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Abstract

The COVID-19 pandemic is now approaching 2 years old, with more than 440 million people infected and nearly six million
dead worldwide, making it the most significant pandemic since the 1918 influenza pandemic. The severity and significance
of SARS-CoV-2 was recognized immediately upon discovery, leading to innumerable companies and institutes designing
and generating vaccines and therapeutic antibodies literally as soon as recombinant SARS-CoV-2 spike protein sequence
was available. Within months of the pandemic start, several antibodies had been generated, tested, and moved into clinical
trials, including Eli Lilly’s bamlanivimab and etesevimab, Regeneron’s mixture of imdevimab and casirivimab, Vir’s sotro-
vimab, Celltrion’s regdanvimab, and Lilly’s bebtelovimab. These antibodies all have now received at least Emergency Use
Authorizations (EUAs) and some have received full approval in select countries. To date, more than three dozen antibodies
or antibody combinations have been forwarded into clinical trials. These antibodies to SARS-CoV-2 all target the receptor-
binding domain (RBD), with some blocking the ability of the RBD to bind human ACE2, while others bind core regions of
the RBD to modulate spike stability or ability to fuse to host cell membranes. While these antibodies were being discovered
and developed, new variants of SARS-CoV-2 have cropped up in real time, altering the antibody landscape on a moving
basis. Over the past year, the search has widened to find antibodies capable of neutralizing the wide array of variants that
have arisen, including Alpha, Beta, Gamma, Delta, and Omicron. The recent rise and dominance of the Omicron family of
variants, including the rather disparate BA.1 and BA.2 variants, demonstrate the need to continue to find new approaches
to neutralize the rapidly evolving SARS-CoV-2 virus. This review highlights both convalescent plasma- and polyclonal
antibody-based approaches as well as the top approximately 50 antibodies to SARS-CoV-2, their epitopes, their ability to
bind to SARS-CoV-2 variants, and how they are delivered. New approaches to antibody constructs, including single domain
antibodies, bispecific antibodies, IgA- and IgM-based antibodies, and modified ACE2-Fc fusion proteins, are also described.
Finally, antibodies being developed for palliative care of COVID-19 disease, including the ramifications of cytokine release
syndrome (CRS) and acute respiratory distress syndrome (ARDS), are described.

1 Introduction ranging from diphtheria to whooping cough to chickenpox
[2], eventually gave way to immunized/convalescent human
Historically, the general concept of “antibody” treatment ~ plasma-based and specific (hyperimmune) intravenous
for pathogenic diseases is more than 130 years old, when ~ immunoglobulin (IVIg) therapy, and finally, to the use of
Behring and Kitasato demonstrated that the transfer of ~ monoclonal antibodies (mAbs) for prevention and/or treat-
serum from a guinea pig immunized with diphtheria toxinto ~ ment of infectious diseases [3-5].
another guinea pig offered protection against that toxin [1]. The use of mAbs as therapeutic drugs to treat viral infec-
Immunized animal serum-based therapy, which was used  tions has a long history prior to the recent COVID-19 pan-

widely until the 1940s for a variety of infectious diseases ~ demic. In 1998, the sixth mAb ever approved by the US
Food and Drug Administration (FDA) was palivizumab
(Synagis®), for prophylaxis against respiratory syncytial
>< William R. Strohl virus (RSV) in premature infants, demonstrating early on the
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Antibodies against SARS-CoV-2 and its variants have
become critically important weapons in the arsenal
against COVID-19, contributing to the effort to save
lives and reduce severe disease and hospitalization.

As SARS-CoV-2 has drifted antigenically from the
Wuhan virus, to its Alpha, Beta, Gamma, Delta, and
Omicron variants, antibodies in development have been
brought forward to address each variant, including some-
times revisiting “older” antibodies that may work against
new variants that arise.

Of all of the antibodies and targets tested for pallia-

tive therapy, it appears that only the anti-IL-6 receptor
antibodies provide benefit for the immunological effects
brought on by COVID-19 disease.

For all antibody-based approaches to treat COVID-19,
the earliest possible treatment with high doses appear to
be required for optimal activity and efficacy.

[6]. Not including the multitude of antibodies targeting
severe acute respiratory syndrome (SARS)-coronavirus-2
(CoV-2) (SARS-CoV-2) described herein, there are currently
at least 40 different mAbs recently or currently in clinical tri-
als targeting a wide variety of viruses, including RSV (e.g.,
NCT03979313; [7, 8]), human immunodeficiency virus
(HIV) (e.g., NCT03707977) [7, 9], influenza virus (e.g.,
NCT02623322) [7, 10], Middle East respiratory syndrome
(MERS) virus (e.g., NCT03301090) [7, 11], Ebola virus
(e.g., NCT03576690) [12], zika virus (e.g., NCT03776695)
[13], dengue virus (e.g., NCT04273217), chikungunya
virus (e.g., NCT04441905; an mRNA encoded antibody)
[14], herpes simplex virus (e.g., NCT04539483), hepati-
tis B virus (e.g., NCT04856085) [15], rabies virus (e.g.,
NCT04644484) [16], and cytomegalovirus (e.g., sevirumab,
NCTO00001061) [17]. Across the virus landscape, therapeutic
antibodies have been shown to neutralize and kill viruses
via a wide variety of mechanisms of action (MOAs) [3],
including inhibition of virus binding to receptor [3], com-
plement mediated killing [3, 18, 19], antibody-dependent
cellular cytotoxicity (ADCC) [3, 18-21], and opsonization
and phagocytosis [22, 23].

While some of these antibodies are being tested individu-
ally, many are dosed as mixtures of two or more individual
mAbs to provide broader protection against a wider vari-
ety of viral strains or serotypes [24] and/or against viral
mutations leading to antigenic drift [25]. One such mixture
of antiviral antibodies, Inmazeb®, a combination of the
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anti-Ebola mAbs atoltivimab, maftivimab, odesivimab-ebgn,
was fully approved for use by the FDA in 2020 [12].

When considering antibody therapeutics for infectious
diseases, the dosing paradigm is for treatment of a rapidly
developing, acute disease, which is very different from the
use of therapeutics mAbs for chronic diseases such as rheu-
matoid arthritis and cancer. Thus, the two critical lessons
learned through the long history of anti-viral mAb therapy
have been that timing (i.e., earliest possible administration
after diagnosis) and dosage (i.e., providing a high enough
dose to result in therapeutic mAb concentrations in targeted
tissues) are critical factors for successful therapy [4]. These
lessons are equally as true today for the use of mAbs, mix-
tures of mAbs, hyper-immune intravenous immunoglobulin
(IVIg), and convalescent plasma therapy to treat or prevent
disease caused by SARS-CoV-2 [26].

A little over 2 years ago, in 4Q2019, the world had no clue
about what was to come, and what would dominate societies
from one end of the earth to the other. SARS-CoV-2 has
swept through our populations, now in at least four separate
waves, perhaps forever changing how we interact, conduct
business, and deal with one another. To date (2 March 2022),
about 440 million people have been infected and nearly six
million people worldwide have died from coronavirus dis-
ease 2019 (COVID-19), the disease caused by SARS-CoV-2
[27]. Countries have gone into “lock-down,” sometimes for
extended periods of time, to avoid rampant infection rates
as the virus has mutated to become even more infectious
and transmissible over time. Had this pandemic occurred
100 years ago, as the HIN1 Spanish flu virus did [28, 29],
the results could have been even more devastating than they
have been and continue to be. Because the pandemic hap-
pened now, incredible new vaccine and antibody discovery
and development technologies were available to move from
validated sequence to product launch under Emergency Use
Authorizations (EUAS) in less than a year. Antibodies in
many formats and from many processes have played, or
are being developed to play, a critical role in saving lives,
including prophylactic antibodies, convalescent plasma
therapy, and therapeutic antibodies targeting SARS-CoV-2,
as well as antibodies for use in palliative care to modulate
the immune responses to the viral infection that can lead to
severe disease and potentially death. The timing for the use
of each different type of antibody treatment depends on the
goal and disease status, as noted in Fig. 1, but in any case,
antibody treatment of SARS-CoV-2 infection and/or the dis-
ease it causes, COVID-19, requires as early intervention as
possible. This review tries to capture the salient aspects of
the antibodies discovered and developed both to fight the
SARS-CoV-2 virus and the disease it causes, COVID-19.
The supplemental section accompanying this manuscript
provides an historical context for development of antibodies
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against SARS-CoV-2 as well as details on mutations to the
spike protein that driver differences amongst the variants.

2 Evolution of SARS-CoV-2 in Humans—
Variants of Concern

SARS-CoV-2 has provided researchers with an incredibly dif-
ficult challenge due to its ability to rapidly mutate and form
novel variants with potentially improved transmissibility
and/or virulence characteristics. The essence of this review
is the tug of war between those developing antibody-based
therapeutics or prophylactics against the rapidly mutating and
adapting SARS-CoV-2. Starting in March 2021, the WHO
and US Centers for Disease Control (CDC) provided labels
for SARS-CoV-2 variants according to their potential for both
increased transmissibility and pathogenesis [31, 32]. The
variant labels come in two major forms, “Variant of Inter-
est” (VOI) and the more serious “Variant of Concern” (VOC)
(Fig. 2). Additionally, the WHO has identified Variants under
Monitoring (VUMs), i.e., those variants observed, but not
rising to the importance of VOIs. Individual key mutations
and the variants of lesser significance, VOIs, are described in
the Online Supplemental Material (OSM), Sect. S2.

Exposure and

2.1 VOC Alpha (B.1.1.7)

Alpha was initially detected in Kent, England on 20 Septem-
ber 2020 and, with a reproductive number (Ro, “R naught”;
described in OSM section S2.3) of 4.0, which is about
double that of the Wuhan SARS-CoV-2 virus [34], quickly
spread across the UK [35]. It was designated as a VOC
in December 2020 [36], about the same time it was first
observed in the USA. Alpha replicates in cells around four to
ten times faster than wild-type virus (WA-1/2020) [37]. As
aresult, the Alpha SARS-CoV-2 variant rapidly spread and
represented 70% of USA cases by 8 May 2020 [33], before
declining to its currently level of virtually undetectable US
cases. Alpha generally was associated with more severe dis-
ease, including increased mortality, than other variants in
multiple studies [38].

Alpha has the following mutations in the spike protein:
A69-70 and A144-145 in the N-terminal domain (NTD),
E484K*, S494P*, and N501Y in the receptor binding
domain (RBD), A570D, D614G, P681H, and T716I in the
S1/S2 region, and S982A, D1118H, and K1191N* in the
S2 domain (Fig. 2B). Here and throughout this section, the
asterisk indicates mutations that are only sometimes present
in the variant. Recent studies have shown that the deletion of

infection
A. Prophylactic B. Therapeutic
antibodies antibodies
C. Palliative care
Vaccination antibodies
1 Stage 0 Stage 1 Stage 2 Stage 3
Healthy Dry cough, fever, fatigue Severe breathing difficulties Lung failure, multi-organ failure, death

Active viral infection phase

Disease severity —

T cell depletion

Excessive inflammation phase
(immune system over-reaction)

Cytokine storm

Fig.1 The timing of COVID-19 in four stages, pre-disease (Stage
0), viral infection and amplification in the respiratory tract (Stage 1),
viral expansion to other organs and initiation of immune response
(Stage 2), and, in more severe cases, excessive inflammation in
response to viral infection (Stage 3). A Prophylactic antibodies are
provided at Stage O to protect the uninfected or recently exposed from

Time after initial infection

being infected, similar to how a vaccine would work; B antiviral anti-
body therapy is provided as soon as possible after infections and/or
symptoms appear to thwart the viral expansion phase; and C pallia-
tive care antibodies are those given in Stage 2 or Stage 3 to reduce the
out-of-control immune response to the virus. This figure was modi-
fied and redrawn from Patel et al. [30]
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VOI: 3/17/21

A69-70 [DHV], A144-145 [DYY]

(L18F), D80A, D215G, A241-243 [DLLA], (R2461) K417N, EA84K, NSO1Y
L18F, T20N, P26S, D138Y, R190S

T19R, (V70F), T95I, G142D, (Y145H),
A156-157 [DEF], R158G, (A222V), (W258L)

Q52R, A67V, A69-70 [DHV], A144 [DY]

D614G

AS70D, D614G, T716l, S982A,
P681H D1118H, (K1191N)
D614G A701V

D614G, H655Y  T10271, (V1176F)

(E484K), (S494P), N501Y

K417T, E484K, N501Y

(K417N), LA52R, TA78K, (E484Q) (Q613H), DI50N
D614G, P681R

L452R D614G

EA84K (F565L), D614G  V1176F

EA84K D614G, Q677H  F888L

Philippines, Feb 2021 VOI: 3/24/21 (A141-143 [ALGV]) E484K, N501Y D614G, P681H  E1092K, H1101Y,
(Theta)® V1176F

New York, US, Nov 2020  VOI: 3/24/21 (LSF), T951, D253G (S477N) either / or (E484K) D614G (A701V)

India, Oct 2020 VOI: 4/4/21 (T951), G142D, E154K L452R, E484Q D614G, P681R  Q1071H

Peru, Dec 2020 VOI: 6/14/21 G75V, T761, A247-253 [ASYLTPGD] 1452Q, F490S D614G T859N

Mu (B.1.621) Colombia, Jan 2021 VOI:8/30/21  T95I, Y144S, Y145N R346K, E484K, N501Y D614G, P681H  DI50N

Omicron BA.1 Botswana, VOC: 11/26/21

Nov 2021

South Africa,
Nov 2021

VUI (UK):
1/21/22

Fig.2 Locations of mutations in SARS-CoV-2 spike protein. A Lin-
ear representation of SARS-CoV-2 spike protein showing some of the
key subunits involved with mutations as well as antibodies, including
the N-terminal domain (NTD), the receptor binding domain (RBD),
receptor binding motif (RBM), S1/S2 region around the furin pro-
tease cleavage site, the S2 domain, and the transmembrane (TM)
region at the C-terminus of S2. Notes: X, residues 980-1006 are an
epitope for S2-targeting neutralizing antibody 3A3; Y, residues 1140-
1164 in stem-helix region targeted by antibody CC40.8; Z, residues
1229-1243 in stem-helix region targeted by neutralizing antibody
28D9. B A complete list of all the World Health Organization (WHO)
designated Variants of Concern (VOC) and the Variants of Interest

residues H69-V70 have arisen multiple times in the SARS
epidemic [39]. The A69-70 spike confers increased ease of
S1/S2 cleavage, spike incorporation and fusion, rapid syn-
cytium formation, resulting in enhanced infectivity [39]. As
noted above, N501Y dramatically increases the affinity of
the RBD to human ACE2, and for the sub-population of
Alpha variants that possess E484K as well, the affinity is
even further enhanced [40]. Additionally, the combination of
AS570D, D614G, and S982A are thought to enhance cleavage
into S1 and S2 [37] and, as noted above, P681H in the furin
cleavage site is expected to enhance cleavage of spike into
S1 and S2 over wild-type virus.

2.2 VOCBeta (B.1.351)
The Beta variant was initially detected in South Africa in

May 2020, and was subsequently identified in the USA late
in January 2021. Along with Alpha, Beta was designated a
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A67V, A69-70 [AHV], T951, G142D, A143-145
[AVYY], A211 (AN), L2121, ins214EPE

T191, A24-26 [ALPP], A24S, G142D, V213G

G339D, (R346K), S371L, S373P, S375F, T547K, D614G,  N764K, D796Y,
K417N, N440K, G446S, SA77N, T478K, EA84A, H655Y, N679K, N856K, Q954H,
Q493K, G496S, Q498R, N501Y, Y505H P681H N969K, L9B1F
G339D, S371F, S373P, S375F, T376A, DA0SN, D614G, H655Y, N764K, D796Y,
R408S, K417N, NA4OK, SA77N, TA78K, EA84A, N679K, P681H  Q954H, N96IK
Q493R, Q498R, N501Y, Y505H

(VOI) as well as the “original variant” D614G, and the mutations
each variant carries in each of the major domains. All amino acids are
noted by their single letter designation. NC not categorized. Deletions
are noted by A followed by the deleted amino acids. *D614G was
found in many sequences very soon after sequencing efforts began
in early 2020; b the VOIs Epsilon, Theta, Eta, Kappa, Iota, and Zeta,
were declassified as VOIs, so those names are provided parentheti-
cally; “mutant positions in parentheses (e.g., (S13I)) indicate muta-
tions that are only sometimes associated with the variant listed. Data
are from the WHO [31] and US Centers for Disease Control (US
CDC) [32]. Data for Omicron are from the US CDC [33]

VOC in December 2020. The B.1.351 variant has mutations
in the spike protein including L18F*, D80A, D215G, A241-
243 and R246I* in the NTD, K417N, E484K, and N501Y
in the RBD, and D614 and A701V in the S1/S2 region
(Fig. 2B). In this case, the approximately 15-fold improved
affinity contributed by the mutations N501Y/E484K is sig-
nificantly offset by the decrease in binding due to K417N,
resulting in Beta RBD having an approximately threefold
higher affinity to ACE2 than wild-type RBD [40]. Beta has
an R, of 3.8, significantly higher than the Wuhan SARS-
CoV-2 virus or the seasonal influenza virus [33], and has a
moderate level of immune evasiveness due to the mutations,
particularly E484K [41, 42].

2.3 YOC Gamma (P.1, B.1.1.28.1)

The Gamma variant was initially identified in travelers
from Brazil, who were tested during routine screening at
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an airport in Japan, in November 2020. This variant was
subsequently detected in the USA in January 2021. The
Gamma variant contains L18F, T20N, P26S, D138Y, and
R190S mutations in NTD, K417T, E484K, and N501Y in
the RBD, and D614G and H655Y in the S1/S2 region, and
T10271 and V1176F* in the S2 domain of the spike protein
(Fig. 2). Similar to Beta, the enhanced affinity conferred
by N501Y/E484K is substantially counterbalanced by the
K417T mutation, resulting in a combined 5.5-fold higher
affinity for Gamma RBD to ACE2 than wildtype RBD [40].
Gamma has an R, of 5.0, more than twice the transmissibil-
ity of the Wuhan SARS-CoV-2 virus [43], and has been
associated with reduced neutralization by mAbs, or plasma
from convalescent patients or from vaccinated individuals
[44].

2.4 VOC Delta (B.1.617.2)

The Delta variant was initially identified in India in October
2020, and subsequently detected in the USA in March 2021.
Due to its very high transmissibility rate, Delta quickly
became the predominant SARS-CoV-2 virus worldwide. In
the USA, as of 6 November 2021, the Delta variant made
up 99.9% of all sequenced variants [32], although it has
since been completely supplanted by the Omicron variant
(see next section). The Delta variant contains the follow-
ing spike mutations: TI9R, G142D*, D156-157, R158G
in the NTD, L452R, T478K, and E484Q in the RBD, and
D614G and P68IR in the S1/S2 region, and D950N in
the S2 domain. The L452R and T478K mutations in the
Delta RBD are thought to be important for stabilizing the
RBD:ACE2 complex [45, 46], while L452R/E484Q com-
bined to increase the affinity of the Delta RBD more than
fivefold over wild-type RBD [47]. Additionally, as noted in
OSM section S2, the P681R mutation in the furin cleavage
site enhances the cleavage of full-length spike to S1 and S2
[48], which increases the transmissibility and fitness of Delta
over wild-type virus, as well as Alpha, which has the less
effective mutation P681H [33, 49].

In August 2021, the United States Centers for Disease
Control (US-CDC) announced that they estimated R, for
the Delta variant to be 8.5 [50], three- to fourfold over the
R, value of the Wuhan virus, which provides one explana-
tion why it became the dominant variant in the USA and
the world so quickly. In fact, it has been estimated that the
SARS-CoV-2 Delta variant is nearly as contagious as chick-
enpox, but not as transmissible as measles [50]. This played
out in the real world as the Delta variant increased from 1.3
to 94.4% incidence in the USA during just a 3-month period
(2 May to 31 July 2021), supplanting the Alpha variant,
which decreased over the same period from 70 to 2.4% [33].

A recent study has demonstrated how Delta achieved its
very high person-to-person transmission rate, which is due

to the rapid increase in viral load, particularly in the upper
respiratory tract [51]. Before Delta, infected individuals took
an average of 5.5 days after initial infection to test posi-
tive for virus by the polymerase chain reaction (PCR) viral
RNA test, but developed symptoms by an average of 6.3
days after infection, leaving very little time (0.8 day) to shed
virus while asymptomatic [52]. With the Delta variant, how-
ever, patients tested RNA-positive within an average of four
days after infection and developed a high nasal load of virus
before symptoms emerged at an average of 5.8 days [52],
leaving an average of 1.8 days to shed virus while asymp-
tomatic [53]. This more rapid viral replication was shown
to lead to more than 1000-fold increased Delta virus titer
in nasopharyngeal swabs compared with the initial SARS-
CoV-2 [51]. Importantly, the nasopharyngeal viral load for
Delta appears similar for vaccinated and unvaccinated indi-
viduals, as well as asymptomatic individuals irrespective of
vaccination status [54, 55], which explains why vaccinated
and/or asymptomatic individuals may still infect others at
high R, numbers.

Additionally, B.1.617.1, a variant closely related to the
Delta variant, was shown to be more pathogenic in ham-
sters than the B.1 variant [56]. Whether that translates to
humans is still not certain, but data also suggest that some
of the VOCs may have a more significant disease impact on
individuals. The two-dose mRNA-based vaccines have been
shown to provide about 88% protection against the Delta
variant [57]. Nevertheless, a recent publication demonstrated
that the Delta variant was sixfold and eightfold less sensitive
to antibodies induced by vaccination and previous infection,
respectively [58]. This resistance to antibody neutralization
appears to be primarily focused on mutated RBD residues
E484Q, T478K, and L452R [48], but also effects both NTD
targeted antibodies, which, when combined, likely explains
the higher breakthrough rates associated with Delta [58].
The issue going forward, however, is the percentage of pop-
ulation that is fully vaccinated, which in some US states
and some countries is below 50%. The burden then shifts to
therapeutic treatment options, of which therapeutic antibod-
ies represent a significant option.

In July 2021, a variation of Delta now known as AY.4.2
was discovered in the United Kingdom. This variant increased
to 11-12% in populations previously saturated with Delta
[59], suggesting that the additional mutations it possesses
(Y145H, A222V) may improve its transmissibility over that
of “normal” Delta. Mutant Y 145H has been implicated as a
spike trimer destabilizing mutation, interestingly, by itself to
lower interaction of RBD with ACE2 [60]. The combination
of mutations, however, may increase interaction of variant
AY.4.2 with ACE2, allowing it to outpace Delta in some pop-
ulations [58]. Both Delta and its subvariant, AY.4.2, have now
become entirely supplanted by Omicron, as described below.
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2.5 VOC Omicron BA.1 (B.1.1.529)

Omicron was first detected in a sample taken on 8§ Novem-
ber 2021, in Botswana, and was identified as a new vari-
ant in South Africa in late November 2021 [61] (Fig. 2B).
It was given the PANGO lineage designation B.1.1.529
on 24 November 2021 and then designated as a VOC on
26 November 2021. The Omicron variant is apparently
descended from the original B.1.1. lineage rather than
evolving from any of the major variants such as Alpha, Beta,
Gamma or Delta. It has a very long branch [62], suggesting
that it had been evolving undetected for perhaps up to a year
in countries with poor surveillance. Interestingly, phyloge-
netic analysis shows that Omicron is most closely related to
Gamma and Alpha [63, 64], with Delta as the phylogenetic
outlier [63, 64].

After Omicron was discovered, it was eventually split
into three major subtypes, designated as BA.1 (Pango
B.1.1.529.1), BA.2 (Pango B.1.1.529.2), and BA.3 (Pango
B.1.1.529.3) [65-67]. BA.1 is the variant widely recognized
as “Omicron.” An additional subvariant, named BA.1.1, is
BA.1 with the additional mutation of R346K [66, 67]. BA.2,
which was initially expected to die out, has emerged as a sig-
nificant variant on its own, as described in the next section.
Importantly, BA.1 and BA.2 are antigenically distinct from
all other variants, and are antigenically distinct from each
other [68]. BA.3, which so far is a minor variant in terms
of numbers of total cases worldwide, has a mutation profile
that is more of a combination of mutations in BA.1 and BA.2
than having its own unique profile [66, 67, 69].

The Omicron variants are the most transmissible SARS-
CoV-2 variants to date [67, 70]. The initial estimates of
transmissibility of Omicron BA.1 suggest an intrinsic R,
number for BA.1 of approximately twofold greater than
Delta [71], putting the Omicron R, in the range of 7-14,
which would make it approximately equivalent to mumps
(R, of 7) as the second most transmissible virus ever known,
behind measles R, of 12—18 [72]. Additionally, other analy-
ses suggest that Omicron spread across the population at a
rate three- to fivefold greater than Delta [71-74]. Part of the
discrepancy between intrinsic and observed spread rates for
Omicron versus Delta may come from Omicron’s superior
ability to escape antibodies from vaccination or previous
infection [71, 73, 74]. As an example of the transmissibil-
ity of Omicron in South Africa, 80% of all SARS-COV-2
samples sequenced in October 2021, were Delta, but by
November 2021, Delta was found in only 22% of sequenced
samples whereas Omicron was found in 75%—a marked
change in just 1 month [75]. Similarly, the US-CDC data
indicated that as of 26 February 2022, the Omicron family of
variants makes up virtually 100% of all COVID-19 cases in
the USA, BA.1 and BA.2 comprising 91.8% and 8.3% of the
cases, respectively [76]. Thus, between 1 December 2021,
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when the first case of Omicron was detected in the USA,
to the last week of January 2022, i.e., less than 2 months,
Omicron went from first detection to 100% of cases, com-
pletely replacing Delta [76]. Unfortunately, the BA.2 data
represent a doubling of BA.2 in one reporting week (2/19/22
to 2/26/22), a potential harbinger for a next wave dominated
by BA.2.

As shown in Fig. 2B, Omicron has four mutations, three
deletions, and an insert in the NTD, 15 mutations in the
RBD, five mutations in the S1/S2 region, and six mutations
in the S2 domain [77], making it one of the most heavily
mutated variants thus far observed. The combination of RBD
mutations found in Omicron is intriguing (Fig. S2B). While
the K417N mutation typically lowers affinity to ACE2, it has
been shown to be offset (as noted above and in the OSM)
by N501Y. The Q498R mutation in the Omicron RBD is
unique amongst VOCs and VOIs (Fig. 2). In an in vitro
phage display-based evolution study of SARS-CoV-2 muta-
tions, Zahradnik et al. [78] found that the combination of
Q498R and N501Y resulted in an “epistatic” effect, yielding
the highest affinity for ACE2 amongst the evolved mutations
found. Moreover, they found that mutants S477N, Q498R,
and N501Y, all three of which are in Omicron, formed new
contacts with ACE2 [78]. As such, Zahradnik et al. [78],
with no fore-knowledge of Omicron, predicted that Q498R,
which had not been observed previously in VOI or VOC
variants, would eventually emerge as a partner to the N501Y
and E484K (in Omicron it is E484A) mutations.

It appears that despite the N501Y, Q493K/R, and T478K
mutations, Omicron BA.1 has an affinity for human ACE2
that is lower than other variants such as Alpha, Beta, and
Gamma [79], and approximately in the range of 24-30 nM,
similar to that of ancestral SARS-CoV-2 [79-81]. Moreover,
the mutations in Omicron BA.1 have provided it with the
ability to bind ACE2 from additional species, giving it a
broader species tropism including mice, rats, and domestic
poultry, which is potentially concerning as reservoirs for
future infections [82]. The spike of Omicron BA.1 is found
exclusively in the one RBD-up (or open) conformation [83].
Additionally, the RBDs were shown to have modified local
conformations resulting in significant remodeling of the
ACE?2 binding domain, which helps to explain why it evades
antibody binding so well [83-85].

To infect cells, SARS-CoV-2 fuses with host cell mem-
branes via one of two mechanisms, a cell surface-based
fusion, largely mediated by the protease TMPRSS2, and an
endosomal fusion process, in which fusion only takes place
after pinocytosis and formation of an endosome containing
virus [82, 86]. This latter process is mediated by endosomal
cathepsin, which cleaves S2 and allow for maturation of the
viral entry fusogenic mechanism [82, 86]. SARS-CoV-2
variant Delta largely prefers the cell surface fusion mode of
entry and Delta entry kinetics and cell tropism are largely
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correlated to TMPRSS2 expression by the target cells [86].
Cell types that strongly express TMPRSS2, such as lung,
alveolar, and gut epithelial cells [82, 86—88], favor Delta
entry [86, 89]. On the other hand, Omicron has mutations
in the S1/S2 furin cleavage site region that impair its ability
to use TMPRSS2, and lung and alveolar epithelial cells that
strongly express TMPRSS2 suppress, albeit not eliminate,
Omicron entry and replication [85-88]. Omicron, however,
strongly utilizes the cathepsin-dependent endosomal fusion
pathway, which results in a modified cell tropism towards
nasal airway epithelial cells which exhibit poor TMPRSS2
expression [82, 86—88, 90]. Thus, while Delta is fourfold
more efficient than Omicron at using TMPRSS2 to enter
cells via the cell surface entry MOA, Omicron is tenfold
more efficient than Delta at utilizing the endosomal cell
entry MOA [91].

An additional hallmark of Delta and other variants
infection is the strong ability to form TMPRSS2 cleavage-
dependent syncytia between cells, allowing for efficient
cell-cell transmission [87, 92]. Omicron, on the other hand,
due to its inability to use TMPRSS?2 efficiently, does not
form syncytia between cells, eliminating cell-cell direct
transmission [87]. This modified cell tropism could explain
two significant factors related to Omicron: (i) significantly
increased transmissibility over other VOC:s, likely driven by
increased replication in the upper respiratory tract where it
can easily be shed into the environment and (ii) somewhat
attenuated disease, driven by poorer ability to infect lung
epithelial cells and lack of cell-cell direct transmission, as
compared with Delta and other variants [86, 88, 90].

In a separate approach to compare Omicron with Delta
and ancestral virus, Lamers et al. measured rate of infec-
tions and virus shedding in a 2D organoid-based air-liquid
interface airway model [87]. They demonstrated a significant
increase in competitive infectivity of Omicron over Delta in
the first 5 days, followed thereafter by Delta becoming domi-
nant. Since humans are most infectious within the first few
days of infection, this initial competitiveness by Omicron in
culture may help to explain its ability to outcompete Delta
in several populations across the world [87].

Due to its significantly altered antigenicity, Omicron has
demonstrated resistance against human antibodies gener-
ated as a result of infection with earlier variants [68, 93-95]
as well as immunization [93-98]. This makes sense, con-
sidering that seven out of 17 SARS-CoV-2 RBD contact
residues for binding ACE2 are mutated in Omicron (Fig. 2).
The immune escape index, I-index, measures the predicted
ability of SARS-CoV-2 variant to escape detection and
neutralization by antibodies as compared with the ancestral
virus [91, 92]. Thus, the escape index for ancestral virus
is one (1), alpha (~ 1.2), beta (~ 2.6), gamma (~ 2.8), and
delta (3.1) all are less than or around 3, and Omicron has an
I-index of 5.8, a reflection of its mutational pattern, which

is substantially different from the other VOCs and is both
predicted and observed to make Omicron resistant to most
antibodies generated by infection to previous variants as
well as standard two-dose vaccination regimens. Luckily,
immune evasion of primed or prime/boost vaccines, which is
more significant for ChAdOx-1 than for the BioNtech/Pfizer
mRNA vaccine [85], can be overcome with a third vaccine
boost, which increased titers [98], potentially improved
T-cell epitope activity [97-99], and/or may lead to epitope
spreading, as observed with other vaccines [100], that could
help to cover the antigenic drift exhibited by Omicron [85].
It should be noted, however, that a third vaccine boost, or
even more effective, the combination of vaccination and pre-
vious infection [101], provided protection against Omicron
BA.1[93, 94, 98], albeit at neutralizing titer levels ranging
six- to 23-fold lower than anti-Delta titers [102].

Thus, while Omicron BA.1 has demonstrated reduced vir-
ulence compared with Delta and other SARS-CoV-2 variants
in both rodents [103, 104] and the human population [88,
90, 105, 106], it has a significantly increased ability over
other VOCs including Delta to spread through the popula-
tion due both to its significant antibody resistance as well as
increased transmission rate [70-72, 107], especially early in
the infectious period [87]. As noted by Suzuki et al. [107],
pathogenicity is on a linear scale with respect to increase
in hospital admissions, morbidity and mortality, whereas
Omicron population spread rate is exponential with respect
to those outcomes. Additionally, with increased species tro-
pism, the potential for non-human reservoirs is potentially
increased, which could broaden the ability of omicron-like
CoVs to re-enter and spread in humans. Thus, as recently
summarized by Bhattacharyya and Hanage [108], the intrin-
sic severity of Omicron infection to the world population as
a whole remains significantly high.

A subvariant of Omicron BA.1, called BA.1.1 (Pango
B.1.1.529.1.1), is BA.1 plus the R346K mutation [67, 68],
which by February 2022, comprised about 30% of that total
“BA.1+BA.1.1” infections globally [109]. It is thought that
BA.1.1. has a slightly higher transmission rate than BA.1,
and this is borne out by the current rate of Omicron infec-
tions in the USA, in which BA.1.1 subvariant comprises
about 81% of all “BA.1+BA.1.1” COVID-19 cases [76].

A very recent analysis suggests that approximately 73%
(range 63-81%) of Americans have antibodies against Omi-
cron, due either to infection, vaccination and boosting, or
both [110]. This number is expected to rise to the 80% range
by March, although with the expectation of new variants and
around 35% of the US population being vaccine-hesitant,
achieving true herd immunity is unlikely [110]. This is likely
also the case in other countries in which Omicron has spread
widely. Nevertheless, with so many people having at least
some immunity to SARS-CoV-2, it is expected that future

A\ Adis



238

W.R. Strohl et al.

variants may not cause as much mortality or burden on the
healthcare system [103, 110].

2.6 VOC Omicron Subvariants BA.2 and BA.3

Variant BA.2 was first detected in South Africa on 17
November 2021 [61], and was designated VUI-22JANO1
(“variant under investigation”) in the UK on 19 January
2022. While BA.2 is considered a sub-lineage of Omicron,
it actually has about 40 amino acid differences in sequence
from Omicron BA.1 (Fig. 2B) and it is antigenically distinct,
making it a very different virus than BA.1 [67, 68]. There are
at least five genetic subgroups of BA.2 that have arisen in
different geographical areas, suggesting continued antigenic
drift within this subvariant [111].

Omicron BA.2 is sometimes referred to as the “stealth
Omicron” because it lacks the D69-70 deletion found in
Omicron BA.1. This short deletion causes a phenomenon
during polymerase chain reaction (PCR)-based assays called
S gene target failure (SGTF), which has become a signature
in rapid PCR determination of BA.1 [112]. Thus, BA.2 can
only be confirmed after sequencing.

BA.2 has an apparent affinity to ACE2 similar to that
of BA.1 [113]. In its cell tropism, BA.2 is more like pre-
vious SARS-CoV-2 variants such as Delta in that it uses
TMPRSS2-based cell entry mechanisms better than BA.1, so
it has more potential for cell-cell fusion and ability to infect
lung epithelial cells [113]. In the Delta variant, increased
fusogenicity is correlated with S1/S2 cleavage, but that does
not appear to be the case with BA.2 [113]. These properties
are thought to contribute to potentially higher pathogenicity
of BA.2 over BA.1 [113], although this has not been con-
firmed yet with real-world data.

It was recently demonstrated via surveillance and sec-
ondary infection rates in Danish households that BA.2 has
a substantially higher transmission rate than Omicron BA.1
[113, 114]. Yamasoba et al. [113] calculated that the effec-
tive reproduction rate for BA.2 is 1.4-fold higher than for
BA.1. Additionally, it appears that BA.2 is more resistant
to antibodies generated as a result of vaccination or previ-
ous infection than is Omicron BA.1 [113, 114]. In general,
two vaccine doses (prime/boost) provide approximately 10%
effectiveness against BA.2-caused symptomatic COVID-19
disease, but a third dose (booster approximately 6 months
later) increased the effectiveness to 70% against BA.2 [115],
albeit with an approximately eightfold reduced neutralizing
titers as compared with titers against ancestral virus [102].

As compared with BA.1, BA.2 has a very different set of
mutations, especially in the spike protein (Fig. 2B) [67, 68],
is more transmissible, uses TMPRSS?2 better resulting in the
higher ability to form syncytia and spread via cell-cell fusion,
is more resistant to vaccine-induced antibodies, and is more
pathogenic [113]. Moreover, patients infected with BA.1
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were later re-infected with BA.2, indicating that antibody
responses generated against BA.1 were not strongly neutral-
izing for BA.2 [116]. These differentiating characteristics led
Yamasoba et al. [113] to propose that BA.2 be given its own
Greek letter to accentuate its differences from BA.1.

As of 26 February 2022, BA.2 has now been detected in
over 50 countries, including the several African countries,
Denmark, UK, India, Philippines [117], and now makes up
approximately 21.5% of all cases worldwide, 86% of all cases
in South Africa [117], about 45% of case in Southeast Asia
[117], and 8.2% of cases in the USA, up from 3.8% the pre-
vious week [76]. So far, BA.2 seems to spread in localized
clusters in areas such as Denmark [111, 113, 114], where
it now makes up approximately 90% of all Omicron infec-
tions [118]. What is not understood is why BA.2, which was
discovered in the same time period as BA.1, took longer to
establish infections in large populations, and why it has over-
taken BA.1 only in isolated circumstances such as Denmark,
South Africa, and Southeast Asia [111, 113, 114, 117, 118].
Chen and Wei [116] make a strong case that BA.2 may yet
be the next dominating variant, and the recent doubling of
BA.2 in the US population [76] is worrying along those lines.

As noted previously, BA.3 is comprised of mutations
found in BA.1 and BA.2. BA.3 has 33 mutations identical
to those found in BA.1, but lacks six key BA.1 mutations
(ins214EPE, S371L, G496S, T547K, N856K, and L981F)
as well as picking up two mutations (S371F, D405N) from
BA.2 [69]. Thus far, BA.3 does not appear to be above back-
ground in any population. It has been possible that the spe-
cific combination of mutations from BA.1 and BA.2 make
it less fit than either of those variants [69].

3 Convalescent Patient and Polyclonal
Therapeutic Approaches

As noted in OSM Section S4, convalescent patients recover-
ing from infection with SARS-CoV-2 can mount a neutral-
izing antibody response to the virus. The use of convalescent
plasma takes advantage of that response in an effort to try
to help newly diagnosed patients sick with COVID-19. In
the early days of the COVID-19 pandemic, there were no
proven treatments and no available vaccines for protection
against SARS-CoV-2 or the ramifications of the immune and
physiological response to the virus. Thus, doctors turned to
some of the oldest forms of immunoglobulin-based treat-
ment available, such as plasma from convalescent patients
[119], purified F(Ab'), fractions of sera from immunized
horses [120-123], general (non-immune) [124, 125] and
specific (hyperimmune) [125, 126] IVIg approaches, thera-
peutic plasma exchange [127], as well as a variety of other
polyclonal approaches (Table 1). These treatments helped to
bridge the gap until more directed and more potent therapies
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became available. Additionally, in countries or geographic
areas in which advanced therapies are still not available,
these polyclonal approaches continue to be used in efforts
to save lives.

3.1 Convalescent Plasma Therapy

Convalescent plasma therapy (CPT) has been used for over
a century as a therapeutic tool to treat patients infected with
various viruses. While the origins of CPT have been dis-
puted, the current thinking is that Cenci, during the 1901
measles outbreak in Italy, was the first to practice it [128].
Cenci used the blood of a patient who had recovered from
measles to successfully protect four children from measles,
even as their uninoculated cohabitating siblings became ill
[128]. Since then, CPT has been used countless times as a
first line of therapy against epidemic and pandemic virus
outbreaks including, notably, the Spanish influenza epidemic
of 1916-1918 [129], SARS in 2004 [130, 131], influenza
A HINI1 pandemic of 2009 [132], Ebola in 2014 [133,
134], MERS in 2015 [135] and, most recently, COVID-19
[136-145].

CPT involves the extraction of plasma containing anti-
viral antibodies from patients who have recovered (i.e., con-
valescent patients), followed by transfusion of the collected
plasma into new patients suffering with the same disease.
While blood typing to decrease the incidence of mismatched
plasma was not practiced in the earliest examples of CPT, it
has now long been the practice to match ABO blood types to
ensure compatibility with the donated plasma [146].

The apparent first documented use of convalescent
plasma therapy to treat COVID-19 was in China as early as
February 2020 [147]. With the many precedents for using
convalescent plasma to treat viral infectious diseases, the use
of plasma from COVID-19-surviving convalescent patients
to treat severe disease was quickly tested in clinical trials
registered with Clinicaltrials.gov. Early on in the pandemic,
the use of CPT was strongly encouraged for both prophylaxis
from and treatment of COVID-19 [148], in part because no
other good options were available at the time. By 20 July
2021, about 190 different clinical trials using convalescent
plasma therapy have been registered with Clinicaltrials.gov.
Based on the “totality of evidence” in early clinical trials, the
FDA issued an EUA for the use of convalescent plasma for
treatment of COVID-19 on 23 August 2020 [149]. Accord-
ing to the FDA, the use of convalescent plasma on patients
with COVID-19 decreased the mortality rate in hospitalized
patients by 37% (p = 0.03) [150]. By that time, approxi-
mately 8 months into the pandemic in the USA, more than
70,000 Americans had been treated with convalescent ther-
apy. The World Health Organization followed shortly there-
after, on 25 August 2020, with their version of an EUA for
the use of convalescent plasma therapy to treat COVID-19.

The current guidelines are that COVID-19 patients who
are not hospitalized may be considered for plasma therapy
whereas those who are hospitalized should not receive it.

Since those EUAs were issued, several studies have been
carried out at a wide variety of different clinical sites to
confirm whether or not CPT would prove beneficial to the
patients receiving it. Unfortunately, while certain, typically
smaller studies showed at least some benefit to the use of
CPT for treatment of COVID-19 [137, 139, 140], other more
extensive studies often demonstrated no clear clinical ben-
efit of COVID-19 treatment with CPT [138, 141, 142]. One
such study was the Phase 3 Inpatient Treatment with Anti-
Coronavirus Immunoglobulin (ITAC) clinical trial from
the CoVIg-19 Plasma Alliance, formed in April 2020, by
Takeda to help treat hospitalized patients who had very lit-
tle other options at the time [145]. The trial ended up being
halted early due to futility [151].

Successful CPT treatment of COVID-19 patients requires
multiple factors to be in place, including adequate plasma
titer, treatment timing, patient status, and desired endpoints
[145]. One of the issues with CPT is that there is less control
over the level and quality of the antibodies in serum therapy
than with purified antibodies. It has been documented that
high titers of IgGs in convalescent plasma used for CPT,
such as 1:640 or higher, are required to see clinical benefit
as compared with lower titers [137], especially if the patients
have additional comorbidities or are immunocompromised
[152]. In one study, high serum levels of IgGs (over 18.45)
in patients treated with CPT correlated with improved
clinical outcomes, including lower numbers of deaths in
the study [140]. On the other hand, a recent study showed
that CPT with donor plasma titers averaging 1:641 was no
better than placebo in preventing patients from progressing
to more severe disease or preventing the need for hospi-
talization [144]. To help standardize the plasma as part of
the EUA covering use of CPT for COVID-19, the FDA has
provided guidelines as to what constitutes high titer plasma,
i.e., “neutralizing antibody titer of > 250 in the Broad Insti-
tute’s neutralizing antibody assay” or cutoffs in other similar
assays, and has provided guidance for testing [145, 153].

The second major factor is timing [137, 145]. In early
CPT trials, there was a general lack of understanding about
how critical timing and dose of CPT administration was to
the success of the therapeutic approach, so too little focus
was placed on administration of high titer CPT as soon as
possible after infection. While this, in principle, sounds like
a reasonable concept, a well-controlled, multicenter rand-
omized trial that enrolled over 500 patients very recently
demonstrated no clear benefit to early administration of CPT
[142]. Similarly, a retrospective analysis of over a dozen ran-
domized SARS-CoV-2 CPT trials have demonstrated little
to no benefit for patients with mild to severe disease [145].
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With all that said, a separate retrospective analysis deter-
mined that the mortality rates due to COVID-19 in hospitals
that used convalescent plasma therapy to treat COVID-19
were significantly lower than in those who did not use that
approach [143]. The authors went on to suggest that more
aggressive use of CPT to treat COVID-19 could have saved
as many as 29,000 lives in the USA [143].

As it became more obvious over the course of the pan-
demic that high titer and early administration were key fac-
tors for success, more trials resulted in statistically signifi-
cant benefits to patients. In a recent example published in
December 2021, a double-blinded randomized trial of 1225
outpatient subjects (NCT04373460), early administration of
high titer (> 1:320) CPT showed a clear and statistically
significant 54% risk reduction benefit over placebo [154].
In another study, a randomized control trial of sero-negative
but hospitalized patients demonstrated a significant benefit
to 28-day mortality [155]. Other similar trials often did not
meet clinical endpoints, but at least in some cases did pro-
vide benefit in terms of limiting progression to ventilation
and death [156], or overall survival [157, 158].

The quality and quantity of these factors other than IgG
neutralizing titers are not typically used to qualify potential
convalescent plasma. This could significantly underplay the
potential of CPT, as it has been demonstrated, for example
that both neutralizing IgM [159] and IgA [160] titers in con-
valescent plasma were correlated with better outcomes in
COVID-19 patients treated with CPT. CPT has the potential
benefits of not only direct neutralization of virus binding
to receptor, but also immunological activity of the various
antibody isotypes, including ADCC (primarily IgG1 and
IgG3 isotypes), antibody dependent cellular phagocytosis
(ADCP; all IgG isotypes); complement mediated cytotoxic-
ity (CDC; IgG1, IgG2, IgG3, and IgM isotypes) [161]. In
another study, Bégin et al. [141] demonstrated that the level
of ADCC induced by IgGs in plasma was correlated directly
with outcomes. Other potential factors with the quality of
convalescent plasma used to treat COVID-19 that have not
been fully analyzed are titers of neutralizing IgM [159] and
IgA [160] isotypes, and levels in the convalescent plasma
of other potentially protective factors, such as IL-1f, IL-2,
IL-6, IL-8, IL-17, CCL2, and TNF-a [162].

While there appear to be potential benefits of using CPT
in certain settings, for example when other more specific
therapeutics are not readily available or for immunocom-
promised patients, there are potential downsides and limita-
tions to its use. One of the significant limitations of CPT
is the source of the convalescent plasma versus the SARS-
CoV-2 variant infecting the patient to be treated. Unfortu-
nately, SARS-CoV-2 has mutated significantly as hundreds
of variants have been discovered and sequenced, not even to
mention the variants that likely exist that have not yet been
analyzed. As noted above, some of those variants (Fig. 2)

may be very significant with respect to resisting treatments.
It has been demonstrated already, for example, that conva-
lescent plasma from wild-type infections is significantly
less effective against variants possessing the D614G muta-
tion [163]. Moreover, variants carrying the now ubiquitous
E484K mutation (including all Beta, Gamma, Eta, P.2, P.3,
Mu, and C.1.2 variants, as well as some Alpha and Iota
variants; see Fig. 2) have significantly increased resistance
(typically three- to fivefold, but not entirely resistant) to con-
valescent plasma derived from patients harboring SARS-
CoV-2 lacking the E484K mutation [42, 164-168]. Addi-
tional mutations such as N440K, V483A, F490S, Q493R/K,
and N501T also have been shown to contribute to immune
evasion of CPT [169]. With these factors in mind, note that
the quality of convalescent plasma with respect to new vari-
ants will change with the infected source, i.e., convalescent
patients. For example, convalescent plasma from patients
recovered from SARS-CoV-2 Beta variant infections have
been demonstrated to protect against a broader set of vari-
ants (e.g., Delta, Omicron) [170] than plasma from patients
recovered from infection with the ancestral strain. Also, as
mentioned above, CPT has not worked well with the Omi-
cron variants due to their inherent ability to evade antibod-
ies in plasma derived from patients infected with previous
variants [93-96].

An additional significant factor in the variants is the anti-
genic hotspot “supersite” in the NTD that is mutated away
(deleted and/or mutated) in many of the VOCs and VOIs
[171, 172]. Many of the SARS-CoV-2 neutralizing antibod-
ies generated by patients during infection are focused on
the supersite; the various deletions found in the NTDs of
VOCs and VOIs can severely dampen the effects of those
neutralizing antibodies [153, 154]. For example, deletions
in the NTD such as AHV69-70 (Alpha, Eta, Omicron vari-
ants), ALGVY141-144 (Eta, Theta, Omicron variants) and
AAL243-244 (Beta variant) (see Fig. 2), have contributed to
immune evasion of CPT [169]. Perhaps even more insidious
is that fact that it appears as if CPT can actually induce the
NTD supersite escape mutations [164, 173].

In terms of other potential limitations and risks for use
of CPT, in at least a few rare cases, the use of COVID-19
convalescent plasma was linked to a diagnosis of transfu-
sion-related acute lung injury (TRALI) [174]. Finally, there
is always the risk of transfusion-related infection [174].
Thus, while CPT was a great “band-aid” early on in the
pandemic that clearly contributed to saved lives [143], its
use in Western countries now is largely eclipsed by vaccine
prophylaxis and therapeutic monoclonal antibodies (mAbs),
both of which, with the exception of bamlanivimab used as
a single agent, have fared reasonably well against the wide
variety of variants that have sprung up since the pandemic
started. The use of convalescent plasma therapy, however,
continues to be of great value in regions and countries in

A\ Adis



242

W.R. Strohl et al.

which therapeutic mAbs are not widely available [166], or
for elderly or immunocompromised patients still early in dis-
ease where other treatments are not readily available [175].

3.2 General and Specific Intravenous
Immunoglobulin (IVig)

Intravenous immunoglobulin (IVIg) comes in two flavors,
general (i.e., non-specific) and specific [176]. General IVIg
is typically a preparation purified from pooled serum from
as many as 40 or more individuals who have not necessar-
ily been vaccinated against a particular antigen of interest.
General IVIg in various formats and preparations has been
approved for over a dozen indications, mostly in the form of
anti-inflammatory therapy [176]. As of 20 July 2021, there
were approximately ten clinical trials registered with Clini-
caltrials.gov for normal IVIg therapy of COVID-19. The
use of normal IVIg therapy is intended as a broader anti-
inflammatory treatment than the use of specific IVIg, and
would fall under the general category of palliative therapy,
similar to the use of specific mAbs against pro-inflamma-
tory cytokines such as interleukin-6 and its receptor (IL-6,
IL-6R) and/or granulocyte macrophage colony-stimulating
factor (GM-CSF) (see Sect. 9).

So far, the results for use of general IVIg as an adjunct
therapy for COVID-19 have been mixed, with some studies
showing at least some clinical benefit [9, 177], particularly
in decreasing the rate of patients progressing to mechanical
ventilation [178], while others demonstrated no additional
clinical benefit of using non-specific IVIg over standard
of care [179]. Moreover, a very recent meta-study ana-
lyzing over 2400 patients in ten studies (for randomized,
controlled; six non randomized) showed no statistically sig-
nificant advantage of high dose IVIg in COVID-19 patients
[180]. Trimodulin (BT-588), a polyclonal antibody from
non-hyperimmune donors, is a preparation containing IgG
(~ 56%), IgA (~ 21%), and IgM (~ 23%) that also is being
tested as a treatment for COVI-19, although no results from
this trial (NCT04576728) are yet available (Table 1). One
aspect of normal IVIg therapy that will be constantly chang-
ing is the quality of the plasma donated; as more donors are
vaccinated or have been exposed to SARS-CoV-2 and its
variants, even normal IVIg will contain anti-SARS-CoV-2
IgGs. Currently, non-specific IVIg is not recommended for
use as adjunctive therapy for COVID-19.

Specific IVIg, sometimes referred to as “hyperimmune”
IVIg, is immunoglobulin purified from vaccinated subjects,
or from convalescent patients, to provide protection against
a specific pathogen or disease-causing antigen [10, 11, 176,
181-183]. As of 20 July 2021, there were at least 21 clini-
cal trials registered with Clinicaltrials.gov using specific
(“hyperimmune”) IVIg sourced from convalescent patients.
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This approach is similar to convalescent plasma therapy as
noted above, with the exception that the immunoglobulin
fraction has been purified away from other plasma proteins
and concentrated [182]. While it is still too early to make
critical assessments of the success, or lack thereof, for the
use of hyperimmune IVIg to treat COVID-19 patients,
there have been small studies showing positive results
such as improved chest X-rays, significant improvement
in lung function, and earlier discharge from hospital, and
above standard of care [164]. Mechanistically, hyperim-
mune globulin has been demonstrated not only to block
virus binding to ACE2, but also to kill SARS-CoV-2 by
both ADCC and antibody-dependent cellular phagocytosis
(ADCP) [180]. Nevertheless, similar to CPT, hyperimmune
I'VIg has limitations for use with the SARS-CoV-2 variants
[183]. It was demonstrated that hyperimmune IVIg bound
well to K417N mutant virus, moderately to N501Y mutant
virus, but poorly to E484K mutant virus, the latter similar
to CPT [167, 183]. Also, just like CPT, the source(s) of
the IVIg, whether it be from vaccinated individuals or con-
valescing patients, would have an impact on the ability to
bind and neutralize variants, especially when new variants
such as Omicron come along that are highly resistant to
most antibodies from vaccinees or convalescent patients, as
noted previously. A recent study showed that with proper
screening for relevant donors and using only high titer (i.e.,
> 1:320) preparations, that hyperimmune IVIg could be
beneficial for use in the pre-exposure prophylaxis and treat-
ment of post-exposure/seronegative patient groups, even in
areas in which Delta or Omicron (BA.1) variants are preva-
lent [184].

3.3 Polyclonal IgG Approaches

Besides normal and specific human IVIg approaches, several
other polyclonal approaches to therapy for COVID-19 have
been attempted, including pooled equine antibodies from
immunized horses, polyclonal IgY antibodies from immu-
nized chickens [185, 186], glyco-engineered polyclonal anti-
bodies from immunized swine [187—189], orally-administered
hyper-immune bovine IgG (NCT04682041 [7]) [190], pooled
human IgG from immunized transgenic cows [191], pooled
polyvalent mixture containing IgG, IgA, and IgM [192, 193],
and pooled recombinant human IgGs [194, 195] (Table 1).
One of the oldest polyclonal approaches dating back to
the late nineteenth century, known as hyperimmune equine
serum therapy, has also been used in efforts to treat COVID-
19. For this approach, IgG from horses immunized with
SARS-CoV-2 spike protein were collected, proteolytically
cleaved to F(Ab'), fragments to reduce immunogenicity
as well as to minimize potential adverse effects (such as
antibody dependent enhancement, or ADE [196] (see also
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Sect. 4.3.2), and used to treat COVID-19 patients [5-7].
There are currently at least nine clinical trials testing hyper-
immune equine F(Ab"), or FAb fragments, some of which
are at the Phase II/III stage (Table 1). In one set of stud-
ies, hyperimmune equine sera targeting the spike protein
were compared to hyperimmune sera immunized against a
mixture of nuclear (N), envelope (E), and membrane (M)
proteins (NCT04494984 [7]). Results from that study indi-
cated that anti-spike equine hyperimmune sera were supe-
rior to the combined NEM sera, leading to a Phase II/I11
trial (NCT04838821 [7]) specifically to evaluate hyperim-
mune equine sera for treatment of severe COVID-19 disease.
In a separate study, a preliminary readout of Phase II/III
clinical data (NCT04494984 [7]) indicated that there was
a beneficial effect based on the use of RBD-specific equine
polyclonal F(Ab'), fragments, including an overall reduction
in mortality to 6.9% (treated) from 11.4% (placebo) [122].
Additionally, these constructs appear to be safe in humans
[122].

Another polyclonal anti-SARS-CoV-2 product of inter-
est is XAV-19 (Table 1), from Xenothera, which is a heter-
ologous glyco-humanized, polyclonal antibody from cyti-
dine monophosphate-N-acetylneuraminic acid hydroxylase
(CMAH) and al,3-galactosyl-transferase (GGTA1)-double
knockout swine immunized with SARS-CoV-2 spike pro-
tein [189, 190]. The glyco-humanization is required since
swine produce proteins containing the N-glycolyl form of
the neuraminic acid (Neu5Gc) and a-1,3-galactose, which
typically trigger xenogeneic antibody responses in humans
[178]. These polyclonal antibodies, which were found
to be effective against the Alpha (B.1.1.7, UK) and Beta
(B.1.351, South Africa) variants even though the swine were
immunized with the “wildtype” Wuhan-D614G spike pro-
tein [190], are currently being evaluated in the POLYCOR
Phase II clinical trial [191]. Recently, it was demonstrated
that XAV-19 preparations were able to neutralize the Omi-
cron BA.1 variant, potentially making this approach more
attractive [197].

Perhaps the most advanced of the animal-derived anti-
SARS-CoV-2 IgG pools is the product called SAB-185
(Table 1), from SAb Biotherapeutics, a polyclonal mixture
of human antibodies to SARS-CoV-2 administered IV which
is currently being tested clinically in the ACTIV-2 Phase
II/IT clinical trials (NCT04518410 [7]) along with several
other anti-SARS-CoV-2 antibody product candidates. SAB-
185 is purified human IgG mixture from transgenic (tg) cows
[198, 199] immunized with plasmid DNA encoding SARS-
CoV-2 spike protein, followed by booster immunizations
with spike protein generated by insect cells. Prior to the
COVID-19 pandemic, SAb Biotherapeutics had also evalu-
ated SAB-301, a polyclonal mixture of human IgGs targeting
middle east respiratory (MERS) virus, in Phase I clinical
trials (NCT02788188 [7]) [193]. The potential upside of tg

cattle-produced human IgGs is supply, consistency across
lots, and the ability to vaccinate the cows with antigens not
available for human vaccination due to regulatory and safety
considerations. Recently, it was demonstrated that SAB-185
preparations were able to neutralize the Omicron BA.1 vari-
ant, also potentially making this approach more attractive
[200].

The various polyclonal approaches described above,
including human specific IVIg, IgGs, or IgG fragments
from immunized cows, horses, and pigs, and other “natu-
ral” sourcing of hyperimmune antibodies come with some
level of batch-to-batch variation and the potential for sup-
ply issues. A relatively new biotech company, GigaGen
(recently acquired by Grifols), has generated a process for
sorting and capturing high-value antibodies from B cells
utilizing microfluidics and molecular genomics [194, 195].
Their anti-SARS-CoV-2 antibody product, called GIGA-
2050, contains about 12,000 unique recombinant antibodies
from 16 convalescent donors, selected from literally millions
of antibodies sequences, that strongly and specifically bind
SARS-CoV-2 spike protein. These antibodies have been site-
specifically introduced into, and are produced by, Chinese
Hamster Ovary (CHO) cell lines. GIGA-2050 is currently
in Phase I clinical trials (NCT04883138 [7]) for treatment
of COVID-19.

4 Anti-SARS-CoV-2 IgG Antibodies
4.1 Types of Antibodies

The full array of antibody and antibody-like structures has
been employed by various groups in the efforts to develop
anti-SARS-CoV-2 therapeutics, including single natural IgG
isotypes, Fc-engineered IgGs both for increased Fc activity
and decreased Fc activity, cocktails of multiple IgGs, IgMs,
single and multiple domain antibodies, domain antibody-
Fc fusions of various types, bispecific and multi-specific
antibodies, and ACE2-Fc fusions (Table 2, Fig. 3). These
different antibody formats each have their own strengths and
weaknesses, and each offers a unique approach to neutral-
izing SARS-CoV-2, as will be discussed in the following
sections. Several antibody-like formats have been tested as
to neutralize SARS-CoV-2, the bulk of which are shown in
Fig. 3. These include: (i) IgGs with intact Fc function or
modified, enhanced Fc-y receptor binding function; (ii) IgGs
in which Fc function has been muted or eliminated; (iii)
IgGs with Fc modifications to extend half-life and increase
area under the curve (AUC); (iv) VHH or single domain
antibodies, the smallest antibody formats used to date (one
binding site, MW 12-15 kDa), and homologous concatem-
ers of those; (v) single or multiple VHH molecules fused
to an Fc for half-life extension; (vi) bispecific antibodies
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comprised of two different, non-overlapping anti-RBD
domains; (vii) IgMs, the largest natural antibody struc-
tures (ten binding sites, MW 900 kDa); and (viii) ACE2-Fc
fusions, either using native ACE2 or ACE2 which has been
modified to improve its binding to SARS-CoV-2 RBD. Each
of these molecules offers potential advantages and disad-
vantages in addressing SARS-CoV-2, as discussed in the
following sections.

4.2 Sources of Antibodies Targeting SARS-CoV-2

With today’s antibody discovery technologies, there are mul-
tiple approaches to obtain neutralizing antibodies against
important viral antigens quickly, including immunizing mice
or transgenic mice producing human antibodies and then
recovering the antibody genes via hybridoma (traditional
and slower), via single B cell technology (faster, more effi-
cient and now widely used), via next-generation sequencing
and analysis, or by generating immune phage, yeast or mam-
malian libraries to select the antigen-binding antibodies.
Alternatively, naive libraries of human antibodies, generated
from pools of human B cells or made synthetically, can be
panned in any one of several display formats. Finally, and in
the case of antibodies to SARS-CoV-2, the most widely used
approach, antibody genes from B cells of infected patients
can be isolated, expressed and selected either directly or via
immune library approaches as noted above. In a few cases,
antibodies to SARS-CoV-2 have even been derived from B
cells taken from patients infected with SARS-CoV-1 [208,
255].

In theory, any of the surface proteins of SARS-CoV-2
could be used as potential antigens, including the envelope
(E) protein, the M glycoprotein, or the trimeric spike pro-
tein (S). The spike protein, however, is required for both the
targeting to ACE2 and mechanism for cell entry, so virtually
all efforts have targeted various aspects of the spike protein,
with most of those efforts focused on the receptor binding
domain (RBD).

By far, the most frequently used platform for isolation
of SARS-CoV-2 neutralizing antibodies (nAbs) is from the
memory B cells of convalescent COVID-19 patients. Of the
36 identified clinical stage antibodies and 11 identified pre-
clinical stage antibodies preparing for clinical development,
at least 27/47 were isolated from human B cells (Table 2).
Moreover, of the most advanced 12 nAbs that have been
tested in Phase III clinical trials, ten nAbs were isolated
using this platform (Table 2). With the advance of single
B-cell cloning and advanced microfluidics technologies in
the last decade, as well as more recently developed single
B-cell RNA-sequencing technology, the genes encoding
potent nAbs can be isolated in as little as 2 weeks [210,
256, 257].
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After SARS-CoV-2 infection, the B cell response con-
tinues to evolve in patients. Therefore, time of sampling
post infection affects quality of the isolated nAbs, such as
potency and resistance to viral mutations [258]. By selecting
patients who had pre-existing immune responses to seasonal
endemic coronaviruses, SARS-CoV-2 nAbs with broader
coverage of several members of sarbecoviruses (lineage B),
and even relatively distant lineages A and C betacoronavi-
ruses (f-CoV), also have been isolated [259-262]. However,
these broadly active nAbs are rare and usually less potent
than antibodies directed specifically towards SARS-CoV-2.

The second most likely source of antibodies to SARS-
CoV-2 is transgenic, engineered mice that produce human
antibodies [263, 264]. There are now several human anti-
body-producing transgenic mouse platforms, including, for
examples, the Medarex HuMAb/UItiMAb mouse, Kirin
TC mouse, Abgenix Xenomouse, KymAb mouse, Regen-
eron VelocImmune mouse, Harbour H2L2 mouse, Trianni
Mouse, Alloy GX mouse, Ablexis AlivaMAb mouse, and
Ligand OmniMouse. One limitation to this approach is that
these engineered mice in some cases are company owned
and not available for out-licensing (e.g., Abgenix mouse,
Medarex mouse, VelocImmune mouse), or on the other
hand, can be only accessed via licenses (e.g., AlivaMouse,
OmniMouse) [205, 231].

By immunizing these transgenic mice with the spike pro-
tein of SARS-CoV-2, parts of the spike protein (e.g., RBD
or RBM), or other antigens, fully human antibodies specific
for those targeted antigens can be isolated. Interestingly, the
predominant antibody genes used by these immunized mice
to make anti-SARS-CoV-2 spike antibodies are different
from those isolated from human B cells derived from con-
valescent patients [76]. By combining the two platforms,
Hansen et al. [205] generated a collection of diverse nAbs
that ultimately resulted in the identification of one convales-
cent patient human B-cell-derived antibody and one immu-
nized VelocImmune mouse-derived antibody to generate a
fixed-dose combination antibody cocktail called REGEN-
COV™: REGN10987 was isolated from a VelocImmune
mouse immunized with SARS-CoV-2 RBD protein and
REGN10933 was isolated from a COVID-19 convalescent
patient [205, 265]. ABBV-47D11, currently in Phase I clini-
cal trials (Table 2), was derived from the Harbour H2L.2
transgenic mouse [231, 232].

Human antibody libraries, including phage-, yeast-, or
mammalian-displayed antibody libraries, are also platforms
and sources of SARS-CoV-2 nAbs. There are essentially
three sources of human antibody libraries, including: (i)
libraries from B cells derived from vaccinated, infected, or
diseased subjects in which the desired antigen or epitope is
relevant to the infection or disease [230]. These are often
termed “immune libraries”; (ii) libraries constructed from
B cells derived from “naive” donors, i.e., subjects who have
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Fig.3 Antibody formats used to neutralize SARS-CoV-2 described
here. A IgG, typical IgG1 isotype; B Fc-modified IgGs (the red parts
in the structure shown represent mutations made in the hinge and/or
Fc); C Cocktails of IgGs. IgG antibodies in A—C reconstructed using
PDB ID 1IGT; D IgM antibody (J-chain in green), reconstructed
using PDB IDs 6KXS and 1IGT; E, F three domain- and one domain-
nanobodies fused to each arm of an IgG-Fc, respectively. The IgG-

not been specifically vaccinated, infected, or diseased in a
manner that would skew the antibody repertoire. In this case,
the retrieved antibodies are usually relatively low affinity and
often need to be affinity matured to improve their chances
of being therapeutically relevant; and (iii) synthetic human
antibody libraries [266—268], which are made to resemble
natural antibodies by sequence and/or structure, usually by
modelling hundreds of antibodies for which sequence and
X-ray crystallographic structure information is available
[268]. In this third case, synthetic libraries can also be made
to mimic unusual antibodies such as the pool of anti-viral
VH1-69 germline antibodies that rely on CDR-H2 contacts
as part of their binding capacity [270-272], or anti-viral
antibodies with long CDR-H3s [262], another “phenotype”
of antibody associated with some anti-viral neutralizing anti-
bodies [274-276]. Recently, it was clearly demonstrated that
library-derived antibodies were equal in quality to animal-
derived antibodies for anti-SARS-CoV-2 activity [269].
Regdanvimab (CT-P59), which has been approved by
Korea and EU-EMA under the trade name of Regkirona™
(Table 2), was a SARS-CoV-2 nAb isolated from a phage-
displayed single-chain variable fragment (scFv) library that
was constructed from the B-cell antibody genes of a conva-
lescent COVID-19 patient in Korea. Regdanvimab potently
neutralizes SARS-CoV-2 infection of host cells with a titer
of 8.4ng/mL and exhibits therapeutic efficacy in ferret, ham-
ster, and rhesus monkey models of SARS-CoV-2 infection
[206]. Additionally, Corat COR-101 was isolated from a
phage library built by recovering antibody genes from B

Fc is derived from PDB ID 1IGT; G domain/nanobody antibodies
of about 12 kDa. All domain antibodies in (E-G) constructed using
PDB ID 6ZXN of nanobody Tyl; H bivalent bispecific antibody tar-
geting two distinct epitopes; and I human ACE2-IgG-Fc fusion pro-
tein, reconstructed using human Fc (PDB ID 11GT) and human ACE2
(PDB ID 6M17). For all drawings, the PDB program [201, 202] was
used to generate the structures

cells of COVID-19 convalescent patients [236]. Finally,
LYCovMab BA4101 (aka CAS521 FALA) was generated
by immunizing transgenic mice capable of producing human
antibodies with SARS-CoV-2 spike protein, followed by har-
vesting the B cells and generating a phage displayed library,
from which the lead antibody was selected in vitro [230].

Naive phage- or yeast-displayed antibody libraries based
on antibody genes from healthy donors can also be panned
to isolating potent nAbs and cross-neutralizing nAbs [244,
267, 278-280]. One advantage of panning naive libraries is
that antibody selection can be initiated without recruitment
of COVID-19 patients. In addition, the phage- or yeast-dis-
play platforms are powerful tools for antibody engineering to
enhance antibody potency, which may be required because
the antibody genes in these naive libraries are of germline
sequences or have minimal somatic mutations, so nAbs
from this source are relatively less potent than those from
COVID-19 patients or immunized mice. A SARS-CoV-2
nAb (ADG-2) was successfully engineered to enhance
not only the neutralizing potency but also the neutralizing
breadth using a yeast-display strategy [219]. Other SARS-
CoV-2 antibodies in development that were derived from
naive libraries include Sorrento STI-2020 and STI-2099,
Jemincare JMB2002, Immunoprecise TATX-03, and IGM
Biosciences IGM-6268 (Table 2).

The final source of anti-SARS-CoV-2 nAbs is the B cells
of convalescent patients who had previously been infected
with SARS-CoV-1. SARS-CoV-1 and SARS-CoV-2 share
significant sequence homology in some parts of the spike

A\ Adis



252

W.R. Strohl et al.

protein [270], and early on, antibodies such as CR3022 [255,
282] and S309 [208], both originally isolated years ago from
SARS-CoV-1 patients. Antibody S309, which binds a cryp-
tic proteoglycan site on the RBD distal from the ACE2 rec-
ognition site [277], is the preclinical precursor to sotrovimab
(GSK4182136, VIR-7831) which has been approved in the
UK under the trade name Xevudy™, granted a US-EUA (26
May 2021), and is in Phase III clinical trials targeting full
approval (Table 2).

4.3 IgGisotypes

Human IgGs come in four natural isotypes, [gG1, 1gG2,
IgG3, and IgG4. Of these IgG3 is rarely used as a template
to make therapeutic antibodies, but the other three isotypes
have all been used to generate approved therapeutics [176,
283]. We and several others have reviewed the activities of
each isotype in details elsewhere so this will not be repeated
here. It is important to note, however, that with the ability to
engineer the Fc and hinge regions of human IgGs, as well as
incorporating different isotypes, the antibodies can be tuned
to possess or delete desired functionalities including ADCC,
ADCP, CDC, and ability to crosslink.

Of the antibodies listed in Table 2, at least 22 have normal
human IgG1-based Fc functionality, one (VIR-7832) is engi-
neered to have increased Fc function, and ten (etesevimab
[JS-016], ABP-300 [MWO05], tixagevimab [COV2-2196],
cilgavimab [COV2-2130], CA521, COR-101, IMB2002,
HFB30132A [P4A1-2A], MADO0004J08, STI-9167/9199)
are engineered to reduce or eliminate Fc function for safety
purposes.

There is an ongoing discussion concerning the impor-
tance and the potential risk of having active Fc activity
in antibodies targeting SARS-CoV-2. On one hand, Fc
effector functions have been reported to be essential for
optimal therapeutic protection against SARS-CoV-2 [218,
240, 284-286]; on the other hand, at least in some cases,
significant protection was achieved in animal models inde-
pendent of Fc functionality, suggesting that antibody Fab-
dependent neutralization in absence of Fc function was
sufficient to eliminate the virus [287]. Additionally, Fc
engagement of FcyRIIla has been correlated with disease
severity in COVID-19 patients [288, 289] and Fc engage-
ment of FcyRIla/b is a potential risk of increasing viral
infection via an ADE mechanism [221, 288]. A final con-
sideration is the engagement of the complement pathway,
the results of which are still not fully understood. Thus,
the benefits versus the risks of Fc-engineered antibody
therapies for COVID-19 are still not fully understood, but
the current wisdom indicates that good Fc activity pro-
vides a significantly better chance at protecting against
SARS-CoV-2.

A\ Adis

4.3.1 Standard Human IgG1 Fc-Related Activities

As noted above, most of the antibodies to SARS-CoV-2 in
clinical trials or those known by the authors in late-stage
preclinical development are human IgG1 isotype antibodies
with intact or enhanced Fc function. These antibodies typi-
cally bind to RBD and obstruct the ability of RBD to bind
to its target, ACE2. They also have the ability to engage
immune cells such as macrophages, dendritic cells, natural
killer (NK) cells, and neutrophils via their Fc functional-
ity [176]. One of the perhaps less appreciated advantages
to possessing Fc function is the ability of these antibodies
to opsonize and form cross-linked immune complexes on
the surface of SARS-CoV-2, which can improve both the
blocking function and the ability of the antibodies to clear
the virus via FcyR-mediated activities. As noted in Sect. 7.4,
cross-linking spikes is one of the mechanisms that antibodies
utilize to neutralize SARS-CoV-2 [290].

While it has been demonstrated that antibodies to SARS-
CoV-2 can neutralize the virus in the absence of Fc function-
ality [287], it has become clear that Fc activity enhances the
ability of IgGs to neutralize SARS-CoV-2. Several groups
have recently demonstrated using in vitro and/or in vivo
experiments that an intact Fc, which interacts with immune
cells such as NK cells to promote ADCC and phagocytes to
promote antibody dependent cellular phagocytosis (ADCP),
is required for optimal anti-SARS-CoV-2 antiviral activity
[218, 284, 291], just as it is with HIV [292, 293]. The fact
that monocytes, neutrophils and NK cells all contribute to
this activity points to the importance of both ADCC and
ADCP activities [291]. Additionally, it has been demon-
strated that antibodies induced by vaccines utilize both their
Fab function (binding to the virus) and Fc function (ADCC,
ADCP) to neutralize SARS-CoV-2 [294]. This Fc-related
activity clearly is related to Fc-y receptor engagement, but
complement-dependent cytotoxicity (CDC) does not appear
to be critical to clearing SARS-CoV-2 virus [286], similar to
what was previously found with HIV, where FcyR function
was critical in helping to clear the virus, whereas CDC activ-
ity was found to be dispensable [293]. On the other hand,
several different viruses employ complement-neutralizing
factors [295], so the innate complement pathways must have
some effect on certain viruses.

The anti-SARS-CoV-2 antibody, S309, an RBD-5B
epitope IgG1 antibody that does not block RBD binding to
ACE2, can neutralize SARS-CoV-2, at least in part, utilizing
its strong ADCC, ADCP, and CDC activities [197]. Impor-
tantly, however, not all anti-SARS-CoV-2 IgG1 antibodies
with normal Fc sequence have identical Fc functionality.
Certain anti-SARS-CoV-2 antibodies, such as S2H13 [296],
S309 [208], ADG20 [220], MTX-COVAB [247], S2P6
[297], Ab1 [298], and S2M11 [299], have been shown to be
strong inducers of ADCC (NK cell, FcyRIIla driven) activity
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[296]. Similarly, antibodies to SARS-CoV-2 such as S309
[208], MTX-COVAB [247], S2P6 [297], and ADG20 [220]
have been demonstrated to induce ADCP (macrophage,
FcyRIla-driven) activity [296]. On the other hand, other anti-
bodies such as S2A4, S2H14, and S304 were shown either
not to induce these Fc-mediated activities (e.g., ADCC) or
induce very modest activities (e.g., ADCP) on SARS-CoV-2
infected cells [296]. This suggests that epitope, geometry,
affinity, and access of FcyRs to the antibody Fc may play
important roles in determining which antibodies engage
FcyRs and complement factors in vivo, which may contrib-
ute to the overall potency of certain antibodies over others
[296]. In an interesting twist, Winkler et al. [284] demon-
strated that Fc activity is required for optimal neutraliza-
tion and killing of SARS-CoV-2 in a therapeutic setting,
but was not necessary for pre-exposure prophylaxis. This
suggests that neutralization alone may be enough to protect
from virus, but not enough to eliminate virus once it sets up
an infection [284].

Other than ADCC and ADCP, the other major pathway
for elimination of foreign antigens and cells is the CDC path-
way. S2H13 and S309 were shown to induce complement-
dependent cytotoxicity (CDC) whereas several other anti-
bodies, such as S2A4, S2H14, and S304, did not [296]. A
recent study showed a correlation between antibody-depend-
ent complement deposition (ADCD), a marker for CDC, and
the severity of COVID-19 [300]. ADCD also was correlated
with the overall inflammation state [300], while increased
ADCP was actually correlated with reduced inflammation.
Unfortunately, it appears that complement activation plays
a potentially harmful role in COVID-19 [301-304]. While it
is still under investigation, complement activation and dys-
function during COVID-19 have been suggested to be one of
the key drivers of severe COVID-19 disease, and have been
linked to ARDS, pro-coagulation and micro-thrombosis, sys-
temic inflammation, and kidney failure [301-304].

4.3.2 Consideration for Antibody-Dependent Enhancement
(ADE) of Infection

It has been known for nearly 40 years that viruses opsonized
with IgGs generated as a result of previous infection, or
alternatively vaccination, can bind to Fc-gamma recep-
tors (FcyRs) and/or complement receptors, and function to
cross-link the virus and receptor-positive immune cells (e.g.,
macrophages, monocytes, NK cells, B cells). This can result
in viral-receptor-independent, increased viral entry into the
cells, a mechanism dubbed “antibody-dependent enhance-
ment” (ADE) [305, 306]. Thus, Fc-mediated ADE can
enhance viral infection rather than clearing it [307]. ADE
has been demonstrated for several viruses, including HIV-
1, dengue virus, Ross River virus, and Epstein-Barr virus
(EBV) [307, 308]. For vaccines, poor or waning titers can

result in ADE, but also non-neutralizing antibodies to “non-
required” epitopes may be a cause, so vaccine designers
typically focus the anti-viral immune response as much as
possible on epitopes that will induce neutralizing antibodies.

While ADE is usually associated with non-neutralizing
antibodies, neutralizing antibodies also can be involved.
Recently, Wan et al. [309] demonstrated that a specific neu-
tralizing, anti-MERS-CoV spike antibody could mediate
ADE. Additionally, ADE has been demonstrated for anti-
body pools generated from vaccines using SARS-CoV-1
spike protein [310-312]. In one case, the vaccine-induced
antibodies were protective, even in the presence of in vitro-
demonstrated ADE via FcyRII into B cells [310].

Thus far, there is no concrete clinical evidence supporting
the hypothesis that antibodies induced by vaccines against
SARS-CoV-2 spike protein or therapeutic antibodies target-
ing the RBD of SARS-CoV-2 can lead to ADE [313, 314].
As noted in the introduction to this paper, however, there are
several coronaviruses that can infect humans, including the
endemic strains known as NL63 and 229E. It has been dem-
onstrated that previous infection with endemic CoVs, NL63
and/or 229E, followed later by infection with SARS-CoV-2
resulted in worse COVID-19 clinical outcome [315]. This
was traced to non-SARS-CoV-2-neutralizing antibodies tar-
geting nucleocapsid protein (NP), which are cross-reactive
between the various coronavirus strains, resulting in ADE
upon SARS-CoV-2 infection [315]. Thus, at least in this
case driven by the presence of preexisting, non-neutralizing
antibodies to NP, SARS-CoV-2 mediated ADE may occur.

ADE activity has been discovered in preclinical studies
of certain potential anti-SARS-CoV-2 clinical candidates.
Scientists at Abpro found that the anti-SARS-CoV-2 anti-
body MWOS5 (being developed as ABP-300) caused ADE via
interaction with FcyRIIb, whereas MWO07 [214] and MW06
[305], both of which bind different epitopes, did not. This
suggests that the ability of a particular SARS-CoV-2 tar-
geting antibody to cause ADE may not only be Fc-activity
specific, but also epitope-specific [214, 305]. It is also the
reason that ADP-300 (MWO0S5) has been reconfigured into an
Fc-partially muted IgG1 LALA (IgG1 with L234A, L235A
modifications in the lower hinge) antibody [225]. Jemincare
Group’s JMB2002 had a result similar to MWOS5 in that the
wild-type IgG1 demonstrated ADE in preclinical studies, so
it also was reconfigured into an Fc-muted format, this time
by engineering it to be an aglycosylated IgG1 (Ab2001.08-
N297A) by removing the N297 glycosylation site [237].
As noted above, besides these two Fc-muted antibodies
to SARS-CoV-2, seven others have entered clinical trials
with Fc functionality reduced or eliminated out of potential
concern for ADE (Table 2). Nevertheless, the over-riding
opinion two years into the COVID-19 epidemic is that ADE
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is not a serious issue for anti-SARS-CoV-2 therapeutic anti-
bodies [314, 317].

4.3.3 Improved Fc Functionality

Recently Yamin et al. [286] examined the potential impact
of improving FcyR activity on the ability of an antibody
to neutralize SARS-CoV-2. They generated antibodies with
reduced activity or improved activity to test in comparison
to standard human IgG1. Their Fc-improved version, IgG1-
GAALIE (G236A/A330L/I332E Fc mutations to increase
activity with Fc receptors), was by far the most active at
neutralizing SARS-CoV-2 in vitro and in vivo, suggesting
that instead of reducing Fc activity for fear of ADE, increas-
ing Fc activity might be a better strategy. VIR-7832, which is
currently in Phase I clinical trials, incorporates the GAALIE
mutation (Table 2).

This approach, however, may run some additional risk,
since recent data suggest that antibodies that have the ability
to engage FcyRIIla may be correlated with disease severity.
Recently, this mechanism of action was described for dengue
infections, in which the degree of IgG1 N297 glycan afuco-
sylation, which increases the binding of IgG1 to FcyRIIla
resulting in higher levels of ADCC [318], in non-neutraliz-
ing anti-dengue antibodies was directly correlated with dis-
ease severity of a second dengue infection [319]. This same
phenomenon has now been observed with SARS-CoV-2
infection, in which higher levels of afucosylated antibodies
generated by patients in response to infection are correlated
with more severe disease, including increased risk of devel-
oping ARDS [320]. Thus, there are still some questions as
to the role of increased Fc activity in protection from SARS-
CoV-2 on one hand, and potential risk of greater immunopa-
thology and more severe disease, on the other hand.

4.3.4 Mixtures or Cocktails of Specific IgGs

Although hundreds of potent nAbs have been successfully
isolated (cf., [290, 321]), studies on antibody resistance
have demonstrated that rapid viral escape arises with any
monotherapy regardless of antibody neutralizing activity
and epitope conservation [322—-324]. Thus, many research-
ers and companies have turned to a rational combination of
at least two neutralizing antibodies that possess different,
non-overlapping epitopes together as a combination thera-
peutic to provide broader epitope coverage, and hopefully,
greater resistance against variants that may arise over time
[211, 245, 261, 325].

There are currently eight clinical stage anti-SARS-CoV-2
antibody cocktails, including: Eli Lilly/Shanghai Junshi
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Bioscience’s bamlanivimab (LY3819253; LY-CoV555)
and etesevimab (LY3832479; LY-CoVO016; JS016; CB6-
LALA), Regeneron and Roche’s (REGEN-COV™ (USA);
Ronapreve™ (UK) (casirivimab [CAS] and imdevimab
[IMD]), AstraZeneca’s EvuSheld™ (AZD7442; tixagevimab
[AZD8895, COV2-2196] and cilgavimab [AZD1061,
COV2-2130]), Brii Biosciences amubarvimab (BRII-196,
P2C-1F11) plus romlusevimab (BRII-198, P2B-1G5), Bris-
tol Myers-Squibb’s BMS-986414 (C135-LS) and BMS-
986413 (C144-LS), Beigene/Singlomics’ BGB-DXP604
and BGB-DXP593, Ology Bioservices ADM03820 (COV2-
2130-YTE-LALA and COV2-2381-YTE-LALA), and
AbbVie’s ABBV-47D11 and ABBV-2B04 (Table 2).

Of these antibody cocktails, three have received EUAs
(REGEN-COV™, bamlanivimab/etesevimab, and EvuSh-
eld™), one (BRII-196/198) has been fully approved by the
China National Medical Products Association (NMPA) but
not yet awarded EUAs in the west, and the other (BMS-
986413/°414) is in late-stage clinical trials (Table 2). Note
that REGEN-COV™ has also been granted full approval in
Japan and the UK over the last few months (Table 2). Addi-
tionally, Celltrion has recently placed CT-P63 into clinical
trials with the intent to add it to regdanvimab to make a
cocktail for those antibodies as well [241].

Beyond the current clinical candidates, there are several pre-
clinical candidates that show promise against variants in both
the VOI and VOC categories. These include AR712 (AR-711
[antibody 1212C2] plus AR-720), both engineered with half-life
extension technology, from Aridis Pharmaceuticals, TATX-03
from ImmunoPrecise, a combination of four neutralizing anti-
bodies, each recognizing a distinct epitope, ZRC-3308, a com-
bination of two nAbs from Zydus Cadila, and IMM-BCP-01,
and an antibody cocktail of 3 nAbs from Immunome that has
been demonstrated to neutralize VOCs and VOlIs, including
Delta and Omicron, in preclinical studies (Table 2).

As will be described in greater detail in Sect. 5, the
results of using antibody mixtures can nearly be predicted
entirely on the additive ability of each component antibody
to resistant mutants or variants. For example, with Regen-
eron’s REGEN-COV™, imdevimab covers for the inabil-
ity of casirivimab to neutralize the Beta variant [211, 325].
Similarly, the combination of bamlanivimab and etesevimab
were effective against Kappa, Epsilon, and Iota even though
bamlanivimab alone failed to neutralize those variants [326].
These and other studies indicate that not all antibody combi-
nations are equally effective at reducing resistance. By com-
paring different antibody combinations, it has been proposed
that nAbs targeting non-overlapping epitopes are more effec-
tive than those targeting overlapping epitopes [290, 325].
This may explain why the bamlanivimab plus etesevimab
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cocktail is not as effective against certain variants as the
other cocktails. As a result of bamlanivimab plus etese-
vimab having overlapping epitopes (see Sect. 5), several
single mutations, including 1472D, G485P and Q493K/R,
simultaneously affect the neutralization abilities of both
antibodies [326].

4.4 BispecificlgG-Based Antibodies

The cocktail approach requires combination of two antibod-
ies, which can potentially complicate the development pro-
cess and increase manufacturing cost. To overcome these
issues, a bispecific antibody, which combines two nAbs
into one molecule, is an alternative approach [327, 328].
De Gasparo et al. [328] used the “CrossMAb” platform
and engineered a bispecific IgG1-like molecule (CoV-X2)
based on two nAbs C121 and C135, which binds to non-
overlapping epitopes of RBD. CoV-X2 enhances binding to
RBD compared to the parental nAbs via a mechanism utiliz-
ing the avidity effect. Importantly, CoV-X2 neutralizes the
escape mutants generated by the individual parental nAbs,
although its neutralizing activities against these mutants are
relatively lower than that against the wild type virus [328].
Lacking in this study, however, was a direct comparison of
CoV-X2 with the cocktail of C121 and C135, which would
have provided further insights on the development of bispe-
cific and cocktail- based therapeutics. It is also valuable to
investigate whether different formats of bispecific antibod-
ies will impact efficacy. Cho et al. [327] used an alternative
approach for engineering bispecific antibodies based on six
NTD-targeting and three RBD-targeting nAbs to generate a
series of bispecific antibody candidates. Several candidates
with ultra-potent neutralizing activity (< 1 ng/mL) and good
coverage of VOCs were identified. Interestingly, three of
their bispecific antibodies exhibited a novel model of action
that is beyond that observed for the individual parental nAbs
[327].

Another interesting bispecific antibody construct was
recently reported by Sanyou Biopharmaceuticals in China.
They described SYZ001, which is a human IgG targeting
one epitope on SARS-CoV-2 RBD fused with the domain
antibody, P14-F8, targeting a second RBD domain epitope,
resulting in a tetravalent, bispecific antibody which they
reported had stronger activity against Delta and Epsilon than
against the wild-type SARS-CoV-2 virus [329].

Finally, new bispecific antibodies were recently reported
that neutralized all variants of SARS-CoV-2, including
Omicron BA.1 [330, 331]. One of these was a biparatopic
nanobody comprised of Nbl and Nb2 fused to an Fc that
broadly neutralized all variants tested, including Omicron
[330]. In the second study, a bispecific, bivalent CrossMAb
design combining CoV-14, the antibody used to make the
potent and broadly neutralizing IgM antibody, IGM-6268

[245, 246], and CoV-06 (Table 2) [244, 331] was compared
with a tetravalent IgG-(scFv), like construct. Both of these
bispecific antibodies exhibited higher therapeutic efficacy
than the equivalent cocktail of CoV-14 and CoV-06 anti-
bodies [244], indicating the potential power of combin-
ing antibodies into a single molecule over using cocktails
of multiple antibodies [331]. As might be expected from
previous work [321], the tetravalent IgG-(scFv), bispecific
antibody comprised of CoV-14 and CoV-06 was superior to
the CrossMAb format as well as the two-antibody cocktail
in SARS-CoV-2 neutralization activity in vitro, including
broad neutralization of escape variants, and enhanced pro-
tective efficacy in vivo [331]. This is one example of the
principle, described throughout this work, that an increase
in antibody valency correlates with an increased ability to
neutralize SARS-CoV-2 [332, 333].

4.5 IgAlsotype

Secretory IgA (sIgA) is the predominant Ig isotype in airway
secretions and plays a crucial role in protecting mucosal sur-
faces against pathogens by neutralizing respiratory viruses
or impeding their attachment to epithelial cells [334]. More-
over, sIgA is a dimer of two IgA monomers and thus has four
antigen binding sites versus two in an IgG. Several groups
have therefore investigated the functionality and potency of
IgA antibodies directed against the SARS-CoV-2 RBD, both
as monomers (IgA) and as dimers (dIgA) [193].

Ejemel et al. [335] described the evaluation of a cross-
reactive human IgA antibody, MAb362, that binds to both
SARS-CoV-1 and SARS-CoV-2. To better understand
potency, these authors converted the antibody into other for-
mats, including IgG, monomeric IgA, dimeric IgA (dIgA)
and secretory IgA (sIgA), which is the dimeric dIgA form
co-expressed with the secretory component. Of particular
interest is the fact that the ICs, for these different forms
against a SARS-CoV-2 pseudovirus varied considerably,
with ICs, potency following the pattern of IgG (two bind-
ing sites; 58.7 pg/mL) < IgA (two binding sites; 1.26 pg/
mL) < dIgA (four binding sites; 30 ng/mL) < sIgA (four
binding sites; 10 ng/mL). When tested against authentic
SARS-CoV-2 virus, the most potent form of MAb362 (sIgA)
exhibited a relatively poor potency with an ICs; of 9.54 pg/
mL [335].

Wang et al. [336] characterized the natural IgA response
to SARS-CoV-2 in a cohort of 149 convalescent individu-
als diagnosed with COVID-19. In this study, plasma IgA
monomers specific to SARS-CoV-2 proteins were found to
be twofold less potent than the IgG equivalents. However,
IgA dimers, which are the primary form of antibody in the
nasopharynx, were typically 15-fold more potent than the IgA
monomers against the same target [336]. This is consistent
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with the notion of increased antibody valency correlating well
with an increased ability to neutralize SARS-CoV-2 [333].

4.6 IgM Isotype

IgM isotype antibodies are the largest natural form of anti-
bodies generated, with J-chain-expressed pentamers of
approximately 970 kDa possessing ten antigen-binding sites
[193, 326]. As noted above for bispecific antibody and IgA
constructs, valency appears to play a major role in determin-
ing the potency and breath of neutralization for antibod-
ies and antibody-like constructs, with more binding sites
typically leading to greater potency. Along these same lines,
we recently described the production and evaluation of six
antibodies to SARS-CoV-2 that were recombinantly class
switched from IgG to dimeric IgA (dIgA, four antigen bind-
ing sites) and pentameric IgM (ten antigen binding sites)
antibodies [245]. In all cases, the IgM versions were con-
sistently more potent at neutralizing authentic SARS-CoV-2
than the IgG versions, and the IgA versions were positioned
in between the two isotypes, IgG and IgM. For one of the
antibodies, the IgM version IGM-6268, IgM-14 in Ku et al.
[245]) was 230-fold more potent at neutralizing authentic
virus than was the IgG and exhibited an ICs, of 10 ng/mL
(~ 10 pM). Importantly, the IgM version also retained high
potency against authentic SARS-CoV-2 virus expressing a
mutation at position E484, where it was > 2,000-fold more
potent than the parental IgG. Similarly, the IgM version
was also much more potent in vitro against authentic virus
expressing the Alpha, Beta and Gamma VOC spike proteins.
When tested in vivo, IGM-6268 was highly potent in both
prophylactic and therapeutic settings at doses as low as 0.04
mg/kg and 0.4 mg/kg, respectively. These data further dem-
onstrate the relative benefits of multivalency and avidity to
improve potency and function [332, 333], most likely due to
significant decrease in the binding off-rates and overcoming
steric hindrance.

4.7 Single-Domain Antibodies (VHH)

Single-domain antibodies (sometimes referred to as “VHH”)
are antibodies that utilize only a single scaffold, essentially
half of a normal Fv, for binding to the antigen. These anti-
bodies can come from a variety of sources, including the
camelid family, which includes camels, llamas and alpacas,
that produce a subclass of antibodies that possess an
unpaired heavy-chain variable domain [338]. These camelid
heavy chain variable domains, can be expressed as a single
domain, typically referred to as a “nanobody,” with a molec-
ular weight of about 12 kDa, roughly 1/12th that of the full-
length IgG, and 1/80th the size of the IgM isotype described
above. Other typical sources of single domain antibodies are
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camelid antibody libraries [339] and libraries of engineered
human single domain antibodies [340].

One potential shortcoming of the VHH structure is their
small size, which typically leads to rapid clearance following
intravenous administration. Two approaches that potentially
overcome this limitation include (i) fusing the VHH to the
Fc region of an IgG, which not only improves clearance but
also typically improves potency as a dimeric structure, and
(ii) targeting delivery approaches that are less susceptible
to clearance issues. The first approach has been used quite
broadly for many single domain antibodies, and tetrameric
versions have also been evaluated (see Table 3). The sec-
ond approach, utilizing delivery approaches other than IV
infusion such as inhalation, is discussed below and in Sec-
tion 8. Hundreds of nanobodies have been identified that
are capable of neutralizing SARS-CoV-2, as well as sev-
eral of its variants [341]. There are now several examples
of high potency single domain (VHH) antibodies neutral-
izing SARS-CoV-2 that have reached at least the preclinical
development stage, three (VHH72/XVRO11, Nb21/PiN-21,
DIOS-202/DI0S-203) of which are described below.

In one of the first reports on VHH antibodies targeting
SARS-CoV-2, Wrapp et al. [238], immunized llamas with
pre-fusion-stabilized forms of the coronavirus spike protein.
In an effort to get cross-reactive nanobodies, the llama was
immunized with S protein from SARS-CoV-1, then MERS-
CoV, SARS-CoV-1, S and again with both SARS-CoV-1 and
MERS-CoV S proteins. Several of the VHHSs so obtained
were able to neutralize pseudovirus displaying the SARS-
CoV-1 and MERS-CoV S proteins, and one (VHH-72) was
able to weakly neutralize SARS-CoV-1 and SARS-CoV-2
pseudoviruses. However, when displayed as a dimeric Fc
fusion (VHH-72-Fc), the antibody construct exhibited a
more potent neutralization of SARS-CoV-2 pseudovirus
with an ICs, of 200 ng/mL [239]. This molecule was affinity
matured (modification of residue S56A), and fused to an Fc
carrying the LALA mutation to silence FcyR-binding activ-
ity [239]. This construct (VHH72 HumVHH_S56A/LALA-
Fc/Gen2) was renamed XVRO11 by the startup company,
ExeVir Bio BV, who have advanced it to a Phase I/II trial
(Tables 2 and 3).

For a second example, Sun et al. [342] categorized three
different classes of VHH antibodies based on their epitopes.
Class I VHH antibodies, characterized by Nb21, targeted
both open and closed RBDs and were described as ultra-
potent (Table 3). Nb21, which Margulies et al. classify as
binding a “Class 1” epitope [345], blocks ACE2 binding to
RBD. Nb21 is highly sensitive to the E484K mutation, so
while it neutralizes Alpha mutants lacking E484K, Nb21 is
not active against Beta [342]. Nb21 is being developed as
an intranasally delivered VHH antibodies to combat SARS-
CoV-2 infections. Several reports have appeared suggesting
that VHH antibodies may be ideal candidates for aerosol
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delivery to the sinus and lungs of infected individuals,
given their small size and exceptional biophysical stability
to withstand aerosolization [252, 346, 347]. The Fc-fused,
sequence optimized Nb21, known as PiN-21 (Table 3), has
been delivered by intranasal delivery [253]. PiN-21 at 0.6
mg/kg protected infected animals from weight loss and sub-
stantially reduced viral load in both lower and upper air-
ways. Furthermore, aerosol delivery of PiN-21 facilitated
deposition throughout the respiratory tract and allowed the
reduction of a protective dose to 0.2 mg/kg [253]. PiN-21 is
currently in preclinical studies.

A third example of a preclinical stage VHH antibody
is a multivalent VHH antibody, based on two or more sin-
gle VHH antibodies targeting the same or different RBD
epitopes [249, 252, 346, 348, 349]. Some of these engi-
neered VHH antibodies show remarkable neutralizing
activity (< 0.1 ng/mL) and may perform better to reduce
virus escape mutations [249, 252, 346]. Because these engi-
neered multivalent nAbs are stable, they may be developed
as aerosol-delivered therapeutics for treatment of COVID-19
[252, 346].

To generate multi-specific VHH antibodies, Koenig et al.
[249] isolated 23 llama-derived nanobodies, four of which
bound SARS-CoV-2 RBD with relatively high affinity and
potently neutralized viral entry. They [249] tested the ability
of monomers, E, which bound one epitope, and U, V, and
W, which bound a separate non-overlapping epitope, to form
homodimers (e.g., E-E), homotrimers (e.g., E-E-E), and
heterodimers (e.g., E-V, V-E, E-W) of the nanobodies to
neutralize SARS-CoV-2. VHH E alone was capable of lock-
ing spike into a fusogenic 3-RBD-up position in the absence
of ACE2, which neutralizes the virus due to premature acti-
vation of the fusion mechanism, a novel MOA.. The trimeric
VHH EEE demonstrated the same activity with 100-fold
enhanced potency, but was highly sensitive to the single site
mutation S494P. Similarly, VHH V, another potent neutral-
izer, but was sensitive to mutations S371P and K378Q [249].
The heterodimeric VHHs, EV and VE were both potent and
more resistant to mutations than monomers or homomeric
oligomers [249]. The biotech company DiosCURE Thera-
peutics is taking two of these heterodimeric VHHs (DIOS-
202, DIOS-203) into development (Tables 2 and 3) with the
expectation of initiating clinical trials soon.

Several other VHH antibodies also have been isolated
with potent neutralizing activity against SARS-CoV-2, a few
of which will be mentioned briefly here. Synthetic “camelid-
inspired” yeast-displayed libraries have been used to isolate
several VHH antibodies, including Nb6 [346], which com-
petes with ACE2 and displays a K on RBD of 41 nM. That
antibody bound spike in a 3-RBD-down conformation and
locked the spike in the fully inactive conformation inacces-
sible down state incapable of binding ACE2. Other VHH
antibodies from “camelid-inspired” libraries include Sb14,
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Sb16, and Sb45 [345], all of which competed with ACE2,
and Sb68, which bound more on the periphery of the ACE2
binding site. Based on structural data, they mapped the
epitopes to the four antibody classes described by Barnes
et al. [276].

Giittler et al. [343] isolated two VHH antibodies from
phage displayed SARS-CoV-2 spike-immunized llama
libraries, Re5D06 and Re9B09, to generate tandem, multi-
specific VHH constructs. A heterodimeric bivalent bispecific
VHH dimer of Re5D06 and Re9B09 exhibited sub-30 pM
Kp binding to the Alpha, Beta, Gamma and Epsilon variants
[343]. In another example, a trimer of Re6D06, a sub-pM
RBD binder, had a minimum neutralizing concentration of
only 17 pM [344]. Interestingly, though, the trimer with the
greatest potency, neutralizing down to a concentration of
only 1.7 pM, was derived from a monomer that neutralized
rather poorly [343].

Tyl is a nanobody described by Hanke et al. [344] that
binds to RBD in both the up and down conformations and
competes with ACE2 binding (Table 3). Based on its epitope,
which buries 860A2, it appears to belong to the RBD-2
epitope group (Table 3). As a stand-alone VHH, Ty1 was not
particularly potent (770 ng/mL (54 nM) ICs, in pseudovirus
assay), but when fused to an Fc to make a bivalent VHH-Fc
fusion protein, its potency was increased to an ICs;, of 12 ng/
mL [344]. Hanke et al. [344] also reported the identification
of a monomeric VHH, Fu2, that interacts with RBDs on two
different spike trimers and neutralizes pseudovirus with an
ICs, of 106 ng/mL. Cryo-EM studies demonstrated that the
bound structure was a dimer of SARS-CoV-2 spike timers
containing six Fu2 VHH molecules [344].

Xu et al. [350] isolated anti-SARS-CoV-2 VHH antibod-
ies from llamas and from transgenic mice engineered to pro-
duce llama antibodies. Their VHH antibodies were low pM
binders, but had modest potency on wild-type SARS-CoV-2
as monomers (320-7,145 pM ICs;s) and for the most part
did not neutralize E484K or N501Y mutants well. However,
when the VHHs were constructed into multivalent homo-
trimers, the ICy,s on wild-type virus ranged from 12 to 91
pM and four out of the five tested retained high neutralizing
activity (mostly sub-100 pM ICs) on all the mutants tested
(R683G, K417N, E484K, N501Y) [350]. This is another
excellent example, similar to what was observed with IGM-
6268 [245], of higher avidity constructs helping to overcome
mutants [333].

Finally, Bracken et al. [348] reported the isolation of 85
VH binders from a synthetic human VHH library that rec-
ognized two non-overlapping sites within the ACE2 binding
site on the SARS-CoV-2 RBD. These VHH constructs were
subsequently linked into multimeric and biparatopic formats
that showed considerable improvements in potency (up to
1400-fold) when tested against SARS-CoV-2 pseudovi-
rus. When tested against authentic SARS-CoV-2, the most
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potent construct, a trivalent VH, exhibited an I1Cs, of 180
ng/mL [348]. None of these constructs have yet advanced
to human clinical trials. Combined, these data all indicate
that small, single-domain VHH constructs can be generated
that potently block the interaction between the SARS-CoV-2
RBD and ACE2, and that multi-specificity and multivalency
can increase potency significantly, as noted previously [333].

4.8 Multibodies

Taking multivalency one step further, Rujas et al. [333] used
the self-assembly of human apoferritin to generate large
structures that express 24 identical polypeptides. Each apo-
ferritin polypeptide was fused to an anti-SARS-CoV-2 VHH
(e.g., VHH72) or a single chain Fab plus single chain Fc,
generating “multibodies” that have 24 binding sites for the
SARS-CoV-2 RBD and, in the case of the Fab-Fc version,
Fc fragments capable of interacting with the FcRn recy-
cling receptor and thereby improving the in vivo half-life.
When tested in vitro against SARS-CoV-2 pseudovirus, both
multibody constructs were considerably more potent in vitro
than the corresponding parental constructs—10,000-fold for
the VHH multibody and ~ 2000-fold for one of the Fab-Fc
multibodies [333]. When combined with the multi-VHH-Fc-
fusion and IgM results noted previously, it is apparent that
increased valency may be an important approach to improv-
ing the potency of anti-SARS-CoV-2 antiviral antibodies.

4.9 DARPins

Non-antibody, protein-binding scaffolds are also being
used to build monovalent and multivalent agents capable
of neutralizing SARS-CoV-2. Similar to VHH antibodies,
DARPins (Designed Ankyrin Repeat Proteins) are roughly
one-tenth the size of a typical IgG and are antibody mimet-
ics that typically exhibit highly specific binding to target
proteins. By fusing several DARPins in a row, a range of
molecular functions can be built into a single molecule. Wal-
ser et al. [351] recently described the development of five-
domain, tri-specific DARPins that binds to multiple regions
of the SARS-CoV-2 spike protein (virus neutralization) and
to human serum albumin (HSA; to improve pharmacokinet-
ics). Some of these constructs exhibited ICs, values against
SARS-CoV-2 virus of 1 ng/mL (~ 12 pM), and one such
construct (MP0420) is being tested in a Phase II clinical
trial (Table 2).

4.10 ACE2-Fc Fusion Approaches

Human ACE2 exodomain spans residues 18-740 (1-17 are
signal sequence, and > 740 are membrane spanning and
intracellular domains). The enzymatic peptidase domain,
responsible for cleavage of the vaso-constrictive peptide,

angiotensin II, to the vasodilator, angiotensin, is found in
residues 18—-615, while the Collectrin-like domain (CLD),
which is involved in amino acid transport, is encoded by
residues 616-740. Various studies have demonstrated that
soluble ACE2 protein can be truncated at residue 615,
resulting in a soluble, well-behaved, biologically active
N-terminal enzymatic domain that binds well to RBDs of
SARS-CoV-1 and SARS-CoV-2 [352, 353]. These soluble
ACE?2 fragments, or receptor traps, have also been shown
to interfere with SARS-CoV-2 binding to cellular ACE2,
thereby neutralizing viral infectivity [354].

The binding of SARS-CoV-1 and CoV-2 spike proteins to
their cognate receptor, ACE2, depend on a series of specific
interactions, including at least 17 residues on SARS-CoV-2
RBM known to make contact with the N-terminal domain
of ACE2 (see OSM Fig. S2). Similarly, from the co-crystal
structure of SARS-CoV-2 RBD-HuACE2, the key specific
ACE2 residues responsible for binding to SARS-CoV-2
RBM are Q24, D30, H34, Y41, Q42, M82, K353, R357
[352, 353]. Suryamohan et al. [355] analyzed polymor-
phisms of ACE2 across hundreds of individuals and found
that the mutations S19P, 121V, E23K, K26R, T27A, N64K,
T92I, Q102P and H378R were likely to increase susceptibil-
ity to SARS-CoV-2, suggesting that they may increase the
affinity of the human ACE2-SARS-CoV-2 interaction. Of
these, K26R and T92I mutants were confirmed in vitro to
increase the affinity of the interaction [355]. Predictably, a
mutant ACE2 K26R and T92I protein was more effective at
interfering with entry of pseudotype virus than wild-type
ACE?2 [355]. These studies clearly demonstrated the poten-
tial for modifying human ACE2 for fusion with Fc to make
an infection blocker, or trap, with activity akin to antibodies
targeting SARS-CoV-2.

As discussed above, antibody domains that bind RBD
have been fused to the Fc portion of IgG antibodies to
increase valency and improve pharmacokinetics, and this
approach has also been applied to ACE2. Typically, ACE2-
Fc fusion proteins are constructed with amino acids 18-614
(start of the mature protein through the end of the protease
domain), while some constructs have also included resi-
dues 615-740 to make a larger fusion protein [356]. Addi-
tionally, efforts have been made to increase the potency of
ACE2-Fc fusion proteins via mutation of the RBM-binding
motif of ACE2 to increase the binding affinity to SARS-
CoV-2 RBM [356]. A combination of four mutations of
ACE2 (K31F, N33D, H34S, E35Q) increased the affinity
of mutant ACE2-Fc, CVD313, to SARS-CoV-2 RBM by
about 40-fold (20.4 nM to 0.52 nM Ky,). Moreover, the ICy,
value of the CVD313 mutant, using a pseudovirus assay,
was improved more than tenfold over wildtype ACE2(18-
614)-Fc, from 0.43 to 0.028 ug/mL. An additional muta-
tion, H345L, was also included to remove ACE2 enzymatic
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activity to decrease the possibility of adverse effects during
therapeutic use [356].

Chan et al. [357] also generated high affinity, mutant
ACE2-Fc fusion proteins by modifying the residues T27Y,
L79T, and N330Y, which resulted in an increase in avidity
for ACE2-Fc constructs from 22 nM (wild type ACE2-Fc) to
0.6 nM (mutant V2.4) [357]. This construct, engineered by
scientists at Orthogonal Biologics, appears to be in preclini-
cal development at this time. Similarly, Svilenov et al. [358]
generated modified ACE2-IgG4-Fc fusion proteins that were
highly potent against wild-type SARS-CoV-2 virus, as well
as the Alpha, Beta, and Delta variants with sub-nM ICjs.
Based on one of these constructs [347], Formycon AG cur-
rently has FYB207, which retains ACE2 enzymatic activity
that may potentially help protect against acute respiratory
distress syndrome (ARDS), in preclinical studies [359].

In an effort to make a more potent, high avidity Fc fusion
of ACE2, Miller et al. [360] constructed a tetrameric ACE2-
Fc fusion by fusing two Fcs together using the tetrameriza-
tion domain of P53 as the linking domain. By tetramerizing
the Fc (four ACE2 domains vs. two of a normal Fc), they
increased the avidity from 22 nM to 3.9 nM K,, and the ICj
for pseudovirus neutralization about 14-fold from 456 to 33
ng/mL [360]. Similarly, in live virus assays, the tetrameric
Fc decreased viral load about a log more than the dimeric
Fc fusion protein [360].

Again, using an avidity-based approach, Guo et al. [361]
constructed a trimeric ACE2-three helix bundle (3HB)
fusion protein with very high avidity towards trimeric spike
protein in the sub-1 pM K, range, without the benefit of
mutations to modify binding of ACE2 to RBM. This trim-
eric ACE2-THB fusion protein was demonstrated by cryo-
electron microscopy (cryo-EM) to force all three RBDs of a
spike protein into the up position in vitro [361]. Given that
VOIs and VOC:s are typically evolved to bind human ACE2
with higher affinity, it is expected that this trimeric ACE2-
3HB fusion would bind and neutralize all high affinity VOI/
VOC variants. While not an antibody-like Fc fusion protein,
these types of constructs are very instructive for potential
design of future ACE2-Fc fusions for clinical use.

As shown in OSM Table S1, the earliest potential ACE2-
Fc fusion protein candidate for use as a COVID-19 thera-
peutic was Sorrento’s STI-4398 (COVIDTRAP™), but even
after > 18 months, that asset still appears to be in preclinical
studies. There are currently two ACE2-Fc fusion proteins
registered for Phase I clinical trials, HLX71 from Hengenix
Biotech (Henlius), and SI-F019, from Suchuan Baili Phar-
maceutical Co, however, only the latter appears to be recruit-
ing patients (Table 2). Additionally, according to the Hen-
genix/Henlius Biotech website [362], their ACE2-Fc fusion
protein candidate, HLX71, has just achieved first dosed
patient (NCT04583228 [7]). Very little is known about their
structure other than they are described as “human ACE2-Fc
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fusion proteins”. Additionally, Apeiron Biologics has run
Phase II clinical trials (NCT04335136 [7]) on APNOI1, a
soluble recombinant human ACE2 (residues 1-740) [354],
but this protein lacks an Fc and would be expected to have a
relatively short half-life.

White et al. [363] described the construction of bifunc-
tional ACE2-Fc fusion proteins that also targeted the plg
receptor (pIgR). pIgR is responsible for transcytosis of
J-chain-containing IgAs and IgMs from circulation to the
mucosa [363]. These constructs were designed to distribute
the SARS-CoV-2 neutralizing fusion proteins to the environ-
ment in which the majority of SARS-CoV-2 exists, espe-
cially early on in infection. Their constructs, some of which
demonstrated significant transcytosis activity, did not result
in Fc-mediated activity against pIgR-expressing cells [363].
It will be interesting to see the results of future studies on the
efficacy of antibodies that distribute into mucosal surfaces as
compared with those that mainly stay in circulation.

5 Descriptions of Key Antibodies Targeting
SARS-CoV-2

5.1 Introduction

Since the beginning of the pandemic a little over 2 years ago,
several hundred antibodies have been isolated that bind and
neutralize SARS-CoV-2. Many of these have been advanced
to clinical trials, and a select few have received either EUAs
or full approvals in countries across the world. This section
focuses on those antibodies that have been placed into clini-
cal development or that appear to be poised to enter clini-
cal development. These antibodies virtually all target the
receptor binding domain (RBD) of SARS-CoV-2, and are
identified not only by their neutralizing activities but also by
the epitopes to which they bind. In this section, the epitopes
are identified in general and can be mapped to the epitope
groups identified in Figure 4, which shows the location of
the receptor binding motif (RBM; Fig. 4A), the residues to
which ACE2 binds (Fig. 4B), and the general epitope group-
ings as described by Barnes et al. (Classes 1-4 in Fig. 4B)
[276], Yuan et al. (RBS-A/B, -C, -D, and CR3022 site in
Fig. 4B) [277] and Hastie et al. (Fig. 4C) [290]. In Sect. 6,
the specific epitopes to which key IgGs, IgM, and VHH anti-
bodies bind will be described in significantly greater detail.

5.2 Antibodies to SARS-CoV-2 That Have Received
Emergency Use Authorizations (EUAs) or Full
Approvals

Table 4 shows the antibodies that have received EUAs as
well as a few others who have completed, or nearly com-
pleted, trials to support such authorizations. As noted
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previously, the EUA for use of convalescent plasma was
approved in August 2020, based on data suggesting that
CPT provided a 37% reduction in mortality of hospitalized
patients over seven days [150]. It would seem that this set a
relatively low bar for mAb therapy to pass in order to achieve
potential EUAs.

On the other hand, in trials in which hospitalized patients
were included, it appeared that none of the antibody thera-
pies were significantly better at reducing advancement to
next disease stages than placebo [364]. These findings were
expanded recently in an ACTIV-3 randomized, controlled
clinical study comparing the use of BRII-196/BRII-198
versus sotrovimab for adults hospitalized with COVID-19;
neither antibody treatment provided improved clinical out-
comes as compared with placebo [365]. Regeneron recently
reported that use of their antibody cocktail by hospitalized
patients resulted in a 36% reduction in risk of death over a
29-day period. Regeneron has submitted their data to the

Class 1
(RBS-A/B) <

Class 4
(CR3022

Fig.4. A, B Structure of the SARS-CoV-2 RBD (from PDB ID
7CHS) showing the receptor binding motif (RBM; in yellow, residues
437-507 as per OSM Fig. S2) and the core (non-RBM sequences of
RBD in blue). The landscape of the RBM, including the peak (top
as shown here; characterized by residues S477, E484 and F486),
valley (the “indentation motif”’; characterized by residues K417 and
Y453), and the mesa (large hump; characterized by residues Q498
and N501), are shown as described by Hastie et al. [290]. The escarp-
ment is the area occupying the base under the steep slope, as depicted
by residues N343, V367, Y369, and S375. The inner face, which is
buried when the RBD is in the closed (or down) position, is on the
left. The outer face, which is exposed with the RBD in both the
closed (down) and open (up) positions, is on the right of the RBD
as depicted here. B The 17 residues that specifically contact human
ACE2 receptor (see OSM Fig. S2) are shown in white, and several
residues throughout the RBD are labeled for reference. As depicted
here, the Class I antibodies described by Barnes et al. [276], as well

E484

Class 2
(RBS-C)

FDA for possible inclusion in their EUA. All of the other
EUAs and most of the trials for anti-viral MAbs or combi-
nation MAb therapy for patients with COVID-19 focus on
the non-hospitalized (i.e., ambulatory) patient population
(Table 4) [265, 366-371]. As shown in Table 4, all of the
antibodies that have been approved, granted EUAs, or are
positioned for near-future EUAs have demonstrated at least
70% reduction over placebo controls in rates of hospitali-
zation, emergency room visits, admission to ICUs, and/or
death. Recently, the EUAs for both Regeneron’s REGEN-
COV™ and Lilly’s bamlanivimab/etesevimab cocktail have
been expanded to include prevention of COVID-19 disease
in post-exposure subjects. Kreuzberger et al. [372] have
provided an up-to-date, in-depth analysis of the clinical tri-
als for antibodies targeting SARS-CoV-2. A few of these
approved and emergency use antibodies are described in the
following sections.

(RBS-D;
RBD-5

as the RBS-A and B antibodies of Yuan et al. [277] tend to bind in
the area of the peak toward the inner face; Class 2 antibodies [276]
and RBS-C epitope antibodies [277] tend to bind on the outer face of
peak area, Class 3 [276]/RBS-D [277] antibodies bind at the lower
outer face, also known as the S309 site or the proteoglycan epitope
site [277] and typically interact with the glycan attached to residue
N343 [277], and Class 4 antibodies [276] such as CR3022 bind on
the inner side of the lower part in the area of residues Y369 and
S$383. C The RBD with the overlapping epitope groups described
by Hastie et al. [290], RBD-4, RBD-5, and RBD-7 are shown in red,
orange, green, light blue and pink, respectively. These seven epitope
groups described by Hastie et al. [290] and adopted herein are shown
in more detail in Table 5. The PDB program [201, 202] was used to
generate and annotate the structures. ACE2 angiotensin-converting
enzyme-2, PDB Protein Data Bank, RBD receptor binding domain,
RBM receptor binding motif, RBS receptor binding site
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5.3 Descriptions of the Most Advanced Antibodies
5.3.1 Bamlanivimab LY3819253 (LY-CoV555)

Bamlanivimab (aka LY3819253, LY-CoV555, Abl169) is
a human IgGlx antibody, derived from VH1-69 and Vkl1-
39 germline families, isolated at Abcellera from B cells
obtained from a convalescent patient and licensed to Eli
Lilly for development [203]. Bamlanivimab IgG has an
affinity to SARS-CoV-2 RBD of 3.5 nM, a potency in pseu-
dovirus assays of about 6-12 ng/mL, and potency against
authentic virus of about 36 ng/mL [203] (Table 5). Bam-
lanivimab, which binds key residues G482, E484, G485,
F490, 1.492, N493, and S494, belongs to the RBD-2 epitope
group (Table 5) and has been shown to bind both the open
(up) and closed (down) conformations of RBD [203]. As
would be expected from its key binding residues, bam-
lanivimab is sensitive to mutations in residues V483, E484,
F490, and S494, which either decrease or eliminate binding
and neutralization activity [326]. Conversely, mutations in
residues V367, K417, S477, or N501 have no effect on bind-
ing or neutralization [326].

Bamlanivimab was the first antibody to be granted an
EUA by the FDA for treatment of COVID-19 (EUA granted
11/9/2020) (Tables 2 and 3), but it suffered from losing
potency against several key variants, particularly Alpha,
Beta, and Gamma, all three of which possess the E484K
mutation (Fig. 2), and Delta [385-387] (Table 6). This ulti-
mately led the FDA to revoke EUA on 16 April 2021 for
use of bamlanivimab as a single agent, which resulted in
bamlanivimab no longer being developed as a single agent
for treatment of COVID-19.

5.3.2 Etesevimab LY3832479 (JS016, LY-CoV016, CB6)

Etesevimab was isolated from B cells from a convalescing
patient by scientists at the Chinese Academy of Sciences as
antibody CB6, which was selected from two key leads and
taken into development by Shanghai Junshi Biosciences,
Ltd as JS016 [204]. After Junshi agreed to a licensing deal
with Eli Lilly, JSO16 was further developed and given the
USAN name of etesevimab. Etesevimab is a human [gGlk
antibody, derived from VH3-66/VK1-39 germline families,
and modified in the lower hinge by L235A, L236A which
significantly mutes Fc activity to reduce any chance of ADE
[204] (Table 5). The affinity of etesevimab for SARS-CoV-2
RBD is 2.49 nM and binding to SARS-CoV-2 RBD buried a
surface of 1,088 A2 [204]. The key residues bound by etese-
vimab include G416, K417, Y473, A475, G476, F486, and
N487, and it belongs to epitope group RBD-1 (Table 5). The
potency of etesevimab in pseudovirus assays is about 35 ng/
mL, and potency against authentic virus is about 380 ng/mL.
Etesevimab is most sensitive to potential escape mutations

A\ Adis

at positions K417, N460, Y473, A475, E484, N487, Y489,
and Q493 [169, 322, 323].

While etesevimab has been developed in some clinical
trials as a stand-alone antibody (Table 2), its significance is
as a partner antibody in a bamlanivimab-etesevimab cock-
tail, which was granted an EUA by the FDA and the EU
on 2/9/21 and 5/3/21, respectively. This cocktail went out
of style when Alpha and Beta were dominant mutants, but
it came back into significant usage once Delta became the
dominant variant, mostly due to the strength of etesevimab
against certain SARS-CoV-2 variants, especially Delta
(Table 6). The combination of bamlanivimab/etesevimab are
still sensitive to mutations E484D, Q493R/K, and S494P
[169]. Because bamlanivimab contributes so little efficacy
over and above etesevimab in this cocktail, its inclusion has
been questioned recently [414]. The combination of bam-
lanivimab-etesevimab is ineffective against Omicron BA.1
[391] and BA.2 [109], which resulted on 24 January 2022
in a modification of the FDA EUA resulting in the signifi-
cant reduction in use of bamlanivimab-etesevimab to treat
COVID-19 [415].

5.3.3 REGEN-COV™

REGEN-COV™ (known as Ronapreve™ in the UK and
EU) is a combination of casirivimab (REGN10933) and
imdevimab (REGN10987) for treatment of ambulatory
patients infected with SARS-CoV-2, as well as prophy-
laxis for subjects post-exposure to COVID-19. Casiriv-
imab (REGN10933) is a human IgGlx antibody derived
from immunized VelocImmune transgenic mice [205]. It is
a VH3-11/VK1-33 germline derived antibody that has an
affinity for SARS-CoV-2 RBD of 3.4 nM, burying a sur-
face of 935 A% on RBD [345]. The potency of casirivimab
in pseudovirus assays and authentic virus assays is 43 ng/
mL and 37 ng/mL, respectively (Table 5). The key residues
bound by casirivimab include E484, G485, F486, C488,
and Y489 (Table 5), placing it into epitope group RBD-2
(Table 5). Casirivimab is most sensitive to potential escape
mutations K417E, Y453F, L455F, F486V, and Q493K [325].

Imdevimab (REGN10987) is a human IgG1A antibody
derived from B cells from a convalescing patient [205]. It
is a VH3-30/VL2-14 germline-derived antibody that has an
affinity for SARS-CoV-2 RBD of 45 nM, burying a sur-
face of 607 A2 on RBD [345]. The potency of casirivimab
in pseudovirus assays and authentic virus assays is 41 ng/
mL and 42 ng/mL, respectively (Table 5). The key residues
bound by casirivimab include V445 and N498 (Table 5),
placing it into epitope group RBD-5A (Table 5), a non-
overlapping epitope with casimirimab (Protein Data Bank
[PDB] ID 6XKG; [205]), which allows the two antibodies
to bind SARS-CoV-2 RBD simultaneously. Casirivimab is
most sensitive to potential escape mutations N440D, K444Q
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and V445A [323, 325]. As noted above, casirivimab and
imdevimab are both IgG1 isotype antibodies. Both anti-
bodies induce ADCC and ADCP, but have not exhibited
ADE of viral activity [205], a theoretical concern that some
antibody developers have taken seriously, as discussed in
Section 4.3.2.

Casirivimab and imdevimab have been developed from
the beginning as a cocktail of two antibodies to treat SARS-
CoV-2 infections [205] (Tables 2 and 3). REGEN-COV™
is indicated for non-hospitalized patients with moderate
COVID-19 disease, and more recently received expanded
EUAs that include post-exposure prevention (Table 4). New
studies have demonstrated that seronegative hospitalized
patients also received significant benefit from treatment with
REGEN-COV for reduction in viral load, risk of death, and
risk of mechanical ventilation [416]. This antibody combina-
tion, called REGEN-COV™ in the United States and Ron-
apreve™ in the UK where it recently (26 August 21) gained
full approval and EU, the most widely used therapeutic and
prophylactic antibody (either alone or in combination) in
the world.

When combined, the only mutation that was thought to be
able to escape the two antibodies was a non-contact residue,
E406W [169, 416], which is not found in any of the major
variants thus far (Fig. 2). This, however, was pre-Omicron.
Unfortunately, even the combination of these two antibodies
is ineffective against Omicron BA.1 [80, 386, 391] and BA.2
[109], which resulted on 24 January 2022 in a modification
of the FDA EUA resulting in the significant reduction in use
of REGEN-COV™ to treat COVID-19 [415].

5.3.4 Regkirona™ (Regdanvimab; CT-P59)

Regdanvimab (VT-P59) is a human IgG1A antibody isolated
from a phage library constructed of genes from peripheral
B cells from a COVID-19 convalescent patient [206]. It is
derived from VH2-70/VL1-51 germlines and has a high
affinity for SARS-CoV-2 RBD of 27 pM, burying a sur-
face of 938 A% on RBD [206]. The potency of regdanvimab
in pseudovirus assays and authentic virus assays is 10 ng/
mL and 8 ng/mL, respectively (Table 5). The key residues
bound by casirivimab include Y449, N450, G485, F486,
5494, Q495 (Table 5), placing it into epitope group RBD-2
(Table 5). Regdanvimab is resistant against key RBD muta-
tions K417N, E484K, and N501Y, as well as other muta-
tions A435S, W436R, K458R, and V483A [206, 412].
Additionally, regdanvimab has demonstrated in vitro and
in vivo resistance to SARS-CoV-2 variants Gamma [411],
Delta [411], and Alpha [412], while showing some reduc-
tion of neutralization activity against Beta [412] (Table 6).
Regdanvimab is most sensitive (approximately 35-fold
loss in activity) to the potential escape mutation L452R, a
mutation found in the Delta, Epsilon, and Kappa variants

A\ Adis

[411]. Nevertheless, regdanvimab protected animals infected
with the Delta variant, suggesting that it retained sufficient
potency in spite of the loss of neutralizing activity [411].
Despite the high potency of regdanvimab and its overall lack
of sensitivity to key RBD mutations, Celltrion has recently
forwarded a second antibody, CT-P63, into clinical trials
(Table 2) with the intention of combining the two antibod-
ies in a cocktail for potential parenteral as well as nebulized
formulations and delivery [241].

5.3.5 Sotrovimab GSK4182136 (VIR-7831) and VIR-7832

Sotrovimab (GSK4182136, VIR-7831, CB6), now approved
in the UK as Xevudy™, is an IgG1x antibody that binds
SARS-CoV-2 RBD away from the RBM. Sotrovimab (VIR-
7831) and VIR-7832 are both derived from antibody S309,
which was isolated from B cells from a 2003 SARS-CoV-1
convalescent patient [208, 209]. Thus, both antibodies bind
an epitope shared by both SARS-CoV-1 and -CoV-2. Both
antibodies have been modified with the Xencor Xtend®
M428L/N434S (“LS” mutant) half-life extension mutations
[417] and both have active Fc functionality with full capabil-
ity to interact with FcyRs on immune cells [209].

Sotrovimab binds to an epitope in the spike RBD that is
highly conserved in the Sarbecovirus subgenus which does
not compete with ACE2 binding [208]. This epitope, which
we are labeling as RBD-5B based on descriptions by Hastie
et al. [290], mostly focuses around residues N334-to-R346,
also contains a glycan attached to N343, does not overlap
with any of the mutations associated with VOCs prior to
Omicron [209]. Omicron BA.1.1 has the R346K mutation
which, based on epitopes, should cause significant alteration
in binding to antibodies of the RBD-4, RBD-5A, or RBD-5B
groups (Fig. 6A).

Due to its epitope on the outer face of the RBD, sotro-
vimab can bind RBDs in both the open (up) and closed
(down) conformations. RBD binding ELISA EC50 values
for VIR-7831 and VIR-7832 were 20.40 ng/mL and 14.9
ng/mL, respectively, the affinity (K;) measured by SPR for
sotrovimab was 210 pM. S309, the precursor to both VIR-
7831 and VIR-7832, buries a surface area on RBD of 1150
A2 (Table 5; [208]). In a cell-based assay, VIR-7831 and
VIR-7832 demonstrate viral neutralization with ICs, val-
ues of 100.1 and 78.3 ng/mL, respectively, and ICy, values
of 186.3 and 253.1 ng/mL, respectively [209]. Sotrovimab
also neutralized live virus with an ICs, of about 100 ng/
mL (Table 5). Key residues for binding of S309, the pre-
cursor to sotrovimab, to RBD include P337, E340, N343,
N343GLCN, T345, R346 (Table 5). Based on those data,
it is not surprising that the neutralizing activity of sotro-
vimab (VIR-7831) was abolished by mutations P337L/R or
E340A/K [209]. Due to the very different epitope from many
of the antibodies toSARS-CoV-2 (Table 5), sotrovimab
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was found to be resistant to all of the RBM-based muta-
tions found in the VOCs and VOIs [209]. Additionally, both
sotrovimab (VIR-7831) and VIR-7832 are resistant to VOCs
Alpha (B.1.1.7, UK variant), Beta (B.1.351, South African
variant), and Epsilon (P.1, Brazilian variant) [209], but
lose approximately two- to threefold neutralization activity
against Omicron [405] (Table 6).

Sotrovimab, which is currently being studied in Phase 11/
III clinical trials, received an EUA from the FDA on 26 May
2021, shortly after receiving an EUA from the EU on 21
May 2021. The EUAs are based on the Phase II/IIl COMET-
ICE clinical trials , in which it demonstrated an efficacy of
85% [155] (Table 3). Currently, the EUAs are limited to
500 mg IV infusions, but sotrovimab is also being studied
for possible IM injections (Table 2). Sotrovimab recently (2
December 2021) received full approval in the UK (Table 2).
Due to its partial loss of activity against Omicron BA.1 and
significant loss of activity against BA.2 [109, 407], the FDA
limited use of sotrovimab in certain georgraphical areas in
which sotrovimab-resistant Omicron variants were prevelant
[418].

VIR-7832, which is currently in Phase I/II clinical tri-
als (NCT04746183) also has been modified in its Fc with
the “GAALIE” (G236A, A330L, 1332E) mutations in the
Fc domain which have been associated with activation of
CDS8* T cells in other respiratory viral infections [419]. The
GAALIE mutations in VIR-7832 were shown to enhance
binding to FcyRIla and FcyRIlla without a concomitant
increase in binding to FcyRIIb, which reportedly activates
CD8™* T cells to respond to respiratory viral infections [209].
The increased activating receptor Fc activity has not been
associated with a concomitant increase in ADE [209].

5.3.6 AZD7442

AZD7442 is a fixed-dose combination of two antibodies, cil-
gavimab (aka AZD1061, COV2-2130) and tixagevimab (aka
AZD8895, COV2-2196) (Tables 2 and 3), both of which
were isolated from the B cells of convalescent patients at
Vanderbilt University [210]. Both tixagevimab (AZD8895)
and cilgavimab (AZD1061) are modified IgG1x isotypes that
bind non-overlapping epitopes on the RBD of SARS-CoV-2
[210, 211]. Both antibodies possess the “TM” triple muta-
tions L234F/L235E/P331S described by Oganesyan et al.
[420] to decrease their binding to human FcyRI, FcyRlla,
FcyRlIlla, and Clq, resulting in reduced ADCC, ADCP, and
complement-dependent cytotoxicity (CDC). These muta-
tions also reduce the theoretical risk of ADE [196]. Addi-
tionally, both antibodies have the M252Y/S254T/T256E
“YTE” modification [421] in their Fc to extend their half-
life in circulation (called “LAAB, long-acting antibody”). It
was recently demonstrated that a 300 mg intramuscular dose
of AZD7442 resulted in serum titers tenfold and threefold

above those of convalescent plasma at 3 and 9 months,
respectively, indicating that one dose of AZD7442 could
potentially provide protection for up to a full year [422].

Cilgavimab (AZD1061, COV2-2130) is a human IgGlk
antibody derived from B cells from a convalescing patient.
It is a VH3-15/VK4-1 germline derived antibody that bur-
ies a surface of 740 A% on RBD [211]. The potency of cil-
gavimab in pseudovirus assays and authentic virus assays is
1.6 ng/mL and 107 ng/mL, respectively (Table 5). The key
residues bound by cilgavimab include K417, K444, V445,
G485, F486, N487, C488 (Table 5), placing it into epitope
group RBD-4 (Table 5). This is a non-overlapping epitope
with tixagevimab (PDB ID 7L7E), which allows the two
antibodies to bind SARS-CoV-2 RBD simultaneously [211].
Cilgavimab is most sensitive to potential escape mutations
N444R/E [211].

Tixagevimab (aka AZD8895, COV2-2196) is a human
IgGlxk antibody derived from B cells from a convalescing
patient. It is a VH1-58/VK3-20 germline derived antibody,
similar to S2E12 [211, 299], and has significant sequence
similarity and nearly identical RBD-binding interface as
S2E12, the prototypical antibody of the RBD-2 epitope
group. Tixagevimab displays an interesting binding motif,
forming an “aromatic cage” at the VH/VL interface using
essentially germline-encoded residues from CDR-L1, CDR-
L3, CDR-H2, and CDR-H3 [211]. This similar binding motif
has apparently been found in several antibodies isolated
from convalescent patients [211]. Tixagevimab also has a
disulfide bond “staple” in CDR-H3 that is required for opti-
mal activity; again, this feature has been observed in sev-
eral clonotypes from convalescent patients, suggesting that
these features together are common in the B cell response
to SARS-CoV-2 [211].

Tixagevimab buries a surface of 650 A2 on RBD [82],
and is very potent, with neutralization in pseudovirus and
authentic virus assays of 0.7 ng/mL and 15 ng/mL, respec-
tively (Table 5). The key residues bound by tixagevimab
include A475, G485, F486, N487, and C488 (Table 5), plac-
ing it into epitope group RBD-2 (Table 5). Tixagevimab
is most sensitive to potential escape mutations at residues
G476, F486, and N487 [323, 371]. Together, cilgavimab
(AZD1061, COV2-2130) and tixagevimab (AZD8895,
COV2-2196) are very potent against both specific mutations
[211] and current VOCs/VOIs [386, 423], including reten-
tion of activity against Omicron BA.1 (Table 6).

To date, AZD7442 is being developed as a prophylactic
antibody combination rather than as a therapeutic combina-
tion as many of the other lead antibodies such as REGEN-
COV™, Additionally, AZD7442 is being developed as both
an IV infusion as well as an intramuscular (IM) injection. In
June 2021, readouts from the Phase III STORM CHASER
trial (NCT04625972 [7]) on the safety and efficacy of
AZD7442 for the prevention of symptomatic COVID-19 in
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participants recently exposed to SARS-CoV-2 did not meet
primary endpoints. While AstraZeneca continues to mine
the data from that trial and run additional trials on prophy-
laxis for subsets of subjects such as those who have not been
vaccinated but remain PCR-negative, development will now
be more difficult and restrictive. On the other hand, in the
PROVENT trial (NCT04625725 [7]), AZD7442 was dem-
onstrated to reduce development of symptomatic COVID-19
by 77% for up to 183 days (~ 6 months), demonstrating a
path forward for long term prevention [379], which led the
FDA to issue an EUA on December 8 2021 for AZD7442
(tradename Evusheld™) for long-term (up to 6 months) pre-
exposure prophylaxis in immunocompromised subjects, and
individuals who cannot be vaccinated against SARS-CoV-2
for medical reasons [424].

5.3.7 Amubarvimab (BRII-196, P2C-1F11)
and Romlusevimab (BRII-198, P2B-1G5)

Amubarvimab (BRII-196, P2C-1F11) and romlusevimab
(BRII-198, P2B-1G5) are two human IgG1 antibodies
derived from B cells from convalescent patients, isolated
as part of a huge antibody isolation and analysis program in
China [212]. In that screen, P2C-1F11, P2B-2F6, and P2C-
1A3 were the most potent, with ICy, values in pseudovirus
assays of 30, 50 and 620 ng/mL, and 30, 410 and 280 ng/mL
in SARS-CoV-2 live virus assays, respectively [212, 213].
From these data, P2C-1F11 was chosen to be one of two
antibodies in a cocktail. Eventually, the non-overlapping
antibody, P2B-1G5 (BRII-198), was chosen as the second
of the pair, although little information has been published
on that candidate.

Amubarvimab (BRII-196, P2C-1F11) is a human
IgG1x antibody derived from B cells from a convalescing
patient. It is a VH3-66/VK3-20 germline derived antibody
that binds RBD with an affinity of 1.7 nM and buries a
surface on RBD of 955 A% [212]. BRII-196 has a neu-
tralization potency of 30 ng/mL in both pseudovirus and
authentic virus assays (Table 5). BRII-196 belongs to the
RBD-1 epitope group (Table 5) and the key residues it
binds include L455, K458, S459, A475, E476, F486, N487
(Table 5). A key feature of BRII-196 is that it causes rapid
shedding of the S1 subunit, inhibiting its ability to enter
cells [213]. This additional mechanism of action is shared
by some (e.g., S2E12 and S2X259 induce S1 shedding as
well; Table 5), but not all (i.e., P2B-2F6 was shown not to
induce S1 shedding), RBD binding antibodies. BRII-196
is most sensitive to potential escape mutations Y421A,
L455A, F456A, R457A, Y473A, N487A, and Y489A
[213]. The amubarvimab-romlusevimab combination prod-
uct received full approved by the China National Medical
Products Administration (NMPA) on 8 December 2021,
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and is currently in late-stage clinical trials for broader geo-
graphical registration [212] (Table 2). Brii Biosciences Ltd
has recently (10/8/21) submitted an EUA application to
the FDA for use of amubarvimab plus romlusevimab for
treatment of COVID-19.

5.3.8 BMS-986413 (C144-LS) and BMS-986414 (C135-LS)

BMS-986413 (C144-LS) is a human IgGIA antibody
derived from B cells from a convalescing patient. It is a
VH3-53/VL2-14 germline derived antibody that competes
with ACE2 binding [276], has an affinity for SARS-CoV-2
RBD of 18 nM [217], and buries a surface area of 689
A2 on RBD [345]. The potency of C144 in pseudovirus
assays and authentic virus assays is 4 ng/mL and 2.6 ng/
mL, respectively (Table 5). The key residues bound by
C144 include Y449, Y473, A475, F486, Y489, F490,
P491 (Table 5), consistent with its addition to the RBD-2
epitope group (Table 5). A characteristic of C144, shared
by certain other RBD-binding antibodies such as BG10-
19, is the ability to bind two RBDs simultaneously, one
with primary binding activity that competes with ACE2
binding, while binding a second RBD at a distal site [276].
This cross-linking locks the RBDs in a closed conforma-
tion adding to the overall potency of the response. C144
is most sensitive to potential escape mutations E484K and
Q493R [277, 425].

BMS-986414 (C135-LS) is a human IgGlk antibody
derived from B cells from a convalescing patient. It is a
VH3-30/VK1-5 germline derived antibody that has an affin-
ity for SARS-CoV-2 RBD of 6 nM, burying a surface of
700 A2 on RBD [276]. The potency of C135 in pseudovirus
assays and authentic virus assays is 17 ng/mL and 3 ng/
mL, respectively (Table 5). The key residues bound by C135
include N343, the N343 glycan, N439, N440, and L441,
similar to S309 (sotrovimab) (Table 5). Thus, it was placed
into epitope group RBD-5B (Table 5). The epitope for C135
does not overlap with the primary epitope of C144, but inter-
estingly, the C135 epitope overlaps significantly with the
C144 distal binding site (its binding site on the “second”
RBD). As an RBD-5B epitope mAb, C135 is essentially
resistant to all mutations in the RBMs exhibited by VOCs
and VOIs. C135 is most sensitive to the potential escape
mutations R346S and N440K, with partial sensitivity to
mutation N439K [276].

Both C135 and C144 have been modified by insertion of
the M428L/N434S (“LS*) mutations which increase the cir-
culating half-life of the antibodies by modifying the interac-
tion with the recycle receptor, FcRn [417]. The C135/C144
cocktail is currently in Phase II/III clinical trials, includ-
ing participation in the large ACTIV-2 trial of ambulatory
patients (Table 2).
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5.3.9 LY-CoV1404

Eli Lilly placed a back-up antibody, LY-CoV 1404, into
clinical trials, where it is currently in Phase II (Table 2).
LY-CoV1404 belongs to the RBD-5A epitope group, so
it interacts with RBD residues mostly at the periphery
or outside the ACE2 binding site, with an epitope that
significantly overlaps that of imdevimab [214]. This anti-
body, however, is both more potent than imdevimab, with
IC5ys for pseudovirus and authentic virus neutralization
assays of 1-3 ng/mL and 9-22 ng/mL, respectively [214],
and more broadly acting than imdevimab. Even though
LY-CoV1404 binds N439 and N501, both residues of
which are found in certain variants (Fig. S2), it retains
complete neutralization capability on variants possess-
ing those mutations. As a result, LY-CoV 1404 has sub-10
ng/mL neutralization potency against all variants tested
(Table 6), making it a very interesting candidate of the
future, against a known and proven epitope. In the face of
the new Omicron mutants BA.1 and BA.2, both of which
are potently neutralized by bebtelovimab (Tables 6, 7), the
FDA granted bebtelovimab an EUA on 11 February 2022
[380], even though clinical data had yet to reach statistical
significance [381].

5.4 New, Highly Potent Antibodies

The most pressing issues with antibodies to SARS-CoV-2
are the ability to neutralize at high potency, and the ability
to potently neutralize variants that arise over time. As shown
in OSM Fig. S3, even within a single immunocompromised
patient, multiple mutations arose in less than 6 months.
Some of the early antibodies, such as bamlanivimab, were
able to potently neutralize wild-type SARS-CoV-2 (e.g.,
Wuhan B.1), but were susceptible to many of the mutations
that quickly arose in the VOCs (Fig. 2). In an analysis of
polyclonal sera, it was demonstrated that the three most sen-
sitive positions in the RBD to potential escape mutations
were found to be F456, E484, and F486 [322]. Similarly, in
a separate study, mutations in residues K417, N439, 1.452,
E484, and N501 were found to have the greatest negative
effect on both antibodies and vaccine-induce antibody
responses [431]. These residues are all part of the RBD and
all but K417 are part of the RBM linear sequence to which
ACE2 binds (OSM Fig. S2). Additionally, many of these
residues are mutated in the current VOIs and VOCs (Fig. 2).
Thus, these is a constant search for new antibodies that bind
SARS-CoV-2 RBD with high affinity and neutralize both
wild-type and all known variants with IC5,s <100 ng/mL.
Some new candidate antibodies that fit this profile are noted
below.

5.4.1 ADG-20

ADG-20, which is a half-life extended version of ADG-2,
a human antibody isolated from SARS-CoV-1 convalescent
patients and affinity matured using yeast display [219], also
appears to fall into the RBD-5A epitope group based on
a figure of it binding to RBD [220], but this will need to
be confirmed once structural data are published (Table 5).
ADG-2 is highly potent, with an affinity of 260 pM for RBD
and neutralization ICs,s against both SARS-CoV-1 and
SARS-CoV-2 of 1 ng/mL [219]. One of the key features
to ADG-2 is that it recognizes all Clade I Sarbecoviruses,
indicating that it has enormous breadth of coverage [219],
which could be important both for future variants and pan-
demics. While data for ADG-2/ADG-20 against important
variants are not yet published in peer-reviewed journal, data
from Adagio’s S1 filing indicate that ADG-20 has 1-5 ng/
mL ICs, neutralization activity against all variants tested,
including all current VOCs [220], except Omicron, where
it loses significant (approximately 250- to 500-fold) activ-
ity against BA.1 (Table 6) and essentially all neutralization
activity against BA.2 [109, 407]. ADG-20 is currently in
Phase II/11I clinical trials (Table 2) and is being developed
as an intranasally delivered antibody [220].

5.4.2 IGM-6268

IGM-6268 is a potent IgM that is derived from CoV2-14,
an antibody isolated from a naive human antibody library
[244-246]. This antibody appears to belong to the RBD-2
epitope class and as an IgG has an affinity for SARS-CoV-2
RBD of 4.3 nM (Table 5). Conversion to an IgM isotype,
however, improved the binding avidity to RBD by about
14-fold through the high avidity of IgM [245]. Similarly,
the improvement in neutralization activity by converting
an IgG to an IgM is about 230-fold against wild-type virus
[245]. Interestingly, with mutant viruses such as Gamma
and Beta, the IgG format exhibited approximately a 100-
fold reduction in potency, whereas the IgM format retained
very high potency [245]. IGM-6268 has demonstrated sig-
nificant neutralization potency against those variants thus
far tested including Omicron BA.1 [410] (Tables 6 and 7).
This antibody, formatted as an IgM, is being developed by
IGM Biosciences as an intranasally delivered antibody and
is currently in Phase I clinical trials [410] (Table 2).

5.4.3 SARS2-38

A very recent report described a new anti-SARS-CoV-2
antibody, SARS2-38, that also fits into the epitope group as
imdevimab and LY-CoV1404 [409]. This murine-derived
antibody had good affinity for RBD at 6.5 nM and was
highly potent, with ICs,s for neutralization around 2 ng/
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mL. Importantly, SARS2-38 was able to neutralize all the
VOC:s tested, including Delta, at IC5s below 7 ng/mL [409]
(Table 6). Additionally, SARS2-38 provided full protection
of mice against both Beta and Kappa variants of SARS-
CoV-2 [409]. With the expectation that this antibody retains
its fully functionality upon humanization, it could be another
exciting, highly potent and variant-resistant candidate from
the RBD-5A epitope group.

5.4.4 B.1-182.1 and S2E12

S2E12 [299, 390, 404] and B.1-182.1 [391] are highly simi-
lar antibodies that share the same germlines, similar CDRs
[391], similar epitopes (both belong to the RBD-2 epitope
group; Table 5), and potency against wild-type SARS-CoV-2
(ICsps of 2 ng/mL). Importantly, both antibodies retain virtu-
ally all of their potency against wild-type SARS-CoV-2 and
its variants, including Delta (Table 6). While neither of these
antibodies currently appears to be in development, both of
them have the characteristics that make them attractive as
next-generation antibodies to SARS-CoV-2. Both antibod-
ies have some activity against Omicron BA.1, with S2E12
having about fourfold better potency in pseudovirus assays
(Table 7).

5.4.5 6D6, 7D6, and S2H97

Two recently described broadly-CoV neutralizing murine
antibodies, 6D6 and 7D6, are unique amongst those
described in this review, for several reasons. First, they
bind RBD with very high affinity (low pM Kp,) to a cryp-
tic epitope region (SARS-CoV-2 RBM residues 346-355,
466-471) that is on the opposite side of the RBD from the
RBM [432]. The epitope for these antibodies is not available
in either the open or closed RBD state, but appears to be
exposed transiently during inter-domain movements within
the spike protein. While these antibodies were not overly
potent in viral infectivity assays (low pg/mL ICs, values),
likely due to the limited access to the cryptic epitope site,
they are resistant to all of the currently known VOCs up to
Omicron, which has not been tested with these antibodies to
our knowledge. As noted in Section 7, the proposed MOA
for these antibodies is the destabilization of the spike and
induction of S1 shedding to reduce infectivity [432].
S2H97, described in a separate study [261], shares some
characteristics with 6D6 and 7D6. It also binds a cryp-
tic epitope opposite of the SARS-CoV-2 RBM with high
affinity, with about a 25% overlap of the 6D6/7D6 epitope
(Fig. 5). The epitope for S2ZH97, which skews slightly more
towards the RBD-7 epitope shown in Figure 3, is present
across all clades of Sarbecovirus. Additionally, S2ZH97
appeared to be highly resistant to mutations, but results
against VOCs were not reported [261]. S2H97 also induces
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S1 shedding and inhibits conversion of S to the post-fusion
state, blocking cell entry [261]. Interestingly, considering its
highly conserved epitope, S2H97 neutralizes Omicron BA.1
only at about an ICy, of 1.3 pg/mL, about four- to fivefold
poorer than its neutralization of wild-type virus [406].

5.5 Antibodies Against Omicron Variants

The emergence of Omicron BA.1, BA.1.1, and BA.2 since
November 2021 has resulted in a significant shift in the use
and discovery of new antibodies targeting SARS-CoV-2.
Currently in the US, BA.1/BA1.1 comprise about 96.2%
of all COVID-19 infections (CDC), with BA.1.1 (BA.1 +
R346K mutation) making up three-quarters of that total
[76]. BA.2, which has lagged behind BA.1 in infections,
currently comprises about 3.8% of all COVID-19 infection
in the US [76]. As shown in Table 6, several of the key anti-
bodies that have been approved via the EUA process, includ-
ing REGEN-COV™, bamlanivimab plus etesevimab, and
Regkirona™, do not neutralize Omicron BA.1. Similarly,
as compared with wild-type SARS-CoV-2 (e.g., WA-1),
Sotrovimab lost two- to threefold activity against BA.1 and
BA.1.1 but 10- to 20-fold against BA.2 (Table 7). Addi-
tionally, the vast majority of other antibodies, especially
those that compete with ACE2 binding, tested against BA.1
were inactive or marginally active against that variant [109,
405-408]. As pointed out by others [109, 406408, 428,
433], antibodies that compete with ACE2 (largely RBD-1
epitope antibodies; Figs. 6A, B, 7A) are usually ineffective
against Omicron BA.1. Interestingly, the S371F/L mutation
present in both BA.1/BA.1.1 and BA.2 appears to play a sig-
nificant role in resistance of the Omicron variants to several
antibodies [109, 433], even though that particular residue
is part of the epitope only of a few antibodies, particularly
those of the RBD-6/RBD-7 epitope groups (Figs. 6A, B
and 7B) and C144 and BG10-19, which bind a second RBD
using that residue as part of their epitope (Fig. 6A).

Thus far, LY-CoV1404, an RBD-5A epitope group
antibody, appears to have the greatest activity against all
three Omicron variants (Table 7). Interestingly, BRII-198
(P2B-1GS5) has good activity against BA.1, but loses activ-
ity against BA.1.1, which has only the additional E346K
mutation [109, 408]. Since the epitope of BRII-198 has not
been made public yet, the structural basis for this difference
is not apparent. Additionally, several antibodies can neutral-
ize BA.1 but lose significant activity against BA.2, which
is significantly different from BA.1 in its mutational pro-
file (see Fig. 6A, B). These include sotrovimab (RBD-5B),
DH1047 (RBD-6), and S2X259 (RBD-6) [109]. Conversely,
cilgavimab has no activity against BA.1 or BA.1.1, but is
quite potent against BA.2 [109] (Table 7).

These data have translated into regulatory activity
in the USA, including limiting EUA-authorized use of
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6D6/7D6 epitope (yellow)
ACE2 binding residues (white)
Epitope overlap

|, S2H97 epitope (green)

Fig.5 A filled structure (PDB ID 7CHS5) showing the “backside” of
SARS-CoV-2 RBD (rotated 180° from Fig. 4) and the epitopes for
antibodies S2H97 (green; [261]) and 6D6/7D6 (yellow; [432]). A
small portion of the ACE2 binding site (white) can be seen peak-
ing around the edge. The S2H97 and 7D6 epitopes are based on the
structures shown in PDB IDs 7M7W and 7EAM, respectively. The
area denoted by the red circle indicates the area in which the epitopes
overlap. The PDB program [201, 202] was used to generate and anno-
tate the structures. ACE2 angiotensin-converting enzyme-2, PDB Pro-
tein Data Bank

REGEN-COV™ and bamlanivimab plus etesevimab in the
USA while Omicron is still dominant [415], limiting the use
of sotrovimab to geographical areas apparently not impacted
by Omicron BA.2 [418], granting of an EUA for EvuSheld™
(AZD7442; tixagevimab + cilgavimab) for pre-exposure
prophylaxis in high risk populations [424], and granting of
an EUA for bebtelovimab, for treatment of COVID-19 for
patients with any variant [380]. The EUA for EvuSheld™ in
the face of Omicron BA.1 depends on the combined activ-
ity of the combined antibodies, neither of which alone is
very potent (Tables 6 and 7); it is known that cilgavimab
has excellent neutralization activity against BA.2, which is
critical moving forward. Similarly, the EUA granted for the
use of bebtelovimab is interesting because it was granted
based on clinical safety data and preclinical data showing
incredible potency against Omicron BA.1, BA1.1, and BA.2,
but in the complete absence of statistically relevant clinical
data [381].

Table 7 shows several examples of existing and new
antibodies with activity against Omicron variants. Unfortu-
nately, as of the final writing of this paper, most have been
tested against just BA.1 and/or BA1.1. Of those antibodies
tested against all three important Omicron variants, several
very recently described antibodies that bind away from the
RBM (BD55-5840, BD55-3546, BD55-5549, BD55-3372,
BD55-5514, BD55-5483, BD55-5558) have excellent activ-
ity against all three variants [407] (Table 7).

It is noteworthy that at least three of the antibodies tar-
geting Omicron variants are intended to be dosed locally
into the respiratory tract via either inhalation or intranasal
dosing. CT-P63, which has been reported to neutralize Omi-
cron, is combined with regdanvimab (CT-P59) and is prepar-
ing to enter Phase III clinical testing as an inhaled biologic

[241]. IGM-6268, which neutralizes BA.1 with an ICs, of
230 ng/mL is in Phase I clinical trials for intranasal dosing
[410]. STI-9199, which is the intranasal formulated version
of STI-9167, has potent neutralizing activity against both
BA.1,BA.1.1, and BA.2 and is being readied for an IND in
early 2022 (Table 7).

Finally, Sheward et al. [413] demonstrated that RBD-1
group antibodies of the IGV3-53 germline, i.e., ACE2-
competing antibodies that would normally not be expected
to bind or neutralize the Omicron variants well, could be
affinity matured to be potent Omicron neutralizers. One of
their affinity-matured antibodies, CAB-B37, was a potent
neutralizer of every variant tested, including Omicron BA.1
(Tables 6 and 7). In a separate high affinity approach, two
nanobodies, Nbl and Nb2, were fused to an IgG1-Fc to make
a biparatopic, bispecific antibody-like construct that neutral-
ized Omicron BA.1 with an ICs, reported to be 1.7 pM,
which would translate to approximately 0.2 ng/mL [330].
It will be interesting to see if these ultra-high potency con-
structs translate into development candidates at some point.

Beyond these individual antibodies targeting Omicron,
antibody mixtures such as Immunome IMM20253 [434],
SAB-185 (Table 1), the fully human IgG antibody hyper-
immune plasma from transgenic cows [200], and the glyco-
humanized polyclonal preparation from swine, XAV-19
(Table 1) [197], all have been demonstrated to neutral-
ize Omicron BA.1. Their activity against BA.2 is as yet
unknown publicly.

6 Epitope Classes of SARS-CoV-2 Antibodies
6.1 Overview of SARS-CoV-2 Epitopes

Essentially all antibodies studied for the ability to neutralize
SARS-CoV-2 target the spike protein (OSM Fig. S1), i.e.,
the viral protein mechanistically responsible for both tropism
and target cell entry. Of these, most are focused on three
different types of epitopes in the RBD. The first of these is
the RBM sub-domain, which is responsible for recognizing
and binding the SARS-CoV-2 receptor, ACE2 (Fig. 4A).
The second and third epitope regions in the RBD core are
cryptic sites on the inner and outer sides of trimeric interface
(Fig. 4A), which serve as a scaffold to maintain the RBD
structure [388]. All three of these epitope regions contain
susceptible epitopes for nAbs [276, 277, 290] (Figs. 6A, B).
Two other major regions in the spike protein that provide
interesting targets for nAbs are the NTD and the S2 domain,
which will be discussed later in this section.

Several different research groups have categorized
RBD-binding antibodies according to the epitopes to which
they bind, as well as characteristics associated with those
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A N334 R346 s$371 K386 R403 K417
WT Ccov2 317 NFRVQPTESIVRFPNITNLC v ISNCVADYS KC INDLCFTNVYADSEVT: I. KIADYNYK 424
ALPHA (B.1.1.7) NFRVQPTESIVRFENITNLC v ISNCVADYS KC INDLCFTNVYADSEVT; I. TADYNYK
B mEma (8.1.351) NFRVQPTESIVRFENITNLC v ISNCVADYS KC LNDLCFTNVYADSFVIRGDEVRQIAPGQTGNIADYNYK
C camm (P.1) NFRVQPTESIVRFENITNLC v ISNCVADYS KC INDLCFTNVYADSEVT; I TIADYNYK
(0 DELTA (B.1.617.2) NFRVQPTES IVRFENITNLC! v ISNCVADYSV LNDLCFTNVYADSFVIRGDEVRQIAPGQTGNIADYNYK
‘T 1AaMBDA (C.37) NFRVQPTESIVRFPNITNLC! ISNCVADYSVLYN ILNDLCFTNVYADSFVI QT TADYNYK
(O omIcRON Ba.1 (B.1.1.529) NFRVQPTES IVRFENITNLCPFD v ISNCVADYSVLYNLAPFETFKC LNDLCFTNVYADSEVI: QI NIADYNYK
> omicron Ea.2 NFRVQPTES IVREFPNITNLCPED! T ﬂrmysvz.mgngrgmcysvsrm.mmrmwmsmmvsqmcqmsummm
BARNES YUAN  HERE
ETESEVIMAB (JS-016, CB6) NFRVQPTESIVRFPNITNLCPEGEV. v ISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVI gm 1 RBS-A
BRII-196 (P2C-1F11) NFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRI SNCVADY SVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSEVI] GDEVRQIAP
c102 NFRVQPTES IVRFPNITNLCPFGEVFNATRFASVYAWNRKRI SNCVADY SVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSEVI] GDBVRQIAPGQ' 1
HFB30132A (P4A1-23) NERVQPTESIVREENITNLCPFGEVENATRFASVYAWNRKRI SNCVADY SVLYNSASFSTFKCYGVSPTKLNDLCETNVYADSEVT cazvngmcqr RBD-1
COR-101 (STES0-C11) NE'RVQPTESIVRFPNITN’LCPFGEVMMASWAWNRKRISNCVADYSVLYNSASF?TE’KCYGVSPTKINDLCFTNVYADSFVI\
BD-629 NFRVQPTESIVRFENITNLCPFGEV TSNCVADYSVLYNSASFSTFKC LNDLCFTNVYADSEVI] TAP RBS-A
cc12.3 vagwnsrvumrmmprcavmmunswmmx SNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCETNVYADSFVI] 1 RBS-A
S2E12 vangssImmxmprmmmswmmmsncvmysvmmsasrsTmcywsrmmmrwwwswmcozvmmcgmlmm
CASIRIVIMAB (REGN10933) NFRVQPTESIVREPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADY SVLYNSASFSTFKCYGVSPTKINDLCFTNVYADSFVIBGDEVRQIAPGQTGRIADENYK 1
TIXAGEVIMAB (AZD8895) NFRVQPTESIVRFPNITNLCPFGEV v I SNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK
B1-182.1 NFRVQPTESIVRFPNITNLCPFGEV I SNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGOTGRTADENYK
BMS-C144 NFRVQ?TESIVR.E‘E'NITNLCPE'@VFNATRFASVYAWNRKRISNCVADYSVLWSASESTFKCYWSPMNDMFWVYADSFVIRG‘)EVRQIAPGQT IADYNYK 2
HLX70 NFRVQPTESIVRFPNITNLCPFGEVENATRFASVYAWNRKRI SNCVADY SVLYNSASESTFKCYGVSPTKLNDLCFTNVYADSEVIRGDEVRQIAPGQTGKIADYNYK
BAMLANIVIMAB (LY-COV555) NFRVQPTESIVRFENITNLCEFGEVENATRFASVYAWNRKRI SNCVADY SVLYNSASFSTFKCYGVSPTKLNDLCETNVYADSFVIRGDEVRQTAPGQTGKIADYNYK RBD-2
REGDANVIMAB (CT-P59) NFRVQPTESIVRFENITNLCPFGEV v ISNCVADYSVLYNSA KC LNDLCFTNVYADSFVIRGDEVRQIAPGQTGRIADYNYK
$ CA521 LYCOVMAB NFRVQETESIVRFENITNLCPFGEV ISNCVADYSVLYNSA KCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK
Q Ccova2-39 NERVQETESIVREPNIMCPEGEVMMASWAWMISNCVADYSVL!NSASESTEKCYGVSPMNDMFWADst'vm@mgmcqrclmbmx 2  RBS-B
O cvo7-250 NFRVQPTESIVRFENITNLCPFGEVENATRFASVYAWNRKRI SNCVADY SVLYNSASFSTFKCYGVSPTKLNDLCETNVYADSFVIEGDEVRQTAPGOTGRIADYNYK RBS-B
+ aB2-4 NFRVQPTESIVRFENITNLCPFGEVENATRFASVYAWNRKRI SNCVADY SVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSEVIRGDEVRQTAPGQTGKIADYNYK 2 RBS-B
O IGM-6268 (COV2-14) NFRVQPTESIVRFENITNLCPFGEV v ISNCVADYSVLYNSA KC LNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK
Q@ P2B-2F6 NFRVQPTESIVRFPNITNLCEFGEVENA' WNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK 2  RBS-C
>. CV07-270 NFRVQPTESIVREFPNITNLCEFGEVENA' SNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK RBS-C
T ABP-300 (MWO5) NFRVQPTESIVRFPNITNLCEFGEV ISNCVADYSVLYNSA VSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK
O BD-368-2 NFRVQPTESTVRFENITNLCPFGEVENATHFASVYANNRKR SNCVADY SVLYNSASFSTFKCYGVSPTKINDLCFTNVYADSFVIRGDEVRQTAPGQTGKIADYNYK RBD-4
O  CILGAVIMAB (AZD1061) NFRVQPTESIVRFPNITNLCEF "ASVYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK
=  BG10-19 NFRVQPTES IVRFPNITNLCPEGEVENATRFASV I SNCVADYSVLYNSASESTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK
C  cov2-06 NFRVQETESIVRFPNITNLCPFGEVENARRFASVYARNRKRI SNCVADY SVLYNSASFSTFKCYGVSPTKINDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK
<C novoms (REGN10987) NFRVQPTESIVRFPNITNLCPF "ASVYAWNRKRISNCVADY SVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK 3
LY-COV1404 NERVQPTESIVRFENITNLCEEF "ASVYAWNRKRI SNCVADY SVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSEVIRGDEVRQIAPGQTGKIADYNYK RBD-5A
c110 NFRVQPTESIVRFPNITNLCEF ASV TSNCVADYSVLYNSA KC LNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK 3
S309 (SOTROVIMAB; VIR-7831) NFRVQPTESIVRFPNIENHCEFGEVFNARRFASVYAWNRKRESNGVADYSVLYNSASFSTFKCYGVSPTKINDLCETNVYADSFVIRGDEVRQIAPGQTGKIADYNYK 3 “S3097
BMS-C135 NFRVQPTESIVRFPNITNLCPFGEJENAIRFASVYAWNRKRL SNCVADY SVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK 3 RBD-5B
ABBV-47D11 NFRVQPTESIVRFPNITNLCEEGEVENATRFASVYAWNRKRI SNCVADESHlYNSASESTFRCYGVS PTRLNDLCFTNVYAD SEVIRGDEVRQTAPGQTGKIADYNYK
COVAL-16 NFRVQPTESIVRFPNITNLCPFGEVE v ISNCVADYSV] LCFTNVYADSEFVIRGD! “CR3022”
MHO5 NFRVQPTESIVRFPNITNLCPFGEV ISNCVADYSVLE} LCFTNVYADSFVIRGD!
HO14 NERVQHESIVRFPNIMCPFGZWTRFASWAWNWISNCVAD!mem LCFTNVYADSEVIR( “WCR3022” RED-6
52%259 NERVQPTESIVREENITNLCPFGEVENATRFASVYAWNRKRISNCVADY. LCETNVYADSFVT;
CR3022 NFRVQPTESIVRFENITNLCPFGEVENATRFASVYAWNRKRISNCVADYSVLENSHS] L} ADSFVIRGDEVRQIAPGQTGKIADYNYK 4  “CR3022”
EY6A NFRVQPTESIVRFPNITNLCPFGEVENATRFASVYAWNRKRI SNCVADYS ADSFVIRGDEVRQIBBGQTGKIADYNYK 4  “CR3022” RED-7
S2H97 NFRVQPTESIVRFENITNLCPFGEVENATRFASVYARNEKRT SNCVADY SVLYNSASFSTFKCYGVSPTKLNDLCFTNVEADSFVIRGDEVRQTAPGQTGKIADYNYK UNIQUE

Fig.6 A, B The sequence of SARS-CoV-2 RBD from residues 317 to
424 (A) and residues 425 to 532 (B), annotated with sequence of the
RBM (underlined in B) and the 17 residues to which human ACE2
bind (blue shaded residues and asterisks). Additionally, mutations
found in each of the major variants (yellow shaded residues; gray
shaded for those mutations only found in some of the isolates of that
variant), and epitopes for 40 antibodies known to target SARS-CoV-2
RBD (red letters/green shade) are provided. Purple shaded residues
are those epitopes to which those particular antibodies bind to a sec-
ond RBD at the distal end of the RBD (intraspike cross-linkers). The
epitopes were retrieved from several references, including Barnes
et al. [276], Yuan et al. [277], Niu et al. [435], Deshpande et al. [436],
Dumet et al. [400], and Wang et al. [391]. Additional epitopes not
adequately described in the literature were determined or corrected
using the Protein Data Bank entries for the RBD-antibody co-crys-
tal structures, with identification of the epitopes based on residues

epitopes. The most widely recognized epitope classifica-
tion of anti-RBD antibodies has been generated by Barnes
et al. [276], who subdivided RBD-binding antibodies into
four classes. Since that classification, Niu et al. [435], Desh-
pande et al. [436], Wang et al. [382], and others have fur-
ther refined the four classes proposed by Barnes et al. [276]
and included additional members for each class. Moreover,
Yuan et al. [277], who analyzed the anti-SARS-CoV-2 RBD
epitopes on the basis of buried surface area (BSA) instead
of linear sequence, arranged groups of anti-SARS-CoV-2
anti-RBD antibodies into three groups RBS-A, RBS-B, and
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within 5 A of the antibody CDR loops. The PDB ID entries used are
provided in Table 5. Epitopes for IGM-6268 (COV2-14) and COV2-
06 [244, 245] were determined based on mutational analysis, so are
likely incomplete. At the right are notations for Classes into which
Barnes et al. [276] placed these antibody epitopes (Classes 1-4), nota-
tions for how Yuan et al. [277] categorized the RBD-binding antibod-
ies (RBS A-through-C and “S309-like” and “CR3022-like”), and the
epitope groups into which we are currently placing these antibodies
(RBD1-7, based on the epitope groupings described by Hastie et al.
[290]. In this Figure, we are equating the epitope of sotrovimab with
the antibody from which it was derived, S309. ACE2 angiotensin-con-
verting enzyme-2, CDR complementarity determining region, PDB
Protein Data Bank, RBD receptor binding domain, RBM receptor
binding motif, RBS receptor binding site, SARS-CoV-2 severe acute
respiratory syndrome coronavirus-2

RBS-C, the A group of which largely overlaps Class 1 of
Barnes et al. [276]. Similarly, Piccoli et al. [296] studied
several anti-SARS-CoV-2 RBD antibodies recovered from
patients and categorized the epitopes of six of them into
various groups, including site 1a, which appears to belong
the Barnes epitope group 1, and 1b, which appears close to
Barnes et al. group 2 [277]. Dumet et al. [400] analyzed all
of the available structures and epitope sequences of antibod-
ies to SARS-CoV-2 and used a modeling program to place
them into seven separate epitope bins. Liu et al. [396] also
described seven epitope groups, A-H, of which groups A,
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B W436 G446 F456 2475 E484 Q493 N501 F515
WT Cov2 425 LPDDFTGCVI G LYRLERKSNLKPFERDISTET NGVEGENCYF GFQPTINGVGYQPYRVVVLSFELLHAPATVCGPKKSTN 532
ALPHA (B.1.1.7) LPDDFTGCVI LYRLFRKSNLKPFERDISTEIYQA K YFPLQEYGFQPTY( QPYRVVVLSFELL VeG
¥ mEma (B.1.351) LPDDETGCVI LYRLFRKSNLKPFERDISTEIYQAS KGENCYF! QPTYGVGYQPYRVVVLSFELL v
C GammA (P.1) LPDDFTGCVI LYRLFRKSNLKPFERDISTEIYQAS YFPLOSYGFQPTYGVGYQPYRVVVLSFELL v
(0 DELTA (B.1.617.2) LEDDFTGCVI RYRLFRKSNLKPFERDISTEIYQAGSK Y Q] QPYRVVVLSFELL v
‘T LaMBDA (C.37) LPDDETGCVI LYRLFRKSNLKPFERDISTET F Q] QPYRVVVLSFELL v
(O OMICRON BA.1 (B.1.1.529) LPDDFTGCVIAWNSNK 7S LYRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGENCYFPLKSYSFRPTYGVGHQPYRVVVLSFELL VCG!
> OMICRON BA.2 LPDDFTGCVIAWNSNK LYRLFRKSNL ERDISTEIYQAGNKEC FPLRSYSFRPTYGVGHQPYRVVVLSFELL VCG!
E I S 23 E ELJ JEENE S 2 2 T 7 2 e BARNES YUAN HERE
ETESEVIMAB (JS-016; CB6) LEDDFTGCVIAWNSNNLDSKVGGNYNYL: FERDISTET PCNGVE! rergsfcror PYRVVVLSFELLHAPATVCGPKKSTN 1  RBS-A
BRII-196 (P2C-1F11) LEDDFTGCVIAWNSNNLDSKVGGNYNYL] FERDISTET PCNGVE [FPLYSYGFQ) PYRVVVLSFELLHAPATVCGPKKSTN
€102 LPDDFTGCVIAWNSNNLDSKVGGNYNYL] SNLKPFERDISTET] PCNGVEG.C (FPLOSEEFOP PYRVVVLSFELLHAPATVCGPKKSTN 1
HFB30132A (P4A1-23) LEDDFTGCVIAWNSNNLDSKVGGNENYL SNLKPFERDISTET] TEC] NCEFPLOSYEF! PYRVVVLSFELLHAPATVCGPKKSTN RBD-1
COR-101 (STES0-C11) LEDDFTGCVIAWNSNNLDSKVGGNYNYL] FERDISTET STPCNGVE 133 13°) PYRVVVLSFELLHAPATVCGPKKSTN
BD-629 LEDDFTGCVIAWNSNNLE NYLS FERDISTET PCNGVE SEGFQ PYRVVVLSFELLHAPATVCGPKKSTN RBS-A
cc12.3 LEDDFTGCVIAWNSNNLE BNy FERDISTEL PCNGV( l: FQ PYRVVVLSFELLHAPATVCGPKKSTN 1  RBS-A
S2E12 LEDDFTGCVIAWNSNNLE NYLYREERRSNLKPFERDISTET] LS YGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN
CASIRIVIMAB (REGN10933) LEDDFTGCVIAWNSNNLE YNY FERDISTEIYQRESTPCN PLYSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN 1
TIXAGEVIMAB ( ) LPDDFTGCVIAWNSNNLI YNYLYREBRESNLKPFERDISTEIYQNGSHBGN CUEGENGE F P1.YS Y GFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN
B1-182.1 LPDDETGCVIAWNSNNLI YNYLYREERRSNLKPFERDISTE I SORGSHFENGUEGENCY - PLYS Y GFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN
BMS-C144 LPDDFTGCVIARNSNN Y v yREERK SNLKPFERDI STE I YQEGSTPCNGVEGENC ¥ EBIOSY GF§PTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN 2
HLX70 LPDDFTGCVIAWNSNNLI YNYLYREERKSNLKPFERDISEEIYQAGSTPCHEVEGENCEEPHEOS YGFQP QPYRVVVLSFELL CG!
BAMLANIVIMAB (LY-COV555) LPDDETGCVIAWNSNNLDSKV( SNLKPFERDISTEIYQAGSTPCN EBPLYSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN RBD-2
REGDANVIMAB (CT-P59) mewm:msmsw%mmzsmnmswm CEErEOSNErOPTNGVGEQPYRVVVLSFELLHAPATVCGPKKSTN
$ CA521 LYCOVMAB LPDDFTGCVIAWNSNNLI YLEREERKSNLKPFERDISTEIYQEGSTPCNGVEGENCER P8 YGFQOP QPYRVVVLSFELL CG!
QO cova2-39 LPDDFTGCVIAWNSNNLDSKVE YLEREERKSNLKPFERDI STEIORCERPCNGHEGENC Y FP1. 988 GFP TNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN 2 RBS-B
O cvo7-250 LEDDFTGCVIAWNSNNLDS: INvLER SNLKPFERDISTEIYQRGSEPCN Ei.B PTHEVGEQPYRVVVLSFELLHAPATVCGPKKSTN RBS-B
=  aB2-4 LPDDETGCVIAWNSNNLDS: SNLKPFERDISTEIYQAGSTPCN FQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN 2  RBS-B
O IGM-6268 (COV2-14) LPDDETGCVIAWNSNNLDSKVGGNYNYL SNLKPFERDISTEIYQRGSTPCNGVEGENCEFPLOSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN
Q P2B-2F6 Lmnmmlmsmnummmmmsmngmswm mcmmpgmcvcmmvvvnsmmﬁuawccmsm 2 RBS-C
> CV07-270 LEDDFTGCVIAWNSNNLE! YRLFRKSNLKPFERDISHEIYQAGSTPCNGUEBGEFNC Y GFPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN RBS-C
O ABP-300 (MWOS) LPDDETGCVIAWNSNNLDS: YRLFRKSNLKPFERDISHEIYQAGSTPCNGVEGENC] Y GF@PTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN
O BD-368-2 LPDDETGCVIAWNSNNLD. YRLFRKSNLKPFERDIS] EI‘[QAGSTPﬁmcﬁYGFQPTNGVGYQmVVVLSE’EWAWCGWSTN RBD-4
O CILGAVIMAB (AZD1061) LEDDFTGCVIARNSHNED YRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGENC YG QPYRVVVLSFELL
4= BG10-19 LWDWIA%LMMMWISEHQAGSTPCNleG.c‘mPLstlFQ: QPYRVVVLSFELL G
C  cov2-06 LPDDFTGCVIAWNSNNLD. LYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGENCYFPLOSYGFQP QPYRVVVLSFELL v
<C nDEVIMAB (REGN10987) LPDDETGCVIAWN: LYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGENCYFPLOSYG! QPYRVVVLSFELL 3
LY-COV1404 LPDDFTGCVIAWN: LYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGENCYFPLOSYG! cYge SFELLHAPATVCGPKKSTN RBD-5A
c110 LPDDETGCVIAWNS! LYRLFRKSNLKPFERDISTEIYQAGSTPCNG YFPI Q Q SFELL G 3
S309 (SOTROVIMAB; VIR-7831) LEDDETGCVIAWNSNMEDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNG YFPLQSYGFQP QPYRVVVLSFELLHAPATVC 3 “s309”
BMS-C135 LEDDFTGCVL. |SKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNG YFPLOSYGFQR QPYRVVVLSFELLHAPATVCK 3 RBD-5B
ABBV-47D11 LPDDFTGCVIARNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLOSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN
COVAl-16 LEPBETGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEL PCNGV] YFPLOSYGEQ) QPYRVVVLSFELL “CR3022”
MWO5 LPDDETGCVIAWNSENLD SKVGGNYNYLYRLFRKSNLKPFERDI STEIYQAGSTPCNGVEGENCYFPLOSYGFQPTNGEGYQPERVVVLSFELLHAPATVCGPKKSTN
HO14 LPDDETGCVIAWNSENLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGV YFPLQSYGFQ)] YRVVVLSFELL “CR3022” RBD-6
S2%259 LEDDFTGCVIAWNSNN NYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGENCYFPLOSYGFQ) QPYRVVVLSFELLHAPATVCGPKKSTN
CR3022 L TAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGENCYFPLOSYGFQPTNGVGYQPYRVVVLS ATVCGPKKSTN 4  “CR3022”
EY6A L TAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGENCYFPLOSYGFQPTNGVGYQPYRVVVLS ATVCGPKKSTN 4  “CR3022” RBD-7
S2H97 TAWNSNNLDSKVGGNYNYLYRLFRKSNLEBRERD T STEIYQAGSTPCNGVEGENCYFPLQSYGFQPTNGVGYQPYR ATVCGPKKSTN UNIQUE

Fig.6 (continued)

B, and C bound to epitopes in the NTD, group D was an
outlier antibody, and groups E-H all bound epitopes on the
RBD. Importantly, they described their epitope grouping as
a Venn diagram, with many significant overlaps between the
groups. Most recently, a consortium of researchers funded
by the Gates Foundation analyzed 186 different anti-SARS-
CoV-2 RBD antibodies in detail [290] and separated them
into seven major epitope groups, a few of which were fur-
ther subdivided based on competitive binding experiments
(Fig. 4, Table 8). The strength of their analysis, which also
resulted in a Venn diagram of epitopes [290], included both
the sheer numbers of antibodies analyzed and the depth of
the analysis. This is offset, however, by the fact that they
code-blinded the data to protect individual intellectual prop-
erty, so very few antibodies known in the literature or which
are in development were identified with particular epitope
classes, making the broader translation of their work more
difficult. In this work, we are attempting to bring together
these various epitope groupings, as well as adding in our
own analysis (Figs. 6A, 6B, 7A, and B), to align antibod-
ies currently in clinical or late preclinical development, as
well as widely studied antibodies as comparators, by epitope
groups.

6.2 SARS-CoV-2 RBD Antibody Epitopes

With respect to SARS-CoV-2 neutralizing antibodies and the
epitopes to which they bind, there are three characteristics
that define antibody activity: (i) neutralization potency; (ii)
breadth of neutralization; and (iii) resistance to mutations.
In most cases, high potency also comes with relatively nar-
row breadth and increased risk of activity loss due to muta-
tions, as will be described in the following sections. On the
other hand, antibodies with broad neutralization capabilities
often are more resistant to mutations. These three properties
largely depend on two factors, binding (e.g., affinity/avidity)
and epitope.

In general, RBD-targeting nAbs, especially those
that interfere directly with ACE2 binding, are generally
more potent than those targeting other domains of the
spike protein [396]. The neutralizing titers for many of
the potent RBD-targeting nAbs can be as low as 1 ng/
mL [395]. The RBM epitopes, such as the epitope for
VH3-53 nAbs described below, are dominant in the B
cell response after infection. Therefore, these epitopes
may be under stronger immune pressure and more likely
to generate escape mutations during repeated worldwide
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Table 7 Examples of antibodies effective against Omicron BA.1 and/or BA.2 variants®

Antibodies Company/insti- Most advanced Epitope group  Description Neutralization ICs, (ng/mL) against Reference
tution stage Omicron variant
BA.l BA.1.1 BA.2

Bebtelovimab  Lilly EUA RBD-5A Human IgG1 2-5 2 2 [109, 214]
(LY-

CoV1404)

Tixagevimab AstraZeneca EUA RBD-2 Human IgGl1 270-1150 470 ND [109, 214, 254,
(COV2-2196) (HLE, FCM) 405]

Cilgavimab AstraZeneca EUA RBD-2 Human IgG1 2178-5850 > 10,000 ~30-50° [109, 254]
(COV2-2130) (HLE, FCM)

EvuSheld™ AstraZeneca EUA RBD-2/RBD-4 Human IgGl 51-418 ND 20 [406, 407, 409]
(AZD7442; (HLE, FCM)
tixagevimab
+ cilgavimab)

Sotrovimab/ Vir Biotechnol- EUA RBD-5B Human IgG1 181-356 314 944-2,200° [109, 214, 405,
S309 VIR- ogy (HLE, FCM) 407]
7831

Romlusevimab  Brii Bio- Approved in RBD-5 1gG ~82° ~5760° ND [109, 382, 408]
(BRII-198) sciences China

VIR-7832 Vir Biotechnol- Phase I RBD-5B Human IgG1 165 ND ND [406]

ogy (HLE, FCE)

IGM-6268 IGM Bio- Phase | RBD-2 IgM; IN 230 ND ND [410]

sciences

DXP-604 Beigene Phase [ RBD-1 IgG 287 ND ND [407]

A23.58.1 NIH PC RBD-2 IgG 231 ND ND [405]

A19-46.1 NIH PC RBD-2 IgG 223 ND ND [405]

B1.182.1 NIH/Academic PC RBD-2 IgG 281 ND ND [405]

S2E12 Vir Biotechnol- PC RBD-2 Human IgG1 38 ND ND [405]

ogy

CAB-B37 Academic PC RBD-1 Affinity- 20 ND ND [413]

matured IgG

Nb1-Nb2-Fc Academic PC ND Biparatopic, ~02 ND ND [330]

bispecific
nanobody-Fc
construct

STI-9167/STI-  Sorrento PC ND Human IgGl1 15 24 SN¢ [254]
9199 ¢ FCM; IN

ZCB11 Academic PC ND Human IgG1 37 12 ND [426]

Bn03 Academic PC RBD-4 Bispecific ~100to 300 ND ND [427]

domain anti-
bodies fused;
INH

mAbs 58,222,  Academic PC ND Various IgGs 12-261 ND ND [80]
p29, p40, p47,
p54

S2N12, S2N28, Vir Biotechnol- PC RBM Compete with ~ 3-17¢ ND ND [406]
S2K146, ogy ACE2
S$2X324

BD55-5840, Academic PC RBD-5 (“E1”) Do not compete 4-27° 4-14 16-58 [407]
BD55-3546, with ACE2
BD55-5549

BD55-3372, Academic PC RBD-7 (“F3”) Do not compete 2-20 ° 3-14 19-105 [407]
BD55-5514, with ACE2
BD55-5483,

BD55-5558
Hu33 Academic PC RBD-5B ND 154 ND ND [428]
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Table 7 (continued)

Antibodies Company/insti- Most advanced Epitope group Description Neutralization ICy, (ng/mL) against Reference
tution stage Omicron variant
BA.1 BA.1.1 BA.2
NAS NIH PC RBD-4 IgGIN 4 ND ND [429]
3B6 NIH PC ND ND 58 ND ND [429]
3B8 Academic PC ND ND <20 ND ND [430]

ACE? angiotensin converting enzyme-2, HLE half-life extended, EUA Emergency Use Authorization received, FCE Fc enhanced for superior Fc
function, FCM Fc muted to reduce Fc activity, IN intranasal delivery, INH inhaled delivery, ND no data, NIH US National Institutes of Health,
PC preclinical, RBD receptor binding domain, RBM receptor binding motif (would compete with ACE2 binding, SN strong neutralizer

4Cut-off for inclusion ca. 500 ng/mL against at least one Omicron variant
"Data extrapolated from neutralization baseline information on wild-type virus and fold-change reported, so should be construed as an estimate
°STI-9199 is the intranasal formulated version of STI-9167

dWhile no numerical data have been presented, Sorrento reported that neutralization of BA.2 was on par with that of LY-CoV 1404, which would
make it a strong neutralizer

¢Since multiple antibody candidates from the same epitope grouping were reported, these are reported together as a group, with range of results

reported

viral transmissions. The RBD-targeting nAbs have been
extensively reviewed elsewhere [276, 277], so for this
review, we are focused primarily on the nAbs in develop-
ment, along with a few well characterized antibodies used
as comparators (Table 5).

Among the 15 nAbs that have entered Phase III clinical
trials (Table 2), 12 nAbs target epitopes associated with
the RBM [203-205, 212, 213], two nAbs (REGN10987
[205] and ADG-20 [219]) target epitopes associated with
the outer face of the mesa (Fig. 4), and one nAb (sotro-
vimab, derived from S309) targets an epitope on the RBD
core region [208, 209, 276]. The epitope information
for the other three nAbs has not been fully disclosed yet
(Table 5).

We have categorized the epitopes for 40 different nAbs
that bind SARS-CoV-2 RBD and have placed them into
seven epitope groups, RBD-1, RBD-2, RBD-4, RBD-5A,
RBD-5B, RBD-6, and RBD-7, along the lines described by
Hastie et al. [290], and one outlier, S2ZH97, a pan-CoV anti-
body that targets a novel cryptic epitope on the “backside”
of the RBD [261] (Table 5, Fig. 5). None of the antibodies in
our analysis appears to bind to the RBD-3 epitope described
by Hastie et al. [290].

6.2.1 Epitope Group RBD-1

Epitope group RBD-1 (Table 5) is essentially identical to
Barnes et al. Class 1 [276], Yuan et al. RBS-A [277], and
Hastie et al. [290] RBD-1 epitope group and contains seven
antibodies described here (Figs. 6A, B, 7A, B). Additionally,
several other antibodies that fit cleanly into Barnes et al.
Class 1 [276] also belong to this group. Class 1 antibodies
directly compete with ACE2 for binding and, as such, they
only bind RBDs that are in the “up” or “open” conformation,

similar to ACE2 [276] (Tables 5 and 8), and they tend to
fully occupy all three RBDs per spike [290]. Most of these
antibodies are derived from the VH3-53 and VH3-66 ger-
mline families (Table 5), and they tend to bind to RBD at
similar angles to block ACE2 binding [228, 276, 277, 392,
397, 438] (Fig. 6A). These Class 1 RBM-directed nAbs
function through steric clash with ACE2 (Fig. 7A) and they
typically have higher potency than core region-directed
nAbs [290], but also suffer from lack of breadth (i.e., they
typically target only SARS-CoV-2), and are prone to loss of
activity by mutations in the RBM [322, 425].

Examples of Class 1 antibodies from the original des-
ignation [276] include C102, C105, B38, CC12.3, etese-
vimab (LY-CoV016; CB6), casirivimab (REGN10933), and
COVA2-4. Similarly, Yuan et al. [277] described CB6 (ete-
sevimab), CC12.3, BD-629, and similar antibodies in their
“group A.” In our analysis, we also find most of those anti-
bodies to be grouped together in what we are calling, based
on epitope groupings by Hastie et al., [290], group RBD-1
(Tables 5 and 8; Figs. 6A, B, and 7A). Figures 6A, B, and
7A show that additional antibodies such as amubarvimab
(BRII-196, P2C-1F11), HiFiBio HFB30132A (P4A1-2A),
and Corat Therapeutics COR-101 (STE90-C11), also belong
to this group (Tables 5 and 8; Figs. 6A, B and 7A). These
antibodies are all encoded by either a VH3-53 or VH3-66
heavy chain (Table 5). Note that casirivimab (REGN10933),
which was categorized as Class 1 by Barnes et al. [276],
has been re-categorized as belonging with the RBD-2 group
due to its specific epitope (Fig. 6A, B) and to the angle at
which the Fab binds RBD [277] (Fig. 7A). Many of these
antibodies share significant attributes, so it is expected that
the various epitope groupings would have at least partial
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«Fig.7 A, B Structures of SARS-CoV-2 RBD and anti-RBD antibod-
ies from co-crystal structures split into six epitope groups, RBD1-2
(A) and RBD4-7 (B). For each antibody, two structures are shown:
(i) a ribbon diagram based on published co-crystal structure show-
ing attachment site on RBD and angle of attachment. For these struc-
tures, the RBD structure (in purple) is held constant so the different
attachment angles for the antibodies can be compared. The PDB ID
entry used to generate top is given below for each [202]; and (ii) a
filled structure of RBD (PDB ID 7CHS5) showing the ACE2 binding
site (white; refer to Fig. 4 for baseline information) and the epitope
on the RBD to which the antibody binds (green). The PDB pro-
gram [201, 202] was used to generate and annotate the structures. A
Structures B-T for antibodies of RBD-1 and RBD-2 epitope groups
and B Structures U-LL for antibodies in RBD-4, 5, 6, and 7 epitope
groups. Epitope group RBD-3, as described by Hastie et al. [290], is
not represented in this group of antibodies. Figure 5A, Structure A.
SARS-CoV-2 RBD (purple), with human ACE2 binding site identi-
fied (white) (PDB ID 7CHS); Epitope group RBD-1 antibodies: B.
Etesevimab (LY-CoV016, CB6) Fab [204, 276], PDB ID 7C01; C.
Amubarvimab (BRII-196, P2C-1F11) Fab [211, 212], PDB ID 7CDI;
D. C102 Fab [276], PDB ID 7K8M; E. HFB30132A (P4A1-2A) Fab
[235], PDB ID 7CJF; F. COR-101 Fab [236, 389], PDB ID 73BO;
G. BD-629 Fab [228, 277], PDB ID 7CHS; H. CC12.3 Fab [257,
277], PDB ID 6XC4; Epitope group RBD-2 antibodies: 1. S2E12 Fv
only [299, 390], PDB ID 7K45; J. Casarivimab (REGN10933) Fab
[205, 323], PDB ID 6XDG; K. Tixagevimab (AZD8895; COV2-
2196) Fab [210, 211, 390], PDB ID 7L7E; L. B1.182.1 Fab [391],
PDB ID 7"MLZ; M. C144 Fv only [217, 276]; a second Fv is shown
bound to the distal portion of the RBD as described in the text; PDB
ID 7K90; N. HLX70 (P17) Fv only [242, 243], PDB ID 7CWL; O.
Bamlanivimab (LY3819253; LY-CoV555) Fab [203, 326], 7TKMG;
P. Regdanvimab (CT-P59) Fab [206], PDB ID 7CM4; Q. LYCovMab
BA4101 (CAS521) Fv only [230], PDB ID 7E23; R. COVA2-39 Fab
[277, 393, 394], PDB ID 7JMP; S. CV07-250 Fv only [277, 395],
PDB ID 6XKQ; T. Fab2-4 Fv only [277, 396], PDB ID 6XEY. Fig-
ure 5B, Epitope group RBD-4 antibodies: U. P2B-2F6 Fab [212, 213,
277], PDB ID 7BWIJ; V. CV07-270 Fab [277, 395], PDB ID 6XKP;
W. MWO5 Fab [224, 316], PDB ID 7DKO0; X. BD-368-2 Fab [397],
PDB ID 7CHC; Y. AZD1061 Fab [211, 390, 398], PDB ID 7L7E;
Z. BG10-19 Fv only [399], a second Fv is shown bound to the dis-
tal portion of the RBD as described in the text, PDB ID 7M6E;
Epitope group RBD-5A antibodies: AA. Imdevimab (REGN10987)
Fab, [205, 277, 323, 400] PDB ID 6XDG; BB. LY-CoV1404 Fab
[214], PDB ID 7MMO; CC. C110 Fv only [276], PDB ID 7K8V;
Epitope group RBD-5B antibodies: DD. S309 Fv only [208, 276,
277, 390], PDB ID 6WPS; EE. C135 Fv only [217, 276] (some miss-
ing sequence from structure in database), PDB ID 7K8Z; FF. ABV-
47D11 Fv only [231, 232], PDB ID 7AKD; Epitope group RBD-6
antibodies: GG. COVA-1-16 Fv only [277, 392-394] PDB ID 7JMW,
HH. MWO06 Fv only [316], PDB ID 7DPM; II. HO14 Fv only (some
missing sequence from structure in database) [277, 401], PDB ID
7CAH; JJ. S2X259 Fv only (some missing sequence from structure
in database) [262, 390], PDB ID 7RAL; KK. CR3022 Fab [255, 276,
277, 282], PDB ID 6XC3; LL. EY6A Fab [276, 403, 404], PDB ID
6ZFO. ACE2 angiotensin-converting enzyme-2, Fab fragment antigen
binding, Fv fragment-variable, PDB ID Protein Data Bank Identifier,
RBD receptor binding domain, SARS-CoV-2 severe acute respiratory
syndrome coronavirus-2

overlaps, as exemplified by Fig. 4 and described in more
detail by Hastie et al. [290].

Four of the six described RBD-1 antibodies are cur-
rently in clinical trials, including Eli Lilly’s etesevimab
((LY3832479; LY-CoVO016; JS016; CB6-LALA), Brii

Biosciences amubarvimab (BRII-196, P2C-1F11), HiFiBio’s
HFB30132A (P4A1-2A), and Corat Therapeutics’ COR-101
(STE90-C11)). In addition to the antibodies listed above,
dozens of other antibodies likely belong to the RBD-1
epitope group including, for example, CC12.1, COVA2-04,
B38, CV30, C105, and BD-604, all of which are encoded
by antibody germline genes VH3-53 or VH3-66 [277]. All
of these RBD-1 epitope group antibodies are most sensitive
to a potential escape mutation at position A475 [276] and
K417 [277], but also have sensitivities at positions L4535,
F456, N460, and Y473 [322] and potentially also at N501,
based on the linear epitope shown in Fig. 6B. Finally, it was
recently demonstrated that Alpha, Beta, and Gamma variants
are either partially or completely resistant to most (but not
all) VH3-53 antibodies [439].

6.2.2 Epitope Group RBD-2

The RBD-2 epitope group largely overlaps the epitope of
RBD-1 antibodies, but is shifted more toward the “peak”
of the RBD (see Fig. 4), overlapping only about half of the
ACE2 binding residues (Fig. 6A). Hastie et al. [290] noted
that RBD-2 is the largest epitope group of anti-SARS-CoV-2
RBD antibodies, and accordingly, they subdivided RBD-2
into several subgroups based on competition experiments.
For example, of the antibodies described here, Hastie et al.
[290] suggested that REGN10933 overlapped with their
RBD-2A group, that COVA2-39 clustered with their RBD-
2b.1 group, that C144 bound more toward the RBD outer
face similar to their RBD-2b.2 group, and that S2E12 bound
more toward the peak like their RBD-2b.3 group. Since we
do not have enough competitive binding information for the
entire group, we will group them all together in RBD-2 here.
Nevertheless, as can be seen in Figs. 6A, B, 7A, and B, there
is certainly some heterogeneity in this group which could
allow for potential sub-grouping when more information
becomes available. Key residues to which most RBD-2 anti-
bodies bind include L455, F456, E484, G485, F486, N487,
and Q493 (Table 8, Fig. 6A, B). As compared with members
of RBD-1, most RBD-2 antibodies do not bind R403, D420,
Y421, N501, G502, or Y505 (Fig. 6A, B). These antibodies
all compete with ACE2, they tend to bind bivalently within
a single spike [290], and about half of them bind both the
open (up) and closed conformations of RBD in the spike
protein (Table 5). This last characteristic may help to subdi-
vide this epitope group further. As would be expected from
the list of key residues, Barnes Class 2 antibodies are most
sensitive to potential escape mutations at positions L455,
F456, E484, F490 and Q493 [322], with E484K being their
Achilles heel [425].

The RBD-2 epitope group described here includes 13
antibodies, five of which had been previously described
as “Class 2” antibodies [276] or RBS-B group antibodies
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[277], or both. This group also includes one antibody,
casirivimab (REGN10933) that was included in the Class
1 epitope group [276], and three antibodies, COVA2-39,
CV07-250, and Ab2-4, that Yuan et al. [277] categorized
together as RBS-B. Also included in this epitope group are
S2E12, tixagevimab (AZD8895), B1.182.1, C144, HLX70
(P17), bamlanivimab (LY3819253; LY-CoV555), regdan-
vimab (CT-P59), LYCovMab BA4101 (CA521), and IGM-
6268 (Figs. 6A, 6B, and 7A; Table 5). It should be noted
that B1.182.1 is highly similar to S2E12, including sharing
the same germline families and a high degree of sequence
identity [391]. A very newly described antibody, P5SC3, also
likely belongs to the RBD-2 epitope group [441]. Similar
to S2E12, B.1-182.1, and tixagevimab (AZD8895, COV2-
2196), P5C3 is fully active against all VOCs prior to Omi-
cron, including variant Beta [441], to which the first genera-
tion RBD-2 epitope antibodies, casirivimab (REGN10933)
and bamlanivimab (LY-CoV555), are inactive. Thus, it is
becoming clear that a subset of RBD-2 antibodies is fully
capable of neutralizing VOCs Alpha, Beta, Gamma, and
Delta.

One key feature of this group of antibodies is that they
interact with F486 (Fig. 8), which is inserted into the groove
between the antibody heavy and light chains as they straddle
the tip of the RBS knob [277]. These antibodies can bind at
different angles and even rotate around the key F486 residue
at the tip of the RBS “knob” [277]. Due to their attachment
angles, COVA2-39 and CV07-250 can only bind RBD in
the up position, whereas Fab2-4 can bind to both open and
closed conformations of RBD. As expected, these antibod-
ies are sensitive to mutations in F486, as shown in Table 8.

Eight of these RBD-2 epitope group antibodies are
currently being studied in clinical trials for treatment
of COVID-19. These include Regeneron’s casirivimab
(REGN10933), AstraZeneca’s tixagevimab (AZD8895),
Bristol-Myers Squibb’s BMS-986413 (C144-LS), Henge-
nix Biotech’s HLX70 (P17), Eli Lilly’s bamlamivimab (LY-
CoV555), Celltrion’s CT-P59, Boan Biotech’s LYCovMab
BA4101 (CA521-FALA), and IGM Biosciences IGM-6268.
Many RBD-2 antibodies are generally ineffective against
Beta and Gamma variants due to the E484K mutation found
in those variants [290]. This is not the case for the IgM anti-
body IGM-6268, however, which appears to overcome many
individual escape mutations likely because of its higher
avidity [245].

6.2.3 Epitope Group RBD-4

The RBD-4 epitope group was described by Hastie et al.
[290] as targeting the outer face of the RBD, binding at the
outer edge of the RBM (see Figs. 4 and 7B). Most of the
antibodies in this epitope group bind RBD in both its closed
and open conformation, they weakly block ACE2 binding
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to RBD, and they bind on the outer face of the RBD with
a partial overlap of the ACE2 binding site (Tables 5 and 8,
Figs. 6A, B, 7A, and B). These antibodies would likely com-
pete with epitope group RBD-5A antibodies (Figs. 6B and
7B). Two antibodies in epitope group RBD-4, P2B-4F6, and
CV07-270 were described by Yuan et al. [277] as belonging
to their RBS-C epitope group. P2B-2F6 also was described
by Barnes et al. [276] as part of their Class 2 epitope group.
The Class 2 Barnes RBD antibodies, included in RBD-4,
were described to compete with ACE2 binding, but due to
their epitope angle of attachment, are able to bind RBDs in
both the “up” (open) and “down” (closed) conformations
[276]. Key residues for the RBD-4 epitope group include
R346, K444, G446, N450, E484, Y489, and Q493 (Table 8).

We list seven antibodies that cluster together in epitope
group RDB-4, three (Abpro Biotech’ ABP-300, Beigene/
Singlomics’ BGB-DXP593, AstraZeneca’s cilgavimab)
of which are currently in clinical trials for treatment of
COVID-19 (Table 2).

6.2.4 Epitope Group RBD-5A,B

Antibodies in epitope group RBD-5 bind in the escarpment
outer face region of the SARS-CoV-2 RBD (Fig. 4), they do
not compete with ACE2 for binding (Fig. 6B), and they can
access RBDs in both the “up” (open) and “down” (closed)
conformations [323]. This group is essentially defined by
antibody S309, an antibody described as binding the “prote-
oglycan” site due to its interaction with the glycan on N343
[277]. S309, the precursor to sotrovimab (VIR-7831), was
first isolated in 2003 from the B cells of a SARS patient
[209]. The sequences of the core region across different
SARS-like Sarbecovirus (lineage B) are more conserved
than that of the RBM, which results in core region-directed
nAbs have greater breadth of binding and neutralization
compared with RBM-directed nAbs [261, 262]. Thus, after
the COVID-19 pandemic broke out, S309 was tested against
SARS-CoV-2 and was found to be a high affinity binder to
the RBDs of both SARS-CoV-1 and SARS-CoV-2 [208].
The original list of Class 3 antibodies [276] includes the
prototype antibody, S309, as well as antibodies C135, C110,
and REGN10987. Key residues for the RBD-5 antibodies
combined include T345 and R346. Of the six RBD-5 anti-
bodies, three (REGN10987, LY-1404, C110) have epitopes
that reach toward the outer face of the mesa, where they
can potentially compete with RBD-4 epitope group antibod-
ies. In keeping with the definition proposed by Hastie et al.
[290], we are calling these BRD-5A epitope antibodies.
None of these three antibodies appears to interact with resi-
due N343 (Fig. 6A). Additionally, a very newly described,
highly potent antibody, 54042-4, which is effective against
all VOCs prior to Omicron [442], appears to belong to
epitope group RBD-5A. The other three antibodies in the
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RBD-5 epitope group, including S309, C135, and 47D11, all
interact with N343 and its glycan (Fig. 6A) and have a more
focused epitope on the lower outer face of the escarpment
(Fig. 7B). Yuan et al. [425] made this same sub-group dis-
tinction, separating out C110, C119, and REGN10987 into
their RBS-D group, while placing S309, C135, and CV38-
142 into their “S309 site” epitope group. We are placing
these three antibodies, S309 (and thus, also sotrovimab),
C135, and 47D11, into epitope group RBD-5B.

These core region-targeting nAbs are good candidates for
further development as antibody therapeutics with broader
protection against emerging coronaviruses in the future.
Unlike RBM-directed nAbs, core region-directed nAbs,
such as S309, neutralize SARS-CoV-2 through ACE2-
noncompeting mechanisms. The exact modes of action for
neutralization for core region targeting nAbs are yet to be
defined, although RBD-5 antibodies capable of inter-spike
cross-linking activity had significantly more potent neu-
tralization activity, so it may be possible that the inter-spike
cross-linking may lead to a blockage of spike maturation or
internalization process [290]. Moreover, RBD-5 antibodies
are active against all current VOC and VOI variants [290].

Of the six antibodies in the RBD-5 epitope group
described here, five of them are currently in clinical trials;
the only antibody in this group not currently in the clinic
is C110 [276]. The other five are important clinical can-
didates, including Regeneron’s imdevimab (REGN10987)
and the GSK/Vir antibody, sotrovimab, which is derived
from the prototypical S309, both of which have received
EUAs, as well as Eli Lilly’s second-generation antibody
bebtelovimab (LY-CoV1404), Bristol Myers Squibb BMS-
986414 (C135-LS), and AbbVie and Harbour Biomed’s
ABBV-47D11 (aka HBM9022) (Table 2). Sotrovimab was
very recently (2 December 2021) approved by the UK Medi-
cines and Healthcare products Regulatory Agency (MHRA)
under the trade name of Xevudy™, and bebtelovimab
recently received an EUA from the FDA [380].

6.2.5 Epitope Groups RBD-6 and 7

Antibodies in the RBD-6 and 7 epitope groups bind to cryp-
tic epitopes on the inner face of the escarpment (Figs. 4 and
7B) which, in the “down” or “closed” position, is normally
buried in the trimeric interface. Similar to S309 described
above, the prototypical member of this group, CR3022, was
originally isolated from B cells from a patient infected with
SARS-CoV-1 [282], and later found to bind and neutral-
ize SARS-CoV-2 [255], although CR3022 neutralization
of SARS-CoV-2 is rather weak (Table 5). Based on the
epitope of CR3022, the RBD-7 antibodies have been previ-
ously described as Class 4 antibodies [276] or “CR3022-
like” [277]. The original group of Class 4 antibodies,
which were defined as binding the CR3022 epitope region,

not competing with ACE2 (Figs. 6B and 7B), and ability
to bind RBDs only in the “up” or “open” conformation
[276], included the prototype, CR3022, as well as COV1-
16, EY6A, S304, and S2A4 [276]. Nevertheless, this is a
heterogeneous group. CR3022 and EY6A both have a more
compact epitope confined to the inner face of the escarpment
than COVA1-16, MW06, HO14, and S2X59 (Fig. 7B), and
the two groups differ in binding to residues F392, R408,
T430, and F515. Thus, we are defining the RBD-7 epitope
antibodies to include only CR3022 and EY6A. The other
antibodies in this group, including COVA1-16, MW06,
HO14, and the new broad CoV-neutralizing antibody,
S2X259 [262], are being placed into RBD-6. These anti-
bodies span a broader epitope than CR3022 and EY6A, and
even encroach on the binding site for ACE2 with the pos-
sibility to block ACE2 binding, making them much closer
to the description of the RBD-6 epitope group by Hastie
et al. [290]. Indeed, COVA1-16 and HO14 do block ACE2
binding, whereas MWO06 and S2X259 appear not to block
ACE2 binding. Nevertheless, with the expanded epitopes for
all of them, we are placing these four antibodies into RBD-6
(Figs. 6A, B, and 7B and Table 8).

6.3 Epitopes for Bispecific Antibodies
or Combinations

As noted previously, one of the potential approaches to
increase both potency and breadth in neutralization of
SARS-CoV-2 variants is to generate bispecific antibodies
utilizing antibodies with non-overlapping epitopes [193,
331]. It already has been demonstrated that a bispecific
antibody of Ab-06 and Ab-14 was significantly more potent
at neutralizing SARS-CoV-2 than the two IgG antibodies
together [331]. This same paradigm also was true for the
nanobodies Nb1 and Nb2 which, when fused into a bispe-
cific antibody format with an IgG1 Fc, resulted in a signifi-
cantly more potent bispecific antibody against SARS-CoV-2
than if Nb1 and Nb2 were used as a mixture [330].

In the huge study carried out by Hastie et al. [290], sev-
eral combinations based on the most likely non-overlapping
RBD group (in their case, analyzed by competition experi-
ments) were suggested. Based on the data shown in Figs. 6A,
B, 7A and B, one could imagine that RBD-1 epitope group
nAbs should work well in a bispecific antibody format with
antibodies from epitope groups of RBD-5A, RBD-5B,
or RBD-6, but not likely from RBD-2 or RBD-4. Newer
antibodies like S2X259, which in its own right is effective
against all of the current variants [262] (Table 6), should
work very well in a bispecific antibody format with antibod-
ies from epitope groups RBD-1, RBD-2, or RBD-4. Several
of these combinations are sure to be made in the coming
years in efforts to find highly potent, pan-Sarbecovirus
antibodies.

A\ Adis



288

W.R. Strohl et al.

Fig. 8 Structure of the interface of the RBM with example antibodies
in the RBD-2 epitope group showing how RBM residue F486 fits into
the groove between the VH and VL chains of each of these antibod-
ies as previously described by Yuan et al. [277] for antibodies in their
RBS-B epitope group. RBD is in cyan, VH is in purple, VL is in blue,
residue F486 Is in red. A Fab2-4, from PDB ID 6XEY; B COVA2-39,

6.4 RBD Epitopes of Key VHH Antibodies
and Bispecific VHH Antibodies

Single domain, or VHH, antibodies (including the camelid
nanobodies) have been isolated against a wide variety of
RBD epitopes. Interestingly, though, a large proportion of
neutralizing VVH antibody epitopes have focused on two
epitope groups (Fig. 9). Koenig et al. [249] reported iso-
lating four nanobodies that bound SARS-CoV-2 RBD with
relatively high affinity and potently neutralized viral entry.
One of the nanobodies, named E, bound one epitope (Fig. 9),
whereas the three other nanobodies, U, V, and W, bound a
separate non-overlapping epitope, which we interpret as the
RBD-6 epitope group (Fig. 9 [for V]). VHH E was described
as having an epitope similar to the IgG CC12.3 [276], which
would put it into the RBD-1 epitope group, but Koenig
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from PDB ID 7JMP; C. REGN10933, from PDB ID 6XDG; and D.
CV07-250, from PDB ID 6XKQ. The PDB program [201, 202] was
used to generate and annotate the structures. Fab fragment antigen
binding, PDB ID Protein Data Bank Identifier, RBD receptor binding
domain, RBM receptor binding motif, RBS receptor binding site, VH
variable heavy (chain), VL variable light (chain)

et al. [249] reported that it bound in a different orientation
(attachment angle) from the other neutralizing VHHs, and
it does not fulfill the criteria for an RBD-1 epitope anti-
body, so we have placed it and similar nanobodies into the
RBD-2 epitope group (Fig. 9). Nanobodies E (RBD-2)/V
(RBD-6) are the likely components of the preclinical can-
didates DIOS-202 and DIOS-203 [249]. Similarly, Nb21,
the precursor to the potential development candidate PiN-21
[253], also binds to RBD-2, as does Re5D06 [343]. Finally,
VHH-72, the precursor to the Phase I/II clinical candidate,
XVRO011, is also an RBD-2 epitope antibody [239]. In an
interesting twist to VHH antibody epitopes, the single VHH
antibody Fu2 binds two distinct epitopes on RBD, i.e., the
RBD-2 and RBD-6 epitopes (Fig. 9), which resulted in spike
cross-linking and potential neutralization [344], as further
described in Section 7.5.
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6.5 N-Terminal Domain (NTD)-Targeting Antibodies

Multiple research groups have demonstrated the presence
of an antigenic hotspot “supersite” on the spike protein to
which a strong natural antibody response is often mounted.
For example, in an analysis of 121 SARS-CoV-2 spike-
binding antibodies isolated from B cells of five convalescent
patients by Liu et al. [396], the non-RBD binders, many of
which were NTD binders, outnumbered the RBD binders
by more than two-to-one. NTD-targeting antibodies include
both antagonist antibodies [396, 443, 444] and antibodies
possessing infectivity enhancing activity [445], each group
of which have specific epitopes (Fig. 10).

The core region of this conformational antigenic site,
also called site “i" [282] and the “Site 1 antigenic super-
site” [171], is formed by a p-hairpin comprised of residues
141-156 and a loop comprised of residues 246-260 in the
NTD [172, 447] (Fig. 10). Additionally, the N-terminal
residues 14-20 and residues 67-79 are adjacent and pos-
sibly interactive with the supersite [172]. While the anti-
genic supersite is surrounded by glycans, the supersite itself
is largely glycan-free (in fact, it is the largest glycan-free
area in the spike) and is highly electropositive, providing
a focused, highly antigenic epitope that is easily mutated,
allowing for escape from a natural antibody response [172,
448].

The neutralizing mechanisms for NTD-targeting nAbs are
only partly understood. These nAbs do not compete with
ACE?2 binding to the S protein [396], but they appear to
neutralize SARS-CoV-2 by blocking entry of the virus into
cells [171, 172], at titers ranging from very potent (1 ng/mL)
to poorly potent (1000 ng/mL) [172, 396, 443]. It has been
proposed that these nAbs may prevent the conformational
changes in the S protein to indirectly inhibit membrane
fusion between virus and host cells [172], likely at the post-
virus/cell attachment stage [444]. The amino acid sequence
homology between SARS-CoV-2 and SARS-CoV-1 NTDs
is low (51%) [449], so NTD-targeting nAbs are typically not
cross-reactive with other SARS-like coronaviruses. There
are no NTD-targeting nAbs that have advanced to clinical
trials.

OSM Fig. S2A shows the general location in the S1
region of the spike protein to which NTD antagonist anti-
bodies bind. Cerutti et al. [172] characterized the binding
of eight NTD-binding antagonist antibodies, and found a
significant overlap in their epitopes. The epitopes bound by
various NTD-targeting antagonist antibodies, as defined by
mutagenesis studies [444], are shown in Fig. 10. As can be
seen, these epitopes are in a region of the spike protein that is
specific to SARS-CoV-2 around the S1 supersite B-hairpin,
with two epitope residues in the hairpin itself (Fig. 10).
Unfortunately, of the five residues identified as key residues
for the NTD-binding antagonist antibody, COV2-2489, three

coincide with mutations found in COVs Alpha and Delta,
suggesting that those variants could potentially be resist-
ant to these particular NTD binding antibodies. Similarly,
the NTD-targeting nAb, 4-8, a representative example of
a family of NTD-binding antagonist antibodies (including
4A8, 1-87, 2-17, 2-51, 4-18, 5-24, FC05, S2L.28, S2M28,
S2X333, and DH1050.1) targeting the supersite, loses virtu-
ally all of its activity against variants Alpha (B.1.1.7), Beta
(B.1.351), and Epsilon (B.1.429) [172]. Similarly, 4A8, the
epitope for which is shown in Fig. 10, is completely inactive
against Alpha, Beta, and any variants with deletions at A144
or A242-244 [396]. Additionally, based on the epitopes
and sequence shown in Fig. §, it is expected that 4A8 also
would be inactive against Lambda, due to the large deletion
at A247-253. Recently, Hastie et al. [290] defined three dif-
ferent epitopes within the NTD for antagonist antibodies.
Their NTD-1 epitope group, which binds from the top of the
NTD, overlaps the epitope of antibody 4A8 [290], shown in
Fig. 8. Their NTD-2 epitope group coincides with what had
previously been called the “antigenic site V”’ [171], encom-
passing residues H69, V70, Y144, W152, and G261 [290].
Finally, NTD-3 appears to represent a novel epitope focused
around residue W152 [290].

Importantly, several of the VOC and VOI variants of
SARS-CoV-2, including VOC Alpha (A69-70 [AHV],
A144-145 [AYY]), VOC Beta (A241-243 [ALLA], R2461),
VOI Eta (A69-70 [AHV], A144 [AY]), VOI Theta (A141-
143 [ALGV], A243-244 [AAL]), and VOI Lambda (A247-
253 [ASYLTPGD)]), have mutations and/or deletions in this
NTD supersite region [282, 447] (Figs. 2B and 10). As noted
above, mutations in this NTD supersite have been shown to
help enable escape of the virus from convalescent plasma
[339]. It has been postulated that there is significant selec-
tive pressure for the virus to modify this supersite to escape
neutralizing antibodies directed at the NTD [171, 172].

One unique NTD-targeting antibody, called 5-7, has an
epitope that is significantly different from other NTD-target-
ing nAbs such as 4-8, 4A8, and COV2-2489 (Fig. 8) [449].
This antibody, which buries an area of 1223.6 10\2, binds to a
hydrophobic pocket outside the supersite. This highly novel
epitope would be the backside of the NTD in OSM Fig. S1,
opposite the shown NTD antibody binding site, and does
not correspond to any of the three NTD antibody epitopes
described by Hastie et al. [290]. One key feature of antibody
5-7 is a long, 24-amino acid residue CDR-H3 that contrib-
utes most of the binding energy [449]. Importantly, NTD-
binding nAb 5-7 has at least partial efficacy against Alpha
(B.1.1.7), Beta (B.1.351), and Iota (B.1.526) variants [449].
Taking advantage of these properties, RenBio Therapeutics
has generated a bispecific antibody in which one arm targets
an epitope on the RBD and the other arm targets an epitope
in the NTD. While it is not certain from publicly available
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information that nAb 5-7 is part of this bispecific antibody,
its properties certainly would be appropriate for such an
antibody. This bispecific antibody is being developed to be
delivered as plasmid DNA to muscle, where the muscle itself
becomes the protein manufacturer. This promising approach
of genetic delivery of the antibody has been described
elsewhere [447, 450], and already is being used to deliver
clinical candidate antibodies, such as INO-A002, a DNA-
delivered antibody targeting dengue virus (NCT03831503
[7], recruiting), mRNA-1944, an mRNA-encoded antibody
targeting chikungunya virus (NCT03829384 [7], now com-
pleted), BNT141, an mRNA-encoded antibody targeting
claudin 18.2 for solid tumors (NCT04683939 [7], not yet
recruiting) and others in which antibodies are delivered

A

using viral vectors such as adeno-associated virus (AAV)
or oncolytic viruses.

Not all NTD-targeting antibodies are antagonists and/or
nAbs. Several NTD-binding antibodies that stimulate spike
function and increase infectivity of SARS-CoV-2 also have
been isolated and characterized [445]. The SARS-CoV-2
epitopes for two of these, COV2-2490 and COV2-8D2,
have been mapped to three distinct loops around S1 resi-
dues 70-76, 183-187, and 211-215 (Fig. 10). Several other
NTD infectivity enhancing antibodies (e.g., COV2-2660,
COV2-2210, COV2-2582, and COV2-2369) competed for
binding to S1 with COV2-2490 and COV2-8D2, and while
certain differences were observed in responses to specifically
mutated residues, they appear to bind in the same manner
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WT COv2 317 NFRVQPTESIVRFPNITNLCPFGEV v ISNCVADY. KC LNDLCETNVYADSFVIRGDEVRQIAPGQTGRIADYNYK 424 4 pepoy 2. Nb6

ALPHA (B.1.1.7) NFRVQPTESIVRFPNITNLCPFGEV ISNCVADY. KC LNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK iy .
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€ wNB10S RBD-6 NFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLENSESES TERCE GVEBTKLNDLCFTNVYADSFVIRGDEVRQTAPGQTGKIADYNYK v
< NB12 RBD-6 NFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYS' iIC} GVSPTKLNDLCFTNVYADSFVIRGDE'RQIAPGQTGKIADYN’YK

NB30 RBD-6 NFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYS SASFS| GVEPERLNDL.CFTNVYADSFVIRGDEVEQIAPGOTGKIADYNYK

VHH V RBD-6 NFRVQPTESIVRFPNITNLCPFGEVE‘NATRFASVYAWNRKRISNCVADYSVL-AS.SmCIGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYK

FU2 RBD-2/6  NFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLENSESESTERGYGUS> TKLNDLCFTNVYADSFVIREBEVEOTAPGRTGRIADYNYK

G446 F456 a475 E484 N501 F515

WT COv2 425 LPDDFTGCVI GGNYNYLYRLERKSNLKPFERDISTEIYQAGSTPCNGVEGENCYFPLYSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN 532

ALPHA (B.1.1.7) LPDDETGCVI LYRLFRKSNLKPFERDISTEIYQAGSTPCNGVKGFNCYFPLQPYGFQPTYGVGYQPYRVVVLSFELLHAPATVCGPKKSTN
2 BETA (B.1.351) LPDDFTGCVI LYRLF KPFERDISTEIYQAGSTPCNGVKGFNCYFPLQSYGFQPTYGVGYQPYRVVVLSFELLHAPATVCGPKKSTN RBD-2
S emem (.1) LPDDFTGCVI LYRLFRKSNLKPFERDISTEIYQA CNGVK YFPLQSYGFQPTY( QPYRVVVLSFELLI] Ve
'C DELTA (B.1.617.2) LPDDFTGCVI RY KPFERDISTEIYQAGSKPCNG ICYFPLG Q QPYRVVVLSFELL Ve
£ omIcroN (B1.1.529) LPDDFTGCVIAWNSNKLDSKVSGNYNYLYRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGFNCYFPLKSYSFRPTYGVGHQPYRVVVLSFELLHAPATVCGPKKSTN

OMICRON BA.2

LPDDFTGCVIAWNSNKLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGFNCYFPLRSYGFRPTYGVGHQPYRVVVLSFELLHAPATVCGPKKSTN
— i

NB6 RED-2
VHH SB14 RED-2
$ RESD06 RBD-2
5 VEH E RBD-2 LPDDFTGCVIAWNSNNLDSKVEGNENY] SNLKPFERDISEEIYQAGSTPCNGVEGEN
_8 NB21 RBD-2
S VHH72(S56A) RED-6
£ NB105 RBD-6
< nm12 RED-6
NB30 RED-6
VHH V RED-6
FU2 RBD-2/6 LPDDFTGCVIAWNSNNLI ENYLEREF

Fig.9 A The sequence of SARS-CoV-2 RBD from residue 317 to
residue 532, annotated with sequence of the RBM (thick underline)
and the 17 residues to which human ACE2 bind (blue shaded). Addi-
tionally, mutations found in each of the major variants (yellow shaded
residues; gray shaded for those mutations only found in some of the
isolates of that variant), and epitopes for ten single-domain nano-
bodies known to target SARS-CoV-2 RBD (shaded green) are pro-
vided. The epitopes were retrieved from several references, including
Wrapp et al. [238], Koenig et al. [249], Margulies et al. [345], Sun
et al. [342], Giittler et al. [343], Schoof et al. [346], and Hanke et al.
[344]. Additional epitopes not adequately described in the literature
were determined or corrected using the Protein Data Bank entries
for the RBD-antibody co-crystal structures, with identification of the
epitopes based on residues within 5A of antibody loops. B Structures
of SARS-CoV-2 RBD, the ACE2 binding site, and the epitopes for
anti-RBD nanobodies from co-crystal structures. The PDB ID entry
used to generate top is given below for each [202]; and (ii) a filled
structure of RBD (PDB ID 7CHS5 [351]) showing the ACE2 binding
site (white; refer to Fig. 4 for baseline information) and the epitope on
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LPDDFTGCVIAWNSNNLDSKVGGNYNYI.R.RKSN’LKPFERDI STEIYQAGSTPCNGVEGE'NCYFPLQSYGFQPT'GVGIQPYRVVVLSFELLHAPATVCGPK_KSTN
LPDDFTGCVIAWNSNNLDSKVEGNYNYL¥REFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCEEPHGS v GF P TNEUGY QP YRVVVLSFELLEAPATVCGPKKSTN

LPDDFTGCVIAWNSNNLDSKUGENENE¥rEErksNLkPFERDE sBEfvoacs TPeNGVEBENCEE P EOS¥E QP TNGVGEQPYRVVVLSFELLEAPATVCGPKKSTN
LYREERK: CYEPLOSYG

LPDDFTGCVIAWNSNNLDSKVEGNYNY LY REERKSNLKPFERDESTE I YQAGS TPCNEVEGENGYE PLOS Y 6FOPTNGVGYQPYRVVVLSFELLEAPATVCGPKKSTN
LPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLEAPATVCGPKKSTN
LPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGENCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTN
LPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGENCYFPLQSYGFQPTNGEGYQPERVVVLSFELLEAPATVCGPKKSTN
LPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELLEAPATVCGPKKSTN
LPDDFTGCVIAWNENNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGEGYPPERVVVLSFELLEAPATVCGPKKSTN
LKPFERDISTEIYQAGSTPCNGVEGENCEFPLYsYErQr INGUSNOPERVVVLSFELLEAPATVCGPKKSTN

7.VHH-72 8. VHH-V

3 ‘PT.GVGYQPY‘RVVVLSFELLHAPATVCGPKKSTN

RBD-6

RBD to which the antibody binds (green). B1. RBD showing ACE2
binding site (white); B2. Epitope for Nb6, overlapping ACE2 bind-
ing site (PDB ID 7KKK [255]); B3. Epitope for Sb14, overlapping
ACE2 binding site (PDB ID 7MFU [240]); B4. Epitope for Re5D06,
overlapping ACE2 binding site (PDB ID 70LZ [253]); B5. Epitope
for VHH-E, overlapping ACE2 binding site (PDB ID 7KSG [115]);
B6. Epitope for Nb21 (precursor to PiN21), overlapping ACE2 bind-
ing site (PDB ID 7N9B [252]); B7. Epitope for VHH-72, which does
not overlap ACE2 binding site (PDB ID 6WAQ [105]); BS. Epitope
for VHH-V, which does not overlap ACE2 binding site (PDB ID
7B11 [249]). Note that VHH antibodies Nb6, Sb14, ReSD06, VHH-
E, and Nb21 fall into our RBD-2 epitope class (see Figs. 6 and 7) and
VHH-72 and VHH-V fall into our RBD-6 epitope class. Nanobody
Fu2 [344] binds to both the RBD-2 and the RBD-6 epitopes. The
PDB program [201, 202] was used to generate and annotate the struc-
tures. ACE2 angiotensin-converting enzyme-2, PDB ID Protein Data
Bank Identifier, RBD receptor binding domain, RBM receptor binding
motif, SARS-CoV-2 severe acute respiratory syndrome coronavirus-2,
VHH single domain antibody
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[445], suggesting there is something specific to the bind-
ing site that allows for infectivity enhancing activity. The
infectivity enhancing activity of these antibodies was differ-
ent from classical antibody-dependent enhancement (ADE)
because it is Fc-independent and did not require FcyR or
complement receptor for inducing cell entry. Additionally,
only cells with ACE2 were affected by this activity. The
mechanism of action (MOA), however, did require the pres-
ence of both Fab arms; i.e., monomeric or single Fab arm-
antibodies did not enhance infectivity. Thus, Liu et al. [445]
hypothesized that the MOA for these infection enhancing
antibodies appears to be the induction of RBD open confor-
mations due to the coupling of NTD domains of two adja-
cent spikes. They also suggested that the levels of infectivity
enhancing antibodies in plasma could potentially be a factor
in both disease severity and in antibody treatment efficacy.

6.6 S2-Targeting Antibodies

The S2 subunit is more conserved than the S1 subunit
between SARS-CoV-2 and SARS-CoV-1 (90% vs. 64%),
and across different lineages of beta-coronavirus (p-CoV)
[451]. Therefore, S2-targeting nAbs may have the advantage
for developing broad-protective or even pan-coronavirus
therapies. Unlike the success of isolating RBD- and NTD-
targeting potent nAbs with recombinant domain proteins as
baits, selecting S2-targeting antibodies with recombinant S2
protein as a bait has typically yielded binders with almost
no neutralizing activity [437]. One important reason is that
recombinant S2 proteins might adopt a post-fusion confor-
mation without stabilization by the S1 subunit [452]. To
overcome this challenge, a stabilized S2 of the MERS-CoV
was designed by introducing the S-2P (V1060P and L1061P)
mutations to retain the prefusion conformation [453] and
adding a C-terminal T4 phage fibritin (foldon) domain to
facilitate trimer formation. Using this optimized hybrid S2
to immunize humanized mice, four MERS-CoV S2-targeting
antibodies (3A3, 4A5, 4H2 and 3E11) were isolated [454].
These antibodies have cross-reactivity to SARS-CoV-2,
SARS-CoV-1 and HKUI1 to varying degrees. Antibody 3A3
shows neutralizing activity against SARS-CoV-2 pseudovi-
rus with titers of 25.4 ug/mL against the ancestral spike and
1.6 pg/mL against the D614G spike [454]. The 3A3 epitope
is located at residues 980-1006 (see “X” area in Fig. 2A) in
the flexible hinge region at the S2 apex. A recently described
camelid nanobody, 7A3, also binds this same region with
key epitope residues of D985, P987, and E988 [455]. Inter-
estingly, 7A3 binds deep into a cross-CoV, highly conserved
pocket in the spike protein likely unavailable to a normal
IgG [455].

Very recently, another S2-targeting nAb (CC40.8) was
reported to be isolated from a COVID-19 patient whose
serum exhibits broad reactivity with human p-CoV [456].

Antibody CC40.8 neutralizes SARS-CoV-2 and SARS-
CoV-1 with potencies of 11.5 ug/mL and 14.8 pg/ml, respec-
tively. It exhibits protective efficacy against SARS-CoV-2
challenge in a hamster infection model. The CC40.8 epitope
locates at residues 1140-1164 (see “Y” area in Fig. 2A) in
the stem-helix region [457]. Using an alternative approach,
a nAb (28D9) that also targets the stem-helix region (resi-
dues 1229-1243; see “Z” area in Fig. 2A) was isolated from
humanized mice that were sequentially immunized with
the spikes of HCoV-OC43, SARS-CoV-1 and MERS-CoV
[458]. Antibody 28D9 has strong and comparable binding
activity to spikes of five coronaviruses of lineage A (Embe-
covirus), lineage B (Sarbecovirus) and lineage C (Mer-
becovirus) of f-CoV. Antibody 28D9 potently neutralize
MERS-CoV (IC5, = 0.13 pg/mL) but very weakly neutral-
izes SARS-CoV-2 (IC5, = 45.3 yg/mL), SARS-CoV-1 (ICs,
= 60.5 yg/mL) and HCoV-OC43 (IC5, = 64.9 ug/mL) [458].

The S2-targeting nAbs with broad breadth against patho-
genic coronaviruses are of great value for engineering pan-
coronavirus therapies to confront next and future waves of
coronavirus-related diseases. It is critical to continue to iso-
late more promising S2-targeting nAbs and to identify new
susceptible epitopes in the S2 subunit. Engineering of exist-
ing S2-targeting nAbs could also help to enhance neutraliz-
ing potency and breadth. Such strategies have shown promis-
ing results for several RBD-targeting nAbs [219, 459].

6.7 Other Potential SARS-CoV-2 Receptors
and Antibodies Against Them

All of the antibodies described above are focused on the
interaction of SARS-CoV-2 spike protein with the cell sur-
face receptor, ACE2, and the ability of antibodies to inhibit
that interaction. Nevertheless, key tissues such as nasal epi-
thelial cells [460], lung epithelial cells [461], and vascular
endothelial cells [462] have relatively low levels of ACE2,
the primary receptor for SARS-CoV-2. This suggests that
alternative receptors may be involved in SARS-CoV-2 cell
entry. Based on relatively minor evidence, it appears that
several other receptors, including CD147 [463, 464], neu-
ropilin-1 [460, 465], CD209 [466, 467], CD209L [467], and
heparin sulfate [468], may be involved in either implement-
ing or facilitating SARS-CoV-2 cellular entry, although
the exact binding sequences and mechanisms of action for
these potential alternative cell entry receptors is still lack-
ing. Finally, a receptome profiling study recently identified
additional potential receptors for SARS-CoV-2 spike pro-
tein, including asialoglycoprotein receptor-1 (ASGR1) and
kringle containing transmembrane protein 1 (KREMENT1),
that may play a role in SARS-CoV-2 cell entry either inde-
pendently, or by ACE2/ASGR1/KREMENT1 (ASK) receptor
combinations [469]. If any of these alternative pathways for
cell entry are eventually found to be physiologically and/or
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covi 1 MFIFLLFLTLTSGSDLDRCTTFDDVQAPNYTQHTSSMRGVYYPDEIFRSDTLYLTQDLFLPFYSNVTGFHTIN-~——-~~ HTFGNPVIPFKDGIYFAATEKSNV 97
covV2-WT 1 MFVFLVLLPLVSSQCVNLTTRTQ--LPPAYTN--SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHATHVSGTNGTKREDNPVLPFNDGVYFASTEKSNI 100
) COV2-ALPHA 1 MFVFLVLLPLVSSQCVNLTTRTQ--LPPAYTN--SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHAI -~ SGTNGTKRFDNPVLPFNDGVYFASTEKSNI 98
E covz-meTa 1 MFVFLVLLPLVSSQCVNETTRTQ--LPPAYTN--SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHATHVSGTNGTKRFANPVLPFNDGVYFASTEKSNI 100
©  covz-camm 1 MFVFLVLLPLVSSQCVNETNRTQ--LPSAYTN--SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHATHVSGTNGTKREDNPVLPFNDGVYFASTEKSNI 100
5 COV2-DELTA 1 MFVFLVLLPLVSSQCVNLRTRTQ--LPPAYTN--SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHATHVSGTNGTKREDNPVLPFNDGVYFASTEKSNI 100
> COV2-OMICRON BA.1 1 MFVFLVLLPLVSSQCVNLTTRTQ--LPPAYTN--SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHVI -~ SGTNVIKRFDNPVLPFNDGVYFASIEKSNI 98

COV2-OMICRON BA.2 1 MFVFLVLLPLVSSQCVNLITRTQ-----SYTN--SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHATHVSGTNVIKREDNPVLPFNDGVYFASTEKSNI 98
»n  cov2-2489 1 MFVFLVLLPLVSSQCVNLTTRTQ--LPPAYTN--SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHATHVSGTNGTKREDNPVLPFNDGVYFASTEKSNI 100
2 covz-4as 1 MFVFLVLLPLVSSQCVNLTTRTQ--LPPAYTN--SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHATHVSGTNGTKREDNPVLPFNDGVYFASTEKSNI 100
-8 cov2-4-8 1 MFVFLVLLPLVSS@BVNLTTRTQ--LPPAYTN--SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHATHVSGTNGTKRFDNPVLPFNDGVYFASTEKSNI 100
O cov2-coMB 1 MFVFLVLLPLVSSQEUNETRTQ- - LPPAYTN- - SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHATHVSGTNGTKRFDNPVLPFNDGVYFASTEKSNI 100
S cov2-5-7 1 MFVFLVLLPLVSSQCVNLTTRTQ--LPPAYTN--SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHATHVSGTNGTKRFDNPVLPFNDGVYFASTEKSNI 100
é cov2-2490 1 MFVFLVLLPLVSSQCVNLTTRTQ--LPPAYTN--SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHAI HFSGENG TKRFDNPVLPFNDGVYFASTEKSNI 100

cov2-8p2 1 MFVFLVLLPLVSSQCVNLTTRTQ--LPPAYTN--SFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHATHVSGENGEKRFDNPVLPFNDGVYFASTEKSNI 100

SUPERSITE P-HAIRPIN 141-156

covi 98 VRGWVEGSTMNNKSQSVIIINNSTNVVIRACNFELCDNPFFAV----SKPMGTQTHTMIFDNAFNCTFEYISDAFSLDVSEKSGNFKHLREFVEKNKDGELYVY 197

cov2-WT 101 IRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPFLGVYYHKNNKSHMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY 204
«» COV2-ALPHA 99 IRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPFLGV--HKNNKSWMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY 200
£ cov2-BETA 101 IRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPFLGVYYHKNNKSHMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY 204
©  cov2-GamMMA 101 IRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNYPFLGVYYHKNNKSHMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLSEFVFKNIDGYFKIY 204
5 COV2-DELTA 101 IRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPFLDVYYHKNNKSHMES--GVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY 202
> COV2-OMICRON BA.1 99 IRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPFLD---HKNNKSWMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY 199

COV2-OMICRON BA.2 99 IRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPFLDVYYHKNNKSWMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY 199
«» COV2-2489 101 IRGWIFGTTLDSKTQSLLIVNNETNVVIKVCEFQFCNDPFLEVEYHKNNKSWMESEBRVYSSARNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY 204
.U covz-4as 101 IRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPFLCUSUEIRNNKSHME SEFEVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY 204
'8 cov2-4-8 101 IRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPFLGVENBRNNKSHMESEERVESSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY 204
O Ccov2-coMB 101 IRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPHLCHENEINNGsiMESErRvYBEANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY 204
S cov2-5-7 101 IRGRIFGTTLDSKTQSLLEVNNATNEVEKVCEFQFCNDPFLGVYYHKNNKSWMESEFRVY SSANNCTFEYVEQPEEMD LEGKQGNFKNLREEVFKNIDGYFKIY 204
é cov2-2490 101 IRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPFLGVYYHKNNKSWMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNERNLREFVFKNIDGYFKIY 204

cov2-8D2 101 IRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPFLGVYYHKNNKSWMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIY 204

SUPERSITE LOOP 246-260

covi 198 KGYQPIDVVR---DLPSGENTLKPIFKLPLGINITNFRAIL----TAFSPAQDI--WGTSAAAYFVGYLKPTTFMLKYDENGTITDAVDCSQNPLAELKCSVKSE 293

cov2-WT 205 SKHTPINLVR---DLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSE 306
« COV2-ALPHA 201 SKHTPINLVR---DLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSE 302
£ cov2-BETA 205 SKHTPINLVR---GLPQGFSALEPLVDLPIGINITRFQT---LHISYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSF 303
(T COV2-GAMMA 205 SKHTPINLVR---DLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSE 306
'g COV2-DELTA 203 SKHTPINLVR---DLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSF 306
= COV2-OMICRON BA.1 200 SKHTPI-IVREPEDLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSE 303

COV2-OMICRON BA.2 200 SKHTPINLGR---DLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSF 303
& cova-2489 205 SKHTPINLVR---DLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLOPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSE 306
‘5 cov2-4a8 205 SKHTPINLVR---DLPQGFSALEPLVDLPIGINITRFQTLLALSRSEEMECDSSEEWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSF 306
O cov2-4-8 205 SKHTPINLVR---DLPQGFSALEPLVDLPIGINITRFQTLLALHREVINBGHSSSCWTAGAAAYYVGY LOPRTFLLKYNENGT I TDAVDCALDPLSETKCTLKSF 306
2 cov2-comm 205 SKHTPINLVR---DLPQGFSALEPLVDLPIGINITRFQTLLASHRSYNIBEDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSF 306
£ cova-5-7 205 SKETPINLVR---DLPQGFSALEPIIDIPIGINITRFQTLIATHRSYLTPGDSSSGNTAGAAAYYVGY LQPRTFLLKYNENGT ITDAVDCALDPLSETKCTLKSE 306
<C cov2-2490 205 SKHTPINEVRSSSDIPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSF 306

cov2-8D2 205 SKHTPINLVR===DIPQGFSALEPLVDLPIGINITRFQTLIALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSE 306

Fig. 10 The sequence of the NTD of SARS-CoV-1 (blue letters) and
SARS-CoV-2 (black letters) spike from residue 1 to 293 and 306,
respectively. Mutations found in each of the major variants (yellow
shaded residues), and epitopes for seven antibodies known to target
SARS-CoV-2 NTD are provided. Epitopes for antagonist and agonist

pharmacologically relevant, they represent additional chal-
lenges, as well as potential therapeutic targets, for treatment
of COVID-19. A few of these potential alternative receptors
are described in more detail as follows.

6.7.1 CD147

CD147, also called basigin and EMMPRIN (extracellular
matrix metalloproteinase inducer), has been proposed as an
alternative receptor for the SARS-CoV-2 spike protein [463,
470]. This is somewhat controversial, as it comes from a
single group [463], and has only been verified by one other
independent research group [464]. The potential significance
of this is that CD147 is a receptor on T-cells, which have low
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antibodies are shaded green and blue, respectively. The epitopes were
retrieved from several references, including Suryadevara et al. [444],
Cerutti et al. [172], and Liu et al. [445]. Comb common combined
epitope, NTD N-terminal domain, WT wild-type (WA-1)

expression levels of ACE2, and there are reports that SARS-
CoV-2 infection can also kill T-cells [470]. The validity of
the data supporting CD147 as an alternative SARS-CoV-2
receptor, however, has been challenged by Shilts et al. [471],
who provided evidence against CD147 being a second recep-
tor for SARS-CoV-2 spike protein. Nevertheless, Geng et al.
[472] generated humanized transgenic mice expressing
human CD147, and found that meplazumab could protect
those mice from SARS-CoV-2 caused pneumonia. Mepla-
zumab (HP6HS) is a humanized anti-human CD147 IgG2
antibody that has been studied in clinical trials for treat-
ment of malaria, based on the finding that it inhibits the cell
entry of the malaria parasite, Plasmodium falciparum [473].
The apparent ICs, for the ability of meplazumab to suppress
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SARS-CoV-2 viral titer is 15 pg/mL [474], which is quite
high and would suggest that huge doses would be required
for functional activity in vivo. Nevertheless, a Phase I/II dose
escalation clinical trial with doses ranging from 0.05 to 0.56
mg/kg was run with a total of 59 patients to test the ability of
meplazumab to treat SARS-CoV-2 infected patients [474].
Despite the fact that blood concentrations of meplazumab
topped out at 1-2 pug/mL, about tenfold below the ICs, for
viral suppression [463], the clinical researchers reported
statistically significant differences in time to hospital dis-
charge, disease severity scores, and time to virus-negative
status between patients treated with meplazumab and control
patients [474]. Since this does not make pharmacological
sense at this point, it remains to be seen whether anti-CD 147
antibodies will provide meaningful benefit for COVID-19
patients. CD147 is a receptor on several tissues, including
T lymphocytes, and has been implicated in other viral dis-
eases [464]. Thus, if these results are confirmed in larger
clinical trials and supported by further preclinical studies
by a broader group of scientists, this could be a significant
finding.

6.7.2 Neuropilin-1

Neuropilin-1 (NRP1; also known as CD304) was shown
to bind to the C-terminus of cleaved S1 during the proteo-
lytic processing step of SARS-CoV-2 cell entry, resulting
in NRP1 receptor mediated viral entry [465]. This process
was inhibited down-modulation of the receptor via RNA
interference [465], and by modifying the furin cleavage site
in SARS-CoV-2 S protein [460], demonstrating specificity
for both the NRP1-mediated viral entry and the substrate for
that entry [465]. Moreover, autopsies of COVID-19 victims
revealed that NRP1-positive, ACE2-low to negative, epithe-
lial cells in the nasal cavity were infected with SARS-CoV-2
[460], suggesting that NRP1 may play a significant role in
SARS-CoV-2 infection in the nasal passages. An anti-NRP1
antibody, ASP1948 (also called PTZ-329) is currently in
Phase I clinical trials for inhibition of T-regulatory cells in
a cancer setting (NCT03565445 [7]). Thus far, this antibody
has not been tested against SARS-CoV-2.

6.7.3 CD209 and CD209-L

The C-type lectin receptor, CD209, also known as DC-
SIGN (Dendritic Cell-Specific Intercellular adhesion mol-
ecule-3-Grabbing Non-integrin), and its ligand, CD209-L
(L-SIGN; Ligand for Specific Intercellular adhesion mol-
ecule-3-Grabbing Non-integrin), have been shown pre-
viously to act as alternative receptors for SARS-CoV-1
[475-47T7]. Along a similar vein, it has recently been
reported that the C-type lectin receptor, CD209, also known
as DC-SIGN (Dendritic Cell-Specific Intercellular adhesion

molecule-3-Grabbing Non-integrin), can bind B§-dIgA1-
and B8-dIgA2-bound SARS-CoV-2 RBD, thereby acting as
an alternative receptor for SARS-CoV-2 in mucosal passages
[466]. A separate study has also shown in vitro evidence
suggesting that SARS-CoV-2 RBD also can bind, and be
internalized by, CD209 in the absence of bound IgA [467].
Additionally, SARS-CoV-2 can bind, and be internalized by,
CD2009 ligand (L-SIGN; Ligand for Specific Intercellular
adhesion molecule-3-Grabbing Non-integrin), which was
enhanced with non-glycosylated CD209-L [467]. CD209-L
in particular is interesting due to its significant expression
in lung and kidney epithelial and endothelial cells [467].
Currently there are no antibodies in development for either
CD209 or CD209-L.

7 Mechanisms of Action

While direct competition with ACE2 binding is the primary
mechanism of action (MOA) for many antibodies targeting
SARS-CoV-2, it is not the only MOA used by antibodies to
neutralize the virus. Recent publications have highlighted
at least five other distinct mechanisms of action, including
FcyR-dependent ADCC and/or ADCP, lock-down of RBDs
within a spike to prevent interaction with ACE2, degrada-
tion of spike protein, blocking internalization post-ACE2-
binding, and cross-linking spikes, which may also function
to block internalization. It is clear that many antibodies pos-
sess multiple MOAs, which should add to their potency and
potentially breadth of activity. These MOAs, which may turn
out to be as, or more, important across the board than inter-
fering with ACE2 binding, will be covered in more detail
below.

7.1 FcFunctional Activity

As discussed in detail in Sect. 4.3, Fc activity is now consid-
ered as a potentially critical function for many SARS-CoV-2
antibodies, including ADCC and ADCP [197, 205, 220, 247,
296-299], while CDC activities have been more associated
with immune reaction-based side effects [300]. Additionally,
engineering the human IgG Fc to extend the circulating half-
life, which has been incorporated into several SARS-CoV-2
antibodies [417, 421], increases the AUC which can improve
functionality over time. Since these topics were covered ear-
lier, they will not be covered further here.

7.2 Locking down RBDs

As mentioned previously, C144 has the ability to not only
bind its primary RBD epitope, but also to bind a second RBM
at a distal site, resulting in the ability to lock the RBDs into a
closed conformational state that prevents interaction with the
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SARS-CoV-2 receptor, ACE2 [276]. C144 accomplishes this
by inserting its long CDR-H3 into a hydrophobic patch in the
neighboring RBD (see Fig. 7A, M (“second” epitope on RBD
marked in yellow)). BG10-9 has the same type of binding
(Fig. 7B, Z); it binds to a novel epitope on one RBD, either
in the open or closed position, while it also binds a neighbor-
ing RBD, locking the spike trimer in a closed conformation,
neutralizing SARS-CoV-2 [399]. Because this epitope is also
relatively conserved, BG10-9 also cross-reacts and neutral-
izes SARS-CoV1 and WIV1-CoV.

Other antibodies, such as S2M11 [299], Fab2-4 [396],
Ab1-57 [478], XG014 [479] and COVOX-316 [480], are
also known to possess this same mechanism, i.e., locking
down RBDs in a closed conformation, as a mechanism for
neutralization of SARS-CoV-2 [276]. One significant sub-
tlety within this group of antibodies is that C144 [276],
S2M11 [299], BG10-9 [399], and XG014 [479] all bind
two RBDs simultaneously to lock down all RBDs, whereas
COVOX16 [480], Fab2-4 [173], and Ab1-57 [478] are capa-
ble to lock down the RBDs even though they only bind one
RBD at a time [479].

7.3 Blocking Internalization Post ACE2-Binding

As noted in Section 6.5, NTD-targeting nAbs do not com-
pete with ACE2 binding to RBD [396], so their ability to
neutralize relies instead on blocking entry of the virus into
cells after attachment of the viral spike protein to its recep-
tor, ACE2 [171, 444, 449]. It has been suggested that anti-
NTD antibodies may force conformational changes in the S
protein to indirectly inhibit membrane fusion between virus
and host cells [449]. Additionally, antibodies that bind the
outer face cryptic site (e.g., RBD-5 epitope group including
S309, C135, 47D11, VHH antibody n3113) block mem-
brane-membrane fusion by a still undefined mechanism,
thereby interrupting internalization [481]. Neither of these
mechanisms inhibits ACE2 binding to RBD.

7.4 Cross-Linking Spike Proteins

Tan et al. [482] demonstrated that the dimensions of a typi-
cal IgG are approximately 8.5 nm (height) X 14.5 nm (Fab
arm to Fab arm width) X ca. 4 nm depth. They also calcu-
lated the average distance between antigen combining sites
to be 13.7 nm. A caveat to these dimensions is the well-
known ability of IgG Fab arms to rotate and flex on their
axis, as well as the substantial differences in Fab arm angles
exhibited by IgG1, IgG2, and IgG4 isotypes [483]. SARS-
CoV-2 virions have been measured to be approximately 90
nm in diameter, with each virion containing approximately
100 spike trimers, yielding an average distance between
spike trimers of about 20 nm [361]. Given that the trimer
heads are about 15 nm across (Fig. 11), this means that there
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is ample opportunity for IgGs to engage in inter-spike cross-
linking. The optimal distance between combining sites of
a human IgG for greatest avidity was found to be approxi-
mately 13 nm, approximately the average distance as noted
above, provided the greatest avidity effect based on both
Fab arms [484]. Based on the theoretical measurements
(Fig. 11) and data from Hastie et al. [290], it appears that
both intraspike and inter-spike binding could be achieved
with maximal avidity.

Hastie et al. [290] demonstrated clearly how some anti-
bodies targeting SARS-CoV-2, based on epitope classes, are
capable of inter-spike cross-linking, whereas others either
bind a spike monovalently or intraspike, bivalently. While
this may be a characteristic of a particular epitope [290], in
natural responses to infection, this also could be a reflec-
tion of the IgG isotype, as the different IgG isotypes exhibit
markedly different flexibilities and hinge length and Fab
arm angles. The epitope classes noted by Hastie et al. [290]
to engage in inter-spike cross-linking include antibodies in
epitope groups RBD-1, RBD-5, RBD-6 and RBD-7. On the
other hand, antibodies in epitope groups RBD-2, RBD-3,
RBD-4 do not appear to be able to engage in inter-spike
cross-linking [290].

Besides epitope and perhaps isotype influences on inter-
spike crosslinking, there are at least two other mechanisms
by which antibodies to SARS-CoV-2 may crosslink spikes.
The first is via the natural interaction of antibody Fc with
immune cells such as macrophages, monocytes, NK cells
and neutrophils. While these binding activities may lead to
neutralization via ADCC or ADCP, they also cluster anti-
bodies together, resulting in the ability to cross-link spikes
by cluster effect. Those antibodies lacking Fc activity, as
noted above, would lack this effect and likely lose some
in vivo potency as a result of that, on top of the loss of
potency due to the absence of ADCC and ADCP MOAs.

Similar to Fc-muted IgGs, domain or VHH antibodies
bind RBD and block its ability to bind ACE2 effectively neu-
tralizing the virus, but they do not bring immune cell activ-
ity to the fight. One of the greatest perceived advantages of
VHH antibodies is their ability to be dosed via the intrana-
sal or inhaled route of administration with the potential for
deep access in the lungs [252, 253, 486]. One type of VHH
construct is a homotrimeric VHH in which three anti-RBD
VHH domain antibodies are linked together via standard GS
type linkers, allowing for targeting of more than one RBD at
a time [252, 253, 346]. These trimers may engage in inter-
spike crosslinking as well, based on the distances.

The anti-SARS-CoV-2 IgM antibody, IGM-6268, is cur-
rently in Phase I clinical trials. As can be seen in Fig. 11,
IgM, with its ten antigen-binding Fab domains, can theoreti-
cally cover the area occupied by about three and possibly,
with expected virus membrane fluidity, four spike trimers.
In light of the observation by Hastie et al. [290] that the
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potency of RBD-5 epitope group antibodies correlates with
their ability to cross-link spike proteins, an IgM format may
be preferred over IgG to neutralize SARS-CoVs. IGM-6268
(CoV-14) had excellent activity on SARS-CoV-2 Beta and
Gamma variants despite its’ IgG version exhibiting consid-
erable loss of activity on those variants [245], likely due to
the difference in avidity.

7.5 Induction of Spike Disorder and S1 Shedding

Antibodies that bind the inner face cryptic sites (e.g., the
RBD-6 and -7 epitope groups, including CR3022, EY6A,
etc.) are known to disrupt the structural integrity of the spike
protein [255, 403]. While this activity effectively impedes
cell entry, CR3022 is poorly neutralizing, whereas EY6A,
which possesses a very similar epitope (Fig. 6A, B), is a
strongly neutralizing antibody.

A B reps ~15 nm
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Fig.11 A model of the surface of a SARS-CoV-2 virion show-
ing sizes and distances of spike and antibodies. Top: A The size and
shape of a human IgG1 [480]. B The size, shape, and dimensions of
SARS-CoV-2 spike proteins [361], informed also by SARS-CoV-1
spike protein anatomy [485, 486]. There are approximately 100
spikes per 90 nm diameter virion [361]. C A model showing how
the sizes and spacings allow for potential inter-spike cross-linking
by both IgGs, as recently observed by Hastie et al. [290], as well as
potential for crosslinking by triple-VHH-Fc fusions. This model also
shows the approximate coverage of an IgM, which has a diameter of
about 30 nm [337]. Bottom: Model of SARS-CoV-2 targeted by anti-
bodies. SARS-CoV-2 spike proteins with one open RBD or all closed

As shown in Table 5, several anti-SARS-CoV-2 RBD
antibodies (e.g., amubarvimab, S2X259, S2X58, S2H97),
amongst others, have the ability to induce shedding of S1
upon binding RBD [213, 261, 487]. Additionally, two new
antibodies, 7D6 and 6D6, also have shown the ability to
promote S1 shedding, leading Li et al. [432] to propose
that the primary MOAs for neutralization of SARS-CoV-2
by those antibodies is via induction of spike disorder and,
ultimately, shedding of the S1 subunit [432]. In the context
that the D614G mutation helps to stabilize the spike protein
and reduce S1 shedding, which results in greater infectiv-
ity [186], an antibody MOA which induces S1 shedding to
reduce viral infectivity makes functional sense. In a similar
vein, while CR3022 neutralizes SARS-CoV-2 via disruption
of the conformation of the prefusion spike protein, it has not
been shown whether that antibody causes S1 shedding [255].

Scale bar

Intra-spike 10

binding

which an IgM can
bind (ca. 30 nm dia)

RBDs based on PDB ID 6VYB and 6VXX, respectively. A IgGs
(PDB ID 1IGT) crosslinking two spikes; B an IgM (based on PDB ID
2RCJ) binding to multiple spikes similar to a hand palming a basket-
ball; C a trimeric VHH-Fc fusion protein (based on PDB IDs 6ZXN
and 1IGT as per Fig. 2) cross-linking spikes; and D individual VHHs
(PDB ID 6ZXN) binding to RBDs with no cross-linking ability. For
the Bottom drawing, the PDB program [201, 202] was used to gener-
ate the structures. Approx approximate, dia diameter, /gG immuno-
globulin G, /gM immunoglobulin M, nm nanometers, PDB ID Protein
Data Bank Identifier, RBD receptor binding domain, SARS-CoV-2
severe acute respiratory syndrome coronavirus-2, VHH single domain
antibody, VHH-F'c single domain antibody fused to an IgG-Fc domain
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In a new report demonstrating an interesting twist on
inter-spike crosslinking, Hanke et al. [344] demonstrated
that a novel nanobody, Fu2, was able to cross-link spike
proteins head-to-head rather than side-by-side. Fu2 binds
two distinct overlapping epitopes on RBD, i.e., the RBD-2
area and the RBD-6 area (Fig. 9), which resulted in two sig-
nificant MOAs. First, all three RBDs were locked in the up
position blocking ACE2 binding, and second, the nanobody
cross-linked the spike with another spike in a head-to-head
conformation to generate “spike trimer dimers.” Since these
would necessarily be inter-virion cross-links, Fu2 caused
virion aggregation and potent neutralization [344]. A unique
aspect of this MOA is that the nanobody functioned to cross-
link the spike trimers as a monomeric unit [344].

8 Alternative Modes of Delivery

The requirement for cell surface-based infection of a cell
by SARS-CoV-2 are the presence of the viral receptor,
ACE?2, and the protease, TMPRSS2, that assists in process-
ing the spike protein during cell entry [488-490]. These
two proteins are most highly co-expressed in the lung, as
described earlier [82, 86—88], but also have a wide distri-
bution throughout the respiratory system and other organs
[490]. ACE2 and TMPRSS?2 are expressed on nasal epithe-
lial cells in the nasal passages [491] and it has been demon-
strated that the sinus and nasopharynx are the initial sites of
SARS-CoV-2 replication upon infection [488]. Moreover,
high nasopharyngeal viral loads of SARS-CoV-2 have been
shown to directly correlate with several critical parameters in
COVID-19 patients, including hypoxemia and disease out-
comes [492], increased organ damage and disease severity,
and risk of intubation and in-hospital mortality [440]. This
is now even more amplified as noted earlier, since the Delta
variant rapidly replicates in the upper respiratory system to
produce more than 1000-fold higher titer in nasopharyngeal
swabs compared to the initial SARS-CoV-2 [493]. As noted
previously, the Omicron variant, which relies more heavily
on cathepsin-dependent endosomal entry, also replicates to
high viral loads in the upper respiratory system [82, 86].
Finally, it was recently discovered that the oral cavity also is
a major site of primary infection and a carrier of high viral
load [494]. Thus, getting therapeutic levels of antibody to
the nasopharynx/oral cavity and the luminal surface of the
lung, the initial and secondary sites of SARS-CoV-2 replica-
tion, respectively [446], is critical to blocking infection and
treating the disease.

The first round of antibodies to SARS-CoV-2, including
the four that have been granted EUA, have all been devel-
oped as IV infusions. This approach has been shown to
require very high doses, in some cases as high as 4-8 grams
(approximately 60—120 mg/kg for a 70 kg patient), in order
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to achieve efficacy. A potential reason for the need for such
large doses is the poor bioavailability of IV-dosed antibodies
to the lung, which has been estimated to be in the range of
1% [495]. While such doses have been effective in treating
patients with mild to moderate disease and have resulted in
EUA approvals (Table 3), considerable effort and resources
are needed to produce and distribute such large quantities of
recombinant proteins. Second, IV administration requires an
infusion that can only be performed in hospital or outpatient
settings where the necessary equipment and trained person-
nel are available. This can be a complication since clustering
COVID-positive patients in hospital suites or infusion cent-
ers poses a potential risk to patients and staff. And third, not
all patients have ready access to infusion centers, resulting
in large numbers of patients who cannot get treatment.

One approach to partially mitigate the issues associated
with IV administration of anti-SARS-CoV-2 antibodies is
to use subcutaneous (SC) or intramuscular (IM) delivery
(Table 9). However, delivery volume considerations may
limit the antibody doses that can be delivered IM, whereas
SC delivery has greater flexibility. Indeed, Regeneron has
tested SC dosing of their REGEN-COV™ antibody com-
bination product and has recently received an EUA for SC
delivery, and several other antibody therapeutics are cur-
rently being tested for IM delivery (see Table 9). One of
these antibodies, ADG?20, has reported good tolerability of
IM doses up to 600 mg [496] and is currently in studies for
post-exposure and pre-exposure prophylaxis. But as with IV
administration, doses of 300 to 1,200 mg are still being used
and, again due to volume constraints, multiple SC and IM
injections may be required. Evusheld™ (AZD7442), which
received an EUA from the FDA on 12/8/21 for pre-exposure
long term prophylaxis with high patients, is dosed in two IM
injections of 300 mg, one for each antibody (tixagevimab
and cilgavimab) in the preparation [497]. Still, this approach
represents an important improvement in being able to rap-
idly treat patients, as infusion centers are not required, and
more patients can be more easily treated. Beyond IV, SC and
IM, several other approaches are also being explored for the
delivery of SARS-CoV-2 neutralizing antibodies to COVID-
positive patients and to subjects at high risk of infection.

Based on the data presented above, multiple intranasal
(IN) approaches are also being explored for the delivery of
neutralizing antibodies, in an effort to prevent or control
infections by SARS-CoV-2 (see Table 9). The first antibod-
ies targeting SARS-CoV-2 to enter clinical trials in this cat-
egory were nose drops containing IgY-110, an IgY antibody
isolated from immunized chickens [500], and STI-2099, an
IN formulation of the STI-9167 human anti-SARS-CoV-2
IgG antibody, has been tested in healthy adults in Phase I
studies and has announced the initiation of a Phase II study
[276] (NCT04900428 [7]). In an interesting variation on this
approach, the appropriate genes are being incorporated into
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adenovirus vectors for direct infection of the sinus, which
are rich in sialic acid glycans, the receptors for many adeno-
viruses, to achieve local production of the antibodies [506]
or ACE2 decoys [507].

At the preclinical stage, significant protection has also
been reported in animal models using IN administration of
antibodies to SARS-CoV-2 (see Table 9). Included in this
group are antibody-based products such as EU126-M2 [501,
502] and the Nb15-NbH-Nb15 bispecific nanobody derived
from llamas [503], each of which has reported significant
protection in mouse models of SARS-CoV-2 infection.
Similarly, a trimeric nanobody has been reported that can
potently neutralize SARS-CoV-2, and that may be useful for
intranasal delivery [346].

In addition to IgGs and nanobodies, other Ig forms may
also have particular relevance for modes of delivery besides
the typical IV route. We recently described the develop-
ment of a highly potent human IgM antibody, IGM-6268,
that can neutralize authentic SARS-CoV-2 virus at low pM
concentrations [245]. Moreover, when administered intrana-
sally, IGM-6268 provided significant ir vivo protection in
mice infected with Alpha, Beta, and Gamma SARS-CoV-2
VOC:s at therapeutic and prophylactic doses as low as 0.4
and 0.044 mg/kg, respectively [245]. IGM-6268, which has
significant neutralization activity against Delta and Omicron
BA.1 [410], is currently in dose escalation Phase I clini-
cal trials, dosing up to 7.5 mg/day via the intranasal route
(NCT05160402, NCT05184218; [7]) (Table 9).

Lastly, inhalation is also being explored as an alternative
route for the delivery of antibody therapeutics for COVID-
19. Following initial replication of SARS-CoV-2 in the sinus
and nasopharynx, the virus spreads to the lungs where it
creates a strong pulmonary infection [488]. Inhalation of
neutralizing antibodies may therefore be able to interfere
with infection in the lung and possibly prevent pulmonary
damage. There is precedence for delivery of antibodies and
other biologics to the lung via inhalation; recently, Liang
et al. [508] described at least 18 biologics that have been
under clinical investigation for inhalation delivery. The
most advanced SARS-CoV-2 neutralizing antibodies are
the IgGs, CT-P59 (regdanvimab) plus CT-P63 [241], co-
formulated for inhalation delivery. This combination inhaled
product is currently preparing for a Phase III clinical trial
(NCT05224856; [7]) [499]. BI 767551 (DZIF-10c) was for-
mulated and under development for inhaled delivery [227],
but has since been dropped after reaching at least Phase 11
clinical trials. Aridis 1212C2 [251] and TFF Pharmaceuti-
cals AUG-3387 [504], both of which are currently in pre-
clinical studies, are being formulated for inhalation delivery
(Table 9).

9 Antibodies for Palliative Therapy

Progression of COVID-19 after infection is quite varied from
one individual to the next, but in broad terms the infection
course tends to follow a given pattern, even if quantity and
identity of cells, cytokines, and other response elements may
be varied. COVID-19 typically progresses through a viral
infection stage, in which the virus rapidly infects alveolar
cells, followed by replication, release, and further expansion
of the infection phase to cells outside the respiratory tract
(Fig. 1). This first stage of infection is often accompanied by
a dry cough, fever, and fatigue as the body begins to respond
to the infection. This phase, which occurs within the first
24-48 h after exposure, is the period in which anti-SARS-
CoV-2 antibody therapy has the greatest chance to succeed.
Overlapping the viral infection stage is the initiation of an
immune response stage, which can be from asymptomatic to
very severe. This stage is typically characterized by lympho-
cytopenia, likely due to T cells migrating into tissues at sites
of infection [509], and increased expression of type I inter-
ferons to counteract the viral invasion [510]. This, in turn,
drives the overexpression of proinflammatory cytokines such
as IL-6 [511], and chemokines such as IL-8 (aka CXCLS8
[C-X-C motif chemokine ligand 8]) [512, 513]. The lym-
phopenia usually appears within the first week of infection,
whereas the cytokine storm, typically associated with mac-
rophage activation, typically occurs later as the disease pro-
gresses [514]. Nevertheless, there may be a link between
these two processes, as it has been demonstrated that neu-
tralization of IL-6 helped to restore circulatory T-cell counts
[515]. The proinflammatory signals can ultimately lead to
vascular leakage, alveolar edema and hypoxia (ARDS), and
ultimately, multi-organ failure [516]. These signals begin
during the second stage of COVID-19 and, in some patients,
can become overwhelming in the third stage of COVID-19
(Fig. 1).

Zhang et al. [509] categorized COVID-19 disease into
four reasonably well-defined categories: (i) mostly asymp-
tomatic, PCR-positive patients with no fever, no respiratory
issues, and no lung damage as determined by X-ray tests.
These patents, who make up about 30% of all COVID-19
cases, are known as “asymptomatic carriers”; (ii) mild cases
in which patients had fever, and showed signs of pulmo-
nary inflammation, indicating pneumonia, in X-ray scans;
(iii) patients with severe disease who experienced difficulty
breathing and possessed lung damage visualized by X-ray
as “ground-glass opacities”; and (iv) critically ill patients
who developed ARDS, typically requiring invasive mechani-
cal ventilation (IMV) to support breathing. These patients,
who make up some 20% of all cases, typically had mortality
rates of 45-60% in the earlier days of the epidemic [517],
although these rates have come down as COVID-19-specific
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Table 9 Alternative modes of delivery for antibodies targeting SARS-CoV-2

Candidate Sponsor SOD Format Dose (mg) ROA MOA Strategy Clinical trial # References
Evusheld™ AstraZeneca EUA 2x 1gGs 125 mgxtwo IM INJ Px (long term) NCT04625725 [497]
mixture injections (ANR)
REGEN-COV™  Regeneron EUA; Phase 2x 1gGs 1200 mg* Ne INJ Rx NCTO04452318 (C)  [498]
11 mixture
CT-P63 and Celltrion Phase IIT 2x IgGs ND INH NEB Rx NCT05224856 [499]
CT-P59 mixture (NYR)
Xevudy™ (UK); Vir EUA; IeG 250 mg?*, 500 IM INJ Rx NCT04913675 [209]
Sotrovimab Phase /11T mg* (ANR)
(VIR-7831)
AZD7442 AstraZeneca  Phase III 2x IgGs 300 mg ? M INJ Rx NCT04625972 [211]
mixture (ANR)
MADO0004108 Toscana Life Phase II/IIT 1eG 100 mg®, 400 IM INJ Rx NCT04952805 (R)  [221]
Sciences mg*
Sviluppo
ADG20 Adagio Phase II/111 IeG 400 mg* M INJ Px/Rx NCTO04859517 (R), [219]
NCT04805671
R)
BI 767551 Boehringer Phase II/111 IeG ND INH NEB Rx NCT04894474 (W) [227]
(DZIF-10c¢) © Ingelheim
STI-2099 Sorrento Phase IT 1eG 10-40 mg* IN Drops Rx NCT04906694 [226]
(COVI-DROPS) (NYR),
NCT04900428
R)
IGM-6268 (CoV- IGM Bio- Phase I IeM 7.5mgdose/ IN Drops Px/Rx NCT05160402 (R), [245, 246,
14) sciences day ? NCTO05184218 (R) 410]
IgY-110 Stanford Phase I IgY 2-24 mg* IN Drops Rx NCT04567810 (C)  [500]
EU126-M2 Eureka PC 1eG 1.25-10mg/ IN Drops Px NA [501, 502]
kg®
Nb15-NbH-Nb15 Abrev Bio- PC Bispecific 10 mg/kg® IN Drops Px/Rx NA [503]
tech-nology nanobody
Co., Ltd.
PiN21 University of  PC Nanobody 0.2 mg/kg® IN NEB Px NA [253]
Pittsburg
1212C2 ¢ Aridis PC 1gG 0.6 mg/kg® INH NEB Px/Rx NA [251]
AUG-3387 TFF Pharma- PC 1eG 0.3-1.0mg/kg® INH  Dry powder  Px/Rx NA [504]
ceuticals/
Augmenta
Bioworks
STI-9199 ¢ Sorrento PC Human [gG1- 0.5 mg/kg® IN Drops Rx NA [254]
(COV- Therapeu- LALA
ISHIELD™ tics, Inc/
IN) Mount Sinai

ANR active not recruiting, C completed, EUA emergency use authorization granted, /M intramuscular, /N intranasal, /NH inhalation, INJ injec-
tion, MOA mode of administration, NA not applicable, NCT National Clinical Trial (registry), ND not disclosed, NEB nebulizer, NYR not yet
recruiting, PC preclinical, Px prophylaxis, R recruiting, ROA route of administration, Rx therapeutic treatment, SC subcutaneous, SOD stage of
development, W withdrawn (from clinical development)

#Clinical dose in mg (total)
PEfficacious preclinical dose in mg/kg
“Discontinued from development 7/26/21

dPreclinical study was with antibody 1212C2, but plans are to move forward with AR-712, a cocktail consisting of two anti-SARS-CoV-2 IgGs
[505]

€STI-9199 is IN formulation of STI-9167, which has been shown to have strong neutralization activity against Omicron

critical care has improved. The US NIH has added a fifth United States National Institutes of Health (US NIH)
category of “moderate illness” in patients who are dem-  guidelines for treatment of severe and critical COVID-19
onstrated to have respiratory damage, but able to maintain  include the use of several drugs as palliative or supportive
blood oxygen levels above 94% [518]. care in treatment of immune dysregulation associated with

response to infection. Table 9 provides a listing of antibodies
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in clinical trials that have been, or are being, tested as poten-
tial palliative care drugs for COVID-19. As of November
2021, the only antibodies on the NIH recommendation list
for use in the most severe cases are the anti-IL-6R mAbs,
tocilizumab (Actemra®) and sarilumab (Kevzara®; recom-
mended only if Actemra® is not available), which have a
BIla rating (B, moderate; Ila, based on randomized trials
with sub-group analyses) [519].

Beyond the NIH recommendations, several other anti-
bodies have been studied in clinical trials for potential use
to treat various aspects of the immune response to SARS-
CoV-2 infection, including macrophage activation and traf-
ficking, cytokine storm, complement issues, immune cell
over-activation, and T-cell trafficking. Table 10 shows 38
antibodies that have been, or are being, studied in clinical tri-
als for palliative treatment of COVID-19. Of these, only the
anti-IL-6R mAbs, tocilizumab (Actemra®; USA, UK, WHO)
and sarilumab (Kevzara®; UK, WHO), have received EUAs
in the western world. Additionally, the anti-CD6 mAb,
itolizumab (Alzumab®), has been granted EUA in India for
treatment of COVID-19 (Table 10). Of the remaining candi-
dates, five target the GM-CSF pathway to block macrophage
activation and trafficking [522], several block inflammatory
cytokines such as IL-1p, IL-6, TNF-a, and IFN-y, and others
block various steps in either immune activation or immune
cell migration [30].

Perhaps the most significant cytokine driving COVID-
19 disease severity is IL-6 [511]. Currently, four antibodies
are in clinical trials targeting the IL-6 pathway, including
two targeting IL-6 cytokine (siltuximab [Sylvant®], clazak-
izumab) and two targeting the IL-6 receptor (tocilizumab
[Actemra®], sarilumab [Kevzara®]). The most advanced
of these, as noted above, is tocilizumab, which has been
granted multiple EUAs. The data supporting tocilizumab
EUAs, however, are mixed, with some studies demonstrat-
ing significant improvements in patient outcomes such as
time to hospital discharge or survival [523-525], whereas in
other studies, no significant differences were observed [526].
Recent studies have suggested that focusing on patients
with high circulatory IL-6 concentrations [527] or timing
in administration of tocilizumab [528] were potential key
factors in the success of tocilizumab in improving outcomes.
One of the potential problems in these studies is that most of
the data supporting or not supporting tocilizumab come from
retrospective multi-study analyses. Nevertheless, a recent
analysis has shown that the use of tocilizumab in supportive
care for COVID-19 is cost-effective in reducing mortality as
measured in QALY's (quality-adjusted life years) [529]. One
of the keys for successful use of tocilizumab, just the same
as for anti-SARS-CoV-2 approaches, is early administration
[530, 531]. Interestingly, the use of tocilizumab for COVID-
19 has been wide enough to cause a world-wide temporary
shortage of the drug, as announced by Genentech in August

2021 [532]. Thus, it seems likely that tocilizumab has been
used more widely in COVID-19 palliative treatment regi-
mens than as recommended by the NIH.

The EUA in India for the use of itolizumab in treatment
of COVID-19 was based on the results of a small clinical
trial that demonstrated potential [520]. Itolizumab targets
CD6, which is involved in continuation of T-cell activation
responses. It has been demonstrated that blocking CD6 can
reduce production of proinflammatory cytokines interferon-y
(IFN-y), interleukin (IL)-6, and tumor necrosis factor-o
(TNF-o) and adhesion molecules that eventually leads to
reduced T-cell numbers at inflammatory sites [520].

GM-CSF is a cytokine that activates myeloid cells and
stimulates their proliferation and migration to inflammatory
sites [513, 533]. As such, GM-CSF, due to its potential role
in myeloid dysregulation, is an important target for inflam-
matory diseases that have cellular components, including
rheumatoid arthritis and possibly also multiple sclerosis.
Thus, anti-GM-CSF antibodies have been studied for the past
several years for their potential use in a variety of inflamma-
tory diseases. While no anti-GM-CSF antibodies have yet
been approved by major regulatory agencies for any indica-
tion, there are multiple candidates in mid-to-late-stage clini-
cal trials, including lenzilumab, otilimab, mavrilimumab,
and plonmarlimab, all of which have advanced to at least in
Phase II clinical trials. These anti-GM-CSF antibodies offer
a potentially unique advantage for use in COVID-19 treat-
ment due to the likely central role played by activated mac-
rophages in disease progression [534]. Currently, no anti-
GM-CSF antibodies have been approved or granted EUAs
for treatment of COVID-19, although Humanigen filed an
EUA application with the FDA in June 2021 for treatment
of COVID-19 with lenzilumab. A Phase III trial supporting
the EUA filing indicated that treatment of severely diseased
COVID-19 patients improved survival without ventilation
in hospitalized, hypoxic patients from approximately 50% to
200%, depending on the specific subpopulation of patients
included in the analysis [522].

Dysregulation of the complement pathway has been
shown to play a role in sepsis and may play a role in increas-
ing the severity of COVID-19 [301-304, 320]. Production of
C5a anaphylatoxin from C5 can have multiple detrimental
effects, including overproduction of cytokines, activation of
macrophages, induction of tissue factor expression that can
result in disseminated intravascular coagulopathy (DIC),
and development of ARDS [510]. Similarly, inhibition of
C5a receptor-1 in a mouse influenza model was shown to
relieve symptoms associated with ARDS [535]. Addition-
ally, evidence suggests that the alternative complement path-
way plays a role in COVID-19 disease severity, mediated
through the inhibition of Factor H function by SARS-CoV-2
viral proteins [304]. While it is still early, four complement
pathway inhibition antibodies, three of which target the C5
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step to eliminate production of anaphylatoxin C5a, are being
tested clinically (see Table 9) for their potential to reduce the
effects of complement-mediated exacerbation of COVID-19
disease.

Other antibodies, such as the anti-IL-1pmAb, canaki-
numab (Tlaris®), have been tested for the treatment of CRS
associated with COVID-19, but have not demonstrated
significant clinical efficacy (patient survival) over SOC.
Based on clinical data, the US-CDC recommends against
the use of canakinumab for treatment of COVID-19 [519].
Nevertheless, similar to tocilizumab and antibodies target-
ing SARS-CoV-2, early use of canakinumab was shown to
provide superior efficacy over standard of care [536]. Simi-
larly, clinical studies on antibodies targeting IL-33R, IL-22,
P-selectin, IFN-y, CTGF, and CD73 to improve COVID-19
outcomes all have been discontinued due to lack of clinical
efficacy (Table 10).

It is clear from the broad and deeps efforts made by sev-
eral companies and research institutions that there is signifi-
cant difficulty in applying existing drugs to improve COVID-
19 outcomes. The best hopes still remaining for tamping
down the out-of-control immune system, without undermin-
ing the ability of the immune system to help clear the virus,
are the use of anti-IL-6R inhibitors, GM-CSF inhibitors, and
potentially complement pathway inhibitors.

10 Access and Costs of COVID-19 Antibodies

Access to the antibodies for treatment of COVID-19 that
have been given EUAs is quite varied. Several govern-
ments have bought up stockpiles of antibodies for distribu-
tion to their citizens, while in other cases, insurance and/
or government programs (e.g., Medicare in USA [537])
either provide or help with costs associated with the drugs.
The publicly reported price-points are: REGEN-COV™,
US$2,100 per dose; bamlanivimab/etesevimab, US$2,100
per dose; sotrovimab, US$2,202 per dose; Regkirona™,
US$3,650 per dose. It is noteworthy that of these available
anti-SARS-CoV-2 antibody therapeutics, REGEN-COV™
has led the way over the other available antibodies up to
December 2021, when Omicron became the dominant vari-
ant; they reported sales of U$2.59B of REGEN-COV™ in
1Q21, largely due to government stockpiling, but neverthe-
less approximately 2.5-fold more than the US$959M Eli
Lilly brought in for both 1Q and 2Q201 for their antibod-
ies to SARS-CoV-2. Tocilizumab (Actemra®), which has
been approved since 2009 (EU)-2010 (USA) for treatment
of rheumatoid arthritis, has been reported to cost US$5,304
for the single 800 mg dose used to treat COVID-19 [532].
The most recent US government purchase of antibody was
600,000 doses of bebtelovimab to fight Omicron BA.1 and
BA.2 at US$1,200/dose [538].

Note in Table 3 the doses for Regkirona™ (40 mg/kg)
and the amubarvimab plus romlusevimab (BRII-196/BRII-
198) antibody cocktail (40 mg/kg plus 80 mg/kg). For your
typical 70 kg patient, these doses would amount to totals
of 2.8 g for Regkirona™ and 2.8 g-plus-5.6 g (total, 8.4 g)
for the Brii cocktail. At a nominal cost for active pharma-
ceutical ingredient (API) of approximately US$175/g (aver-
age costs for midsized biotech company using early-stage
fed-batch manufacturing process; [539]), the cost of goods
(COGs) on a per gram basis for API for a single dose would
likely exceed US$490 and US$1,470, respectively, for these
antibodies. Certainly, if the API costs are lowered due to
efficiencies in manufacturing, these costs can be reduced
significantly. Nevertheless, as compared with the price per
dose above for Regkirona™, a theoretical COG of $490 for
API alone takes up about 13% of the price. Thus, there will
be significant pressure to find lower, but still efficacious
doses. An example of this is REGEN-COV™. The first
doses applied, including the dose given to President Don-
ald Trump, was 8.0 g, which using the math above would
have incurred at COG of at least $1,400 per dose. Regen-
eron eventually found that 1,200 mg casirivimab/1,200 mg
imdevimab was efficacious, and this dose was approved
in the original EUA. At the US$175/g API mark used as
a model here, the COG for the original REGEN-COV™
dose would have been US$420, essentially 20% of the price
per dose. Regeneron continued to investigate the efficacy
of lower doses successfully, and in June 2021, the FDA
amended the EUA for yet a lower dose of 600 mg casiriv-
imab and 600 mg imdevimab for REGEN-COV™, cutting
in half the APT COGs/dose, again showing the importance
on the economics of the drug to reduce the dose as much as
possible. Note that none of these COG projections include
the cost of research and development, packaging, distribu-
tion, or storage, so actual total costs to the manufacturers is
actually significantly higher.

11 Summary

It has now been a little over 2 years since the beginning
of the world-wide COVID-19 pandemic. Starting from the
earliest days of the COVID-19 pandemic, enormous effort
by legions of researchers, biopharmaceutical companies, and
research institutes has been put into developing antibodies
to either block SARS-CoV-2 infection directly or to modu-
late the dysfunctional immune response mounted against the
virus, especially in severe cases.

Antibodies for therapeutic, prophylactic and palliative
purposes have played a large role in saving lives, reducing
hospitalization and lowering the risk of mechanical ventila-
tion [540], as well as possibly limiting the number of “long
COVID-19” cases, i.e., those suffering long-term physical
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and psychological effects of the disease [541]. A recent anal-
ysis of all potential therapeutics for treatment of COVID-19
highlighted the few drugs that have shown enough efficacy to
warrant continued use in COVID-19 treatment [542]. These
included the antibodies to SARS-CoV-2 for which EUAs
have been approved and convalescent plasma, if adminis-
tered in the early stages of the disease, and glucocorticoids
administered with tocilizumab in later stages of the disease
[541]. While it is clear that antibody therapy is no substi-
tute for vaccination [543], these therapies have undoubtably
saved thousands of lives.

This pandemic and the incredible response to it has pro-
vided us with a basket full of lessons learned. First and fore-
most, antibodies can make a huge difference in the course
of the pandemic and save lives that might be lost otherwise.
The second and perhaps most significant lesson is that the
earlier the diagnosis and treatment, the much greater the
possibility to intervene successfully. While this general prin-
ciple has played out for all modes of therapeutic treatment,
it is especially important for antibody treatment, whether it
be via convalescent plasma or manufactured recombinant
antibodies. Finally, this pandemic has taught us that the first
successful drugs may not be the drugs that ultimately save
lives because of the speed of antigenic drift. Multiple times
in this pandemic we have witnessed the emergence of new
variants that took over and dominated within 2 months of
first detection, an incredible view into the power of the virus
to adapt and change.

Additional important learnings that are still playing out
but could be key approaches for future pandemics and anti-
viral therapeutics are that multi-valency and biparatopic/
bispecific approaches can significantly improve potency of
the antibody constructs. Added to that was the strong data
supporting the use of antibodies with full or even improved
Fc functionality, both for FcyR interactions (e.g., ADCC,
ADCP, ability to cross-link) and FcRn interactions (i.e.,
longer circulating half-life). Thus, the full activity of natural
antibodies plays out as critical for recombinant therapeutic
antibodies as well. Finally, it is clear that direct competition
with the receptor, i.e., competition-based neutralization is
not the only MOA of importance. Several of the antibodies
described herein do not block SARS-CoV-2 from binding
to human ACE2 but are highly potent neutralizers in any
case utilizing very different MOAS than just blocking. These
“novel” MOAs include intra- and inter-spike crosslinking,
destabilization of the spike complex, locking RBDs in con-
formations that do not allow ACE2 binding, and so forth.
This is critical for future anti-COV antibody design because
many of the most highly conserved sequences, which might
be employed to derived pan-COV antibody therapeutics, are
away from the RBM, or ACE2 binding site. These could
be important future approaches to account for both novel
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COVs different from SARS-CoV-2 as well as for continued
antigenic drift of SARS-CoV-2 giving rise to future variants.

The COVID-19 pandemic has galvanized many aspects of
antibody discovery, leading the way to faster and more effi-
cient antibody discovery and development processes. Human
B cells have been used for several years to derive antibodies
against infectious disease agents [176], and microfluidics
approaches coupled with advanced RNA recovery technol-
ogy [203, 210, 256, 544-546] have been increasingly used in
antibody discovery over the past several years. Nevertheless,
the pandemic brought about a forced evolution in antibody
discovery, demonstrating how the use of captured antibody
genes from B cells, automation, parallel and overlapping
processes, and focus could cut years off the process of going
from antigen to the clinic [203, 214]. Additionally, with so
many efforts focused on essentially a single antigen, i.e.,
SARS-CoV-2 spike protein, this has resulted in a greater
appreciation for the nuances of specific epitopes, antibody
binding angles, mixed mechanisms of action, and avidity
effects, and their combined roles in producing highly potent
antibodies. Hopefully, there will not be another pandemic to
match COVID-19, but if there is, the antibody industry will
be more prepared to take a leading role in treating whatever
comes next.

We have endeavored to take most of our information
directly from primary literature wherever possible, so very
few SARS-CoV-2 antibody reviews are cited thus far. There
are, however, dozens of excellent reviews that have taken
different approaches than taken here, as well as some highly
informative websites, a few of which are cited here for refer-
ence [547-554].
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