease and prevent progression to severe disease, more data over a
longer period of time is needed to determine their durability and ability
to prevent or mitigate upper airway infection and transmission.

Prophylactic and/or therapeutic administration of mAbs could have
utility in populations that respond poorly to vaccination or remain un-
vaccinated. Currently two antibody drugs, Lilly’s LY-CoV555 (Chen
et al., 2020; Jones et al., 2020) and Regeneron’s REGN-COV2 (Baum
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et al., 2020a) have been granted EUA status with at least 11 others
undergoing advanced human testing in phase II or III clinical trials.
Whereas both REGN-COV2 and LY-CoV555 are potently neutralizing
anti-RBD human IgGls, LY-CoV555 is a monotherapy and REGN-COV2
is a cocktail of two mAbs. Preliminary results with REGN-COV2 and
LY-CoV555 demonstrated reduced hospitalization rates in mAb-treated
subjects with mild to-moderate COVID-19. However, clinical trials
showed no benefit of LY-CoV55 in hospitalized patients (ACTIV-3/TICO
LY-CoV555 Study Group, 2020) highlighting that current mAb treat-
ments may have their greatest effect early in the course of COVID-19. As
more mAbs are developed and tested, several factors may be considered
for progression to human evaluation including production capacity,
stability, possible synergy in antibody combination, prevention of
resistance, the role and optimization of Fc effector functions, and
mechanism of neutralization. Furthermore, as SARS-CoV-2 viral evolu-
tion continues, as seen with the emergence of novel strains in Great
Britan, South Africa, and Brazil, existing antibody therapies and vac-
cines may need to be reformulated to remain effective. In the case of
vaccine-induced immunity, one might predict that a polyclonal response
against the SARS-CoV-2 S would not result in a complete loss of vaccine
efficacy due to the small number of point mutations present in the spike
of the circulating variants and the likelihood of generating multiple
antibodies against different regions. However, preliminary data
demonstrating reduced neutralizing activity of plasma from vaccinated
individuals against psuedoviruses containing E484K, N501Y or
K417N/E484K/N501Y substitutions has raised concern (Wang et al.,
2021b, 2021¢c; Wibmer et al., 2021). These data contrast with a study
utilizing infectious SARS-CoV-2 virus with similar mutations that
showed only modest reductions in neutralization potency by mRNA
vaccine-elicited sera (Xie et al., 2021). At present, there is insufficient
data to conclude what level of efficacy will be achieved by vaccine
immunity against the emerging variants. Updated mAb cocktails and
adjustments to the spike sequences of vaccines may be needed to prevent
loss of protection.

In summary, while the current pandemic continues to rage, due to
the remarkable efforts of numerous groups and partnerships across the
world, SARS-CoV-2 countermeasures are advancing at record speed and
now being deployed. In the months to come, the ongoing need for public
health practices such as universal mask-wearing and social distancing
will continue to be particularly important until a sufficient proportion of
the population is immunized or achieve herd immunity, and emerging
variants are shown to be controlled by natural or vaccine-induced im-
munity. With four new countermeasures granted EUA status and others
on the horizon, hopefully, by spring 2021, the COVID-19 pandemic will
reach a turning point, as long as viral evolution does not overcome our
immune-based interventions.
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