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Abstract

Although efficacious vaccines have significantly reduced the morbidity and mortality of
COVID-19, there remains an unmet medical need for treatment options, which monoclonal
antibodies (mAbs) can potentially fill. This unmet need is exacerbated by the emergence
and spread of SARS-CoV-2 variants of concern (VOCs) that have shown some resistance
to vaccine responses. Here we report the isolation of five neutralizing mAbs from an Indian
convalescent donor, out of which two (THSC20.HVTR04 and THSC20.HVTR26) showed
potent neutralization of SARS-CoV-2 VOCs at picomolar concentrations, including the Delta
variant (B.1.617.2). One of these (THSC20.HVTR26) also retained activity against the Omi-
cron variant. These two mAbs target non-overlapping epitopes on the receptor-binding
domain (RBD) of the spike protein and prevent virus attachment to its host receptor, human
angiotensin converting enzyme-2 (hACE2). Furthermore, the mAb cocktail demonstrated
protection against the Delta variant at low antibody doses when passively administered in
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The PDB (https://www.rcsh.org/) accession codes
for the SARS-CoV-2 bound THSC20.HVTR04 and
THSC20.HVTR26 crystal structures are 7Z0Y and
7Z0X respectively.
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the K18 hACE2 transgenic mice model, highlighting their potential as a cocktail for prophy-
lactic and therapeutic applications. Developing the capacity to rapidly discover and develop
mAbs effective against highly transmissible pathogens like coronaviruses at a local level,
especially in a low- and middle-income country (LMIC) such as India, will enable prompt
responses to future pandemics as an important component of global pandemic
preparedness.

Author summary

SARS-CoV-2, a highly infectious and pathogenic virus that caused the COVID-19 pan-
demic, has led to unprecedented devastation and disruption in human health, public
safety, and the global economy. The virus genome sequence has aided in the rapid devel-
opment of vaccines as well as the discovery of potential therapeutic agents such as
monoclonal antibodies (mAbs). In India, the emergence of the Delta variant led to a sig-
nificant rise in caseloads and deaths that overwhelmed health systems. Here, we describe
the isolation of novel cross SARS-CoV-2 variant neutralizing monoclonal antibodies
(mAbs) from a single Indian convalescent individual, two of which (THSC20.HVTR04
and THSC20.HVTR26) demonstrated very potent neutralization of SARS-CoV-2 vari-
ants of concern (VOC) by targeting non-overlapping epitopes in the spike protein’s
receptor binding domain (RBD). One of these two mAbs, THSC20.HVTR26 also
retained activity against the Omicron variant albeit with reduced potency. Furthermore,
in a hACE2 transgenic mouse model, passive transfer of their combination conferred
significant protection against infection by Delta variant at a low dose, implying that
these two highly potent mAbs have the potential to be developed as products for thera-
peutic and preventive application against SARS-CoV-2 infection. The lessons learned
from the COVID-19 pandemic emphasize the importance of a timely response through
the discovery of effective mAbs as part of pandemic preparedness for future emerging
infectious diseases.

Introduction

SARS-CoV-2 is a positive-sense single stranded RNA virus that is the etiological cause of
COVID-19, which has led to over 5 million deaths globally (https://covid19.who.int/).
Although SARS-CoV-2 has a relatively low mutation rate, a combination of high transmission
events (over 250 million cases to date), inequitable vaccine access, and prevailing vaccine hesi-
tancy, has led to the selection and spread of variants of concern (VOCs) that drive this persist-
ing pandemic. These VOCs (https://www.who.int/en/activities/tracking-SARS-CoV -
2-variants/) have garnered mutations that give them a selective advantage, either higher trans-
mission, resistance to vaccine responses, or both. Among all of the SARS-CoV-2 VOC:s, the
Delta variant (B.1.617.2), first detected in India in late 2020 in the state of Maharashtra [1,2],
became the globally dominant circulating strain during the period from July 2021 to December
2021 (https://nextstrain.org/ncov/gisaid/global). The Delta variant led to a large spike in
COVID-19 cases in India as part of a second wave that culminated in over 30 million cases
and over 400,000 deaths [1,3]. Even though the third wave in India was dominated by the
Omicron variant (over 60% of total sequences analyzed in February 2022), analysis of virus
sequences reported from India in the GISAID database (https://www.epicov.org/) indicated
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that Delta variant (over 20% of the total sequences analyzed) continued to infect till February
2022. Since the first case of Delta was reported, scientists have determined that the Delta vari-
ant is more than twice as transmissible as the original strain of SARS-CoV-2 [2]. Some studies
have also indicated that infection with the Delta variant leads to higher viral loads and worse
disease prognosis compared to the original Wuhan strain [4]. Importantly, countries with high
vaccination rates observed increases in cases due to Delta, indicating some breakthrough infec-
tion, but did not observe a proportional increase in hospitalization [5,6]. Unfortunately, coun-
tries with limited access to vaccines face higher rates of COVID-19 cases and increases in
hospitalization, which could overwhelm health systems and add to the growing tally of mor-
bidity and mortality due to COVID-19.

Since the emergence of Delta, a new SARS-CoV-2 variant called Omicron has captured the
attention of scientists and public health officials. Omicron contains a much larger number of
mutations than Delta when compared to the original Wuhan strain. Recent studies have indi-
cated that Omicron is more transmissible than the Delta variant [7-10] and vaccine responses
are less effective against Omicron [11,12]. As access to and uptake of efficacious vaccines
remain inequitable across the globe, the likelihood of additional VOCs emerging is high, par-
ticularly among immunocompromised individuals—notably people living with HIV (www.
hiv.gov) who are not able to reliably access treatment and the millions of people around the
world who are receiving treatment for cancer and other related diseases. This combination of
factors leads to a perpetual unmet medical need for treatment options as global vaccine distri-
bution and uptake languish.

In the absence of efficacious small molecule drugs at the height of the pandemic, monoclo-
nal antibodies (mAbs) were discovered and developed as a relatively rapid countermeasure to
prevent hospitalization. While effective drugs can take up to a decade or longer to discover
and develop, Eli Lilly and Regeneron [13] were able to advance mAbs from discovery to emer-
gency use authorization (EUA) in an unprecedented 8 months. These mAbs have variable
activity against different VOCs, including loss of neutralization activity of Bamlanivimab
against Delta and Beta variants, loss of activity of Etesivimab against Beta and reduced activity
against Alpha variant, and reduced activity of Casirivimab against the Beta variant. Imdevi-
mab, which is delivered in combination with Casirivimab as part of the REGN-CoV cocktail,
remains active against Alpha, Beta, and Delta variants. The new Omicron variant, however,
appears to be resistant to all four EUA antibodies [14-16]. To address resistant VOCs like
Omicron and others that might arise, other programs have focused [14] on isolating neutraliz-
ing antibodies that target conserved epitopes on the spike protein and are therefore hypothe-
sized to remain active against current and future VOCs. A complementary approach is to
establish capacity in low- and middle-income countries (LMICs) to isolate monoclonal anti-
bodies from convalescent donors in regions where VOCs are likely to emerge. Studies have
shown that despite reduced neutralization activity against VOCs of sera from vaccinated indi-
viduals or convalescent donors infected with the original strain, those who are infected with
VOC:s like Beta do mount a potent neutralizing antibody response [17]. These findings high-
light the value of isolating new mAbs from convalescent donors that are effective against new
VOCs to provide additional therapeutic options to prevent severe COVID-19 disease.

In the present study, we report isolation of monoclonal antibodies (mAbs) from an Indian
convalescent donor by antigen-specific single B cell sorting using the receptor binding domain
(RBD) of SARS-CoV-2 Wuhan strain. We report the discovery of two monoclonal antibodies
(THSC20.HVTRO04 and THSC20.HVTR26) that have non-competing epitope specificities on
the RBD and show potent neutralization of Alpha, Beta, Gamma, and Delta VOCs. Further-
more, a combination of these two mAbs demonstrated significant in vivo protection at low
antibody dose against Delta challenge in K18 hACE2 transgenic mice.
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Results

Identification of a convalescent donor with high serum antibody titers and
neutralizing activity against SARS-CoV-2 VOCs

We first screened the plasma samples obtained 6-8 weeks post infection from eleven conva-
lescent donors in the DBT India COVID-19 Consortium cohort [18] who recovered from
COVID-19 (S1 Table). These samples were screened for anti-RBD serum titers and neutraliz-
ing activity against SARS-CoV-2 VOCs using Vero-E6 as target cells. Through this evaluation,
we identified one convalescent donor (C-03-0020) whose plasma exhibited strong binding to
RBD by ELISA (Fig 1A), neutralization of live SARS-CoV-2 virus (Wuhan strain) (Fig 1B),
and broad neutralization of SARS-CoV-2 (Wuhan isolate), SARS-CoV-2 VOCs, and SARS-
CoV pseudoviruses (Fig 1C). Based on these data, we next attempted to isolate RBD-specific
monoclonal antibodies from donor C-03-0020.
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Fig 1. Isolation of neutralizing antibodies from the memory B cells of a convalescent donor. A. Identification of C-03-0020 donor with
significant binding to SARS-CoV-2 RBD. B. High neutralizing activity of C-03-0020 plasma against SARS-CoV-2 in live virus neutralization assay.
C. High neutralizing activity of C-03-0020 plasma against SARS-CoV-2 in pseudovirus neutralization assay. D. Neutralization potential of RBD-
reactive mAbs were evaluated against SARS-CoV-2 pseudovirus. E. CDRH3 sequence, germline usage neutralization potency of isolated mAbs
against SARS-CoV and SARS-CoV-2.

https://doi.org/10.1371/journal.ppat.1010465.9001
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Isolation of RBD-specific anti-SARS-CoV-2 monoclonal antibodies (mAbs)

Although anti-SARS-CoV-2 antibodies targeting different regions of the viral spike such as
RBD, S1, S2 domains and N-terminal domain (NTD) have been reported [13,19-29], most of
the potently neutralizing mAbs target the RBD of SARS-CoV-2, presumably because the mAbs
compete with ACE2 binding. We therefore utilized RBD as antigen bait to rapidly isolate anti-
SARS-CoV-2 mAbs using single B cell FACS sorting method as described previously [20].
Using this strategy, a total of 48 SARS-CoV-2 RBD specific single B cells were antigen-sorted
(S1 Fig), and mRNA from sorted cells were reverse transcribed and heavy and light chain vari-
able regions were subsequently amplified by PCR. We successfully amplified heavy and light
chains from 38 out of 48 RBD-specific B cells (79% efficiency), which were then cloned into
expression vectors and produced as recombinant monoclonal antibodies. Antibody transfec-
tion supernatants from these 38 heavy and light chain pairs were next screened for expression
and binding to SARS-CoV-2 RBD by ELISA. As shown in S2 Fig, 5/ 38 mAb supernatants
showed expression by Fc capture ELISA and binding to SARS-CoV-2 RBD (Fig 1D). While all
the five mAbs as purified IgGs neutralized pseudovirus expressing spikes of SARS-CoV-2 wild
type, Alpha, Beta and Kappa (with IC50 ranging from 0.003-7.2 pg/mL), one of the mAbs
(THSC20.HV'TR39) showed evidence of neutralizing both SARS-CoV and SARS-CoV2.

(Figs 1 and S4).

Sequence analysis revealed that all the five neutralizing mAbs derived from distinct germ-
line lineages as shown in Fig 1E and S2 Table, indicating a polyclonal neutralizing antibody
response following infection in this donor. Except for THSC20.HVTRS88, which has a kappa
light chain, all the other four mAbs (THSC20.HVTR04, THSC20.HVTR06, THSC20.HVTR26
and THSC20.HVTR39) have lambda light chains. We also note that mAb THSC20.HVTR26 is
derived from the IGHV3-53 heavy chain gene, which was reported to be a common variable
heavy chain gene for SARS-CoV-2 nAbs (S2 Table) [30]. We next evaluated the level of
somatic hypermutation in the variable genes. Similar to previously reported findings
[20,28,31,32], the isolated nAbs have relatively low levels of somatic mutations that range
between 94.5% to 98.25 identical to germline. The H-CDR3 length of isolated mAbs range
from 16 to 23 amino acids (aa). For the corresponding light chains, the level of IGLV gene
somatic mutation ranges from 93.01 to 97.92, while the mAb with a kappa chain is 100% iden-
tical to its IGKV germline (S2 Table).

Neutralizing antibodies are active against SARS-CoV-2 VOCs

Next, we examined the ability of the newly isolated mAbs to neutralize the SARS-CoV-2 VOCs
(Alpha, Beta, Gamma, and Delta) and variants of interest (VOIs) that have circulated in India
(Kappa, B.1.36 and Delta plus). First, we examined the binding affinity and avidity of the five
newly isolated mAbs to the SARS-CoV-2 RBD by biolayer interferometry (BLI) and ELISA
respectively. As shown in Figs 2A and S3A, BLI analysis of these five mAbs showed apparent
RBD binding affinity between 0.19-0.813 nM, with THSC20.HVTRO04 having the highest
apparent affinity (0.19 nM) and THSC20.HVTR39 having the lowest apparent affinity (0.813
nM). These values closely match apparent affinity measurements by ELISA to RBD with EC50
values ranging from 0.19-0.06 pg/mL (S3B Fig). THSC20.HVTR04 and THSC20.HVTR26
showed the highest affinity in these assays.

Since we used monomeric RBD to isolate the mAbs, we further assessed their ability bind to
trimeric spike protein expressed on the cell surface. For this purpose, we expressed the SARS-
CoV-2 spikes representing Wuhan wild-type or Kappa (B.1.617.1) variant sequences on the
surface of 293T cells and measured binding of mAbs to cell surface spike by fluorescence-acti-
vated cell sorting (FACS). As shown in Fig 2B, THSC20.HVTR04 and THSC20.HVTR26
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Fig 2. Isolated monoclonal antibodies can neutralize all circulating variants of concern and interest. A. Binding affinities of THSC20.HVTR04 and
THSC20.HVTR26 to the SARS-CoV-2 (Wuhan) receptor binding domain (RBD) protein by BLI-Octet. Biotinylated wild type SARS-CoV-2 RBD
antigen was immobilized on Streptavidin (SA) biosensors and binding affinity of monoclonal antibodies to RBD was tested using three-fold serial
dilutions of mAbs starting with 33.3 nM and lowest 0.41 nM (five different concentrations were tested). Association and dissociation was assessed for 500
seconds each. Data shown is reference-subtracted and aligned using Octet Data Analysis software v11.1 (Forte Bio). Curve fitting was performed using a
1:1 binding model and K,,,, Ko and Kp values were determined with a global fit. B. Binding of mAbs to SARS-CoV-2 spike protein expressed on 293T
cells as assessed by mean fluorescent intensity (MFI) in a flow cytometry. C. Live virus focus reduction neutralization assay. The ability of the two top
mAbs (THSC20.HVTR04 and THSC20.HVTR26) was assessed by dose-dependent foci reduction neutralization (FRNT) live virus neutralization assay in
Vero-E6 cells. D. Expanded pseudovirus neutralization assay of THSC20.HVTR04 and THSC20.HVTR26 against circulating VOCs (Alpha, Beta,
Gamma, Delta) and VOIs (Kappa, Delta Plus). Other known mAbs (REGN10933, REGN10987, CC12.1 and CC6.36) were included in the experiment as

benchmarking controls. Representative dose response curves are shown with each concentration response tested in duplicate. Values shown are mean
with SEM.

https://doi.org/10.1371/journal.ppat.1010465.9002

bound more strongly than the other mAbs to the spike proteins expressed on the surface of
293T cells.

We next evaluated the neutralization activity of the mAbs against SARS-CoV-2 variants in
a pseudovirus assay. The panel of SARS-CoV-2 variants included the Wuhan strain, Alpha,
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Beta, and Kappa strains. We found that THSC20.HVTR04 and THSC20.HVTR26 neutralized
these SARS-CoV-2 variants with the highest potency (S4 Fig). This observation is consistent
with their high binding affinity to the RBD as shown above. Additionally, we observed that
mAb THSC20.HVTR39 neutralized SARS-CoV with IC50 of 2.9 ug/mL, indicating that this
particular mAb is capable of neutralizing both SARS-CoV and SARS-CoV-2.

THSC20.HVTR04 and THSC20.HVTR26 showed the greatest potency out of all the isolated
mADbs. Therefore, these mAb were subsequently evaluated for neutralization both individually
and in combination in a live virus focus reduction neutralization assay against the following
VOC isolates: Alpha, Beta, Delta and VOI Kappa (as shown in Figs 2C and S5). We also com-
pared these antibodies to previously reported neutralizing mAbs [13,20] in a pseudovirus neu-
tralization assay (Fig 2D). As shown in Fig 2C and S3 Table, both THSC20.HVTR04 and
THSC20.HVTR26 mAbs showed very potent neutralization against all VOCs and Kappa vari-
ant with IC50s ranging from 0.003-0.01 ug/mL when assessed against live virus isolates. Com-
parable neutralization potencies of THSC20.HVTR04 and THSC20.HVTR26 mAbs
individually and in combination were also observed when assessed in a pseudovirus neutrali-
zation assay (Fig 2D and S4 Table). Both THSC20.HVTR04 and THSC20.HVTR26 mAbs
potently neutralize Gamma (P1) and Delta-plus variants in the pseudovirus neutralization
assay, which are resistant to some of the previously reported neutralizing mAbs. We note the
modest superiority of these two novel mAbs over REGN10933 and REGN10987 mAbs [13]
when compared head to head in the same pseudovirus neutralization assay.

Interestingly, when assessed against Omicron variant, we found amongst all the newly iso-
lated mAbs, THSC20.HVTRO06 and THSC20.HVTR26 demonstrated neutralization of Omi-
cron, although with reduced potencies (IC50 values of 4.14 and 2.71 pg/mL respectively),
while the other mAbs were not found to demonstrate any meaningful activity against Omicron
(Fig 3). Taken together, our data report the discovery of two highly potent mAbs (THSC20.
HVTRO04 and THSC20.HVTR26) from a single convalescent donor that are capable of potently
neutralizing all the VOCs and VOIS tested in this study, of which two (THSC20.HVTRO06 and
THSC20.HVTR26) were found to neutralize Omicron variant.

Neutralizing antibodies from the same donor target non-competing
epitopes on RBD

To assess the epitope specificities of the newly isolated mAbs on SARS-CoV-2 RBD, we per-
formed epitope binning using biolayer interferometry as described previously [20]. To achieve
this, biotinylated RBD was first loaded on the streptavidin biosensor followed by binding of
saturating mAb at a high concentration (100 pg/mL). Subsequently, binding of a competing
mADb at lower concentration (25 pg/mL) to RBD was evaluated in the presence of saturating
mAb. We also tested four previously reported anti-SARS-CoV-2 antibodies (CC12.1, CC12.3,
CC12.18 CC6.33.1, REGN10933 and REGN10987) [20] that target two distinct epitopes on
RBD to inform our epitope binning. Our data revealed two distinct non-overlapping epitopes
for THSC20.HVTR04 and THSC20-HVTR26 on the RBD. THSC20.HVTR06 and THSC20.
HVTR39 did not compete with THSC20.HVTR-04 and THSC20-HVTR-26, indicating dis-
tinct epitope specificities for these mAbs (Figs 4A and S6). The epitope binning experiment
also revealed that THSC20.HVTR-88 and THSC20.HVTRO04 have similar or overlapping epi-
tope specificities. Compared to previously reported antibodies which were used as benchmark-
ing antibodies in this study, our experimental data showed similar epitope specificities
between THSC20.HVTR04, REGN10987, CC6.33.1 (RBD-B) and between THSC20.HVTR26,
REGN10933 CC12.1 (RBD-A) antibodies, although their neutralization breadth and potency
varied.
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Fig 3. Neutralization potential of isolated monoclonal antibodies against Omicron. Neutralization of pseudovirus
expressing Omicron spike by all the five newly isolated mAbs was carried out as described above. Average of three
independent experiments with each concentration response tested in duplicate were used to prepare the dose response
curves. Values shown are mean with SEM.

https://doi.org/10.1371/journal.ppat.1010465.9003

We next examined whether the isolated monoclonal antibodies compete with RBD for
ACE2 receptor binding. We carried out a mAb-RBD competition for ACE2 binding assay by
first incubating mAbs with RBD in a 4:1 ratio and subsequently measured binding to HeLa-
ACE?2 target cells by FACS. As shown in Fig 4B, among all the mAbs tested, THSC20.
HVTRO04 and THSC20.HV'TR26 effectively blocked RBD binding to ACE2. We further deter-
mined which residues in the receptor binding motif (RBM) are required for antibody neutrali-
zation [33-35] for THSC20.HVTR04 and THSC20.HVTR26. We found that mutations
N439K, N440K and K444N resulted in reduced sensitivity to THSC20.HVTRO04, with N439K
demonstrating greater than a 160-fold reduction in neutralization when assessed in pseudo-
virus neutralization assay (S5 Table). Meanwhile, the neutralization activity of THSC20.
HVTR26 was unaffected by any of these point substitutions. Our data correlates with the basis
for loss in sensitivity of Omicron variant to THSC20.HV'TR04.

To further examine the structural basis for the difference in epitope specificities of
THSC20.HVTRO04 and THSC20.HVTR26, high resolution atomic details for THSC20.
HVTRO04 and THSC20.HVTR26 bound to wild type SARS-CoV-2 RBD were determined by x-
ray crystallography, at 2.95 A and 1.80 A respectively (Fig 5 and S6 Table). These data
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Fig 4. Neutralizing antibodies from the same donor target non-competing epitopes on RBD. A. Monoclonal antibodies were evaluated for
epitope competition using BLI. Biotinylated RBD was captured using streptavidin biosensor and indicated mAbs at a concentration of 100ug/ml
first incubated for 10 min followed by incubation with 25ug/ml of competing antibodies for 5 min. B. ACE2-mAb competition for RBD. Inhibition
of SARS-CoV-2 RBD binding by five mAbs to the cell surface hACE2 was assessed by flow cytometry.

https://doi.org/10.1371/journal.ppat.1010465.9004
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Fig 5. X-ray crystallography of THSC20.HVTR04 and THSC20.HVTR26 complexed with SARS-CoV-2 RBD. A. Schematic of THSC20.HVTR26 Fab (PDB
720X, shown in dark and light green for heavy and light chains respectively) and THSC20.HVTR04 Fab (PBD 7Z0Y, shown in dark and light blue), bound to
SARS-CoV-2 spike RBD (shown in purple/pink respectively). Structures were aligned by RBD. B. Surface view of SARS-CoV-2 RBD from PDB 7Z0X (top) or
7Z0Y (bottom), viewed from the angle of ACE2 approach, with the ACE2 binding site colored gold. Complementarity determining regions are shown in
cartoon view, labelled, and colored as in A. C. Surface view of THSC20.HVTR26 Fab variable domains (colored as in A). RBD residues 475-489 and F456 are
shown in purple cartoon and stick view. Key amino acids E484, T478, F486, and N487 are labelled. D. Surface view of THSC20.HVTRO04 Fab variable domains
(colored as in A). RBD residues 439-450 and 498-502 are shown in purple cartoon and stick view. Key amino acids V445, K444, P499, N439, and N440 are
labelled. E. Primary sequence of SARS-CoV-2 RBD positions 410 to 510 (purple), and mutations associated with the Beta (cyan), Delta+ (lime), or Omicron
(salmon) variants. The percentage of accessible surface for each amino acid that was bound by THSC20.HVTR04 or THSC20.HVTR26 was calculated (%
buried surface area) and plotted using blue or green dots respectively, where each dot represents ~10% of the total solvent accessible surface area.

https://doi.org/10.1371/journal.ppat.1010465.9g005

confirmed non-overlapping epitopes separated by approximately 4 A on the same protomer,
with both antibodies directly occluding the ACE2 binding site (S7A Fig). While THSC20.
HVTR26 derived from the IGHV3-53 heavy chain gene, it had a binding mode that did not
conform to the SARS-CoV-2 public antibody response ascribed to this gene. The THSC20.
HVTR26 paratope was predominantly made up of residues from CDR-H2, -H3, and -L3, com-
prising 80% of the interface (Figs 5B, top and S7B). SARS-CoV-2 RBD positions G485, F486,
and N487 buried all available surface area into THSC20.HVTR26, forming almost half of the
epitope (Fig 5C). Key interactions were also made with E484 and T478. These sites are
mutated in the Beta and Delta variants respectively (Fig 5E), both of which were neutralized
by THSC20.HVTR26, suggesting that the combination of these mutations likely contributes to
reduced neutralization of the Omicron variant by THSC20.HVTR26 (S7C Fig), although qua-
ternary interactions may play an additional role (S7D Fig). The THSC20.HVTRO04 paratope
was more evenly distributed over all six CDRs, with heavy chain residues comprising two
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thirds of the interface (Figs 5B, bottom and S7E). Positions V445 and P499 of SARS-CoV-2
RBD were completely buried in THSC20.HVTRO04, with additional key interactions at N439,
N440, S443, K444 (including a salt bridge with CDR-H3 E100%), G446, G447, and T500 (Fig
5D). Of these, only N440K and G446S mutations are found in current SARS-CoV-2 VOI/
VOCs (Fig 5E). While N440K conferred a 25-fold reduction in THSC20.HVTRO04 neutraliza-
tion (see S5 Table), the combination together with G446S and Q498R found in the Omicron
variant is likely responsible for its resistant phenotype at this site (S7E Fig). The epitope for
THSC20.HVTRO04 was highly similar to Imdevimab (REGEN-COV / Ronapreve) and Bebtelo-
vimab (S8A Fig), contacting the same positions in RBD (S8C Fig). The ability of Bebtelovimab
to neutralize Omicron may be explained by subtle differences in binding angle / CDR-H2 resi-
dues that provide enough room to accommodate the G446S substitution. THSC20.HVTR26
had an epitope most closely related to Tixagevimab (Evusheld) (S8B Fig), and shared elements
of its epitope with Bamlanivimab and Regdanvimab (S8C Fig), all of which display limited
neutralization of, or binding to, the Omicron VOC.

Finally, we examined how THSC20.HVTR04 and THSC20.HVTR26 differ in their binding
to the SARS-2 CoV 6P Mut7 spike protein ectodomain by negative stain electron microscopy
(nsEM). Analysis of 2D class averages (S9 Fig) and 3D refinements of EM structural data indi-
cated that both THSC20.HVTR04 and THSC20.HVTR26 mAb can bind to RBD in different
stoichiometries both in the “up” and “down” RBD conformation on the spike (Fig 6). Next, we
docked PDB 6VYB/6VXX into the density and labeled the N439, N440 and K444 residues as
red spheres. For THSC20.HVTRO04, these residues are directly in the epitope paratope inter-
face, S10 Fig), explaining the reduction in neutralization when these residues are mutated.
This observation corroborates with the X-ray structures as described above.

THSC20.HVTR04 and THSC20.HVTR26 combination protects against
Delta challenge in K18 hACE-2 mice

Based on their ability to neutralize SARS-CoV-2 variants with the highest potency, we selected
THSC20.HVTRO04 and THSC20.HVTR26 to assess protection efficacy against Wuhan and
Delta variant challenge in a K18- human ACE2 (hACE2) transgenic mice model [36]. More-
over, both these mAbs were negative in an ELISA-based polyreactivity assay with solubilized
CHO membrane proteins (S11 Fig), further supporting their suitability for assessing their pro-
tective efficacy in the animal model. The experimental design of the efficacy assessment in
K18-hACE2 transgenic mice model is shown in Figs 7A and S12A. We first assessed the pro-
tective efficacy of single doses of these two individual mAbs against SARS-CoV-2 (Wuhan iso-
late) infection in K18-hACE-2 transgenic mice (Fig 7B-7D). A total of 28 mice were divided
into six groups comprising five animals per group in the experimental arms and three animals
in the Placebo group. Mice in groups 3, 4, 5 and 6 received intraperitoneal injection of 10 mg/
kg of indicated antibodies (equivalent to 200 pg per animal) and were subsequently challenged
intranasally with 10° plaque forming units (PFUs) / mice of SARS-CoV-2 (Wuhan isolate) 24
hours after antibody administration. Prior to virus challenge, we obtained blood samples to
determine serum IgG titers. The changes in body weight for all the experimental animals was
measured daily until day 6 (end-point) (Fig 7B). Additional clinical parameters were moni-
tored to determine overall disease severity index at day 6-7 post challenge. All the mice were
sacrificed on day 6 and lung tissues were harvested to measure lung virus load. As shown in
Fig 7B, mice in the groups 2 (infection control) and 3 (non SARS-CoV-2 specific IgG control)
exhibited significant weight loss of more than 10% on day 6 compared to those groups that
received neutralizing antibodies. Moreover, mice that received neutralizing antibodies showed
near undetectable viral RNA loads in their lung compared to the virus challenge group (group
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Fig 6. Negative stain EM analysis of mAbs complexed with SARS-CoV-2 spike protein. Negative stain EM analysis of mAbs THSC20.HVTR04 (blue) and
THSC20.HVTR26 (green) complexed with SARS-CoV-2 6P Mut7 spike protein. PDB 6VYB (one RBD-up) was fit into maps i-iii, and PDB 6 VXX (three RBD’s
down) was fit into map iv.

https://doi.org/10.1371/journal.ppat.1010465.9006

2) the isotype control group (group 3) (P<0.001) (Fig 7C). We observed a strong correlation
(P<0.0001) between minimal weight loss and undetectable lung virus load in the mice that
received neutralizing antibodies (Fig 7D).

To further assess whether these two mAbs could also demonstrate protection against the
more virulent Delta (B.1.617.2) variant, we repeated the same strategy as described above. For
this, we arranged the mice into seven groups (S12D Fig) and titrated the combination of neu-
tralizing antibodies from 10 mg/kg (equivalent to 200 ug per animal) to 0.156 mg/kg body
weight (equivalent to 3.125ug per animal) through four-fold serial dilutions. The results are
comparable to the Wuhan challenge experiment (Figs 7E-7G and S8)—all the mice in the
infection control group (group 2) and the isotype control group (group 3) exhibited significant
weight loss at day 6, whereas no significant weight loss was observed in animals that received
the antibody cocktail including those receiving the lowest dose (0.156 mg/kg body weight;
group 7) (Fig 7E). In addition, as an indicator of clinical prognosis, we measured lung viral
RNA at day 6 and found significant reduction in the lung viral load even at an antibody dose
as low as 0.625mg/kg body weight (P<0.001) (Fig 7F). Interestingly, we observed near 2-fold
lower lung virus load in animals that received the lowest dose of the mAb cocktail (0.156 mg/
kg body weight; group 7). As expected, a strong correlation between minimal or no loss in
body weight and undetectable lung virus load in the mice that received different doses of mAb
combination was observed (Figs 7G and S12F). Taken together our study demonstrated
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Fig 7. Neutralizing mAbs are able to protect against Wuhan and Delta variants in K18-hACE2 mice model. A.
Experimental design of the efficacy assessment in K18-hACE2 transgenic mice model. K18-hACE2 mice were
passively given intraperitoneal injection of the two individual mAbs or mixture of two mAbs 24 h prior to intranasal
inoculation with 10° PFU of SARS-CoV-2 Wuhan or Delta isolate. Each mouse was administered with single dose of
10 mg/kg body weight (equivalent to 200 ug /animal) for testing against Wuhan isolate and four different doses of 10
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mg, 2.5 mg, 0.625 mg and 0.156 mg mAb per kg body weight (equivalent to 200pg, 50pg, 12.5pg and 3.125ug per
animal respectively) for testing against Delta variant isolate. B-D. The prophylactic effect of THSC20.HVTR04 and
THSC20.HVTR26 alone and in combination against Wuhan isolate on preventing body weight loss at concentration of
10 mg per kg body weight (B), lung viral load assessed at day 6 (C) and correlation of percent body weight change with
lung viral load at day 6 (D). E-G. The prophylactic effect of THSC20.HVTR04 and THSC20.HVTR26 in combination
against SARS-CoV-2 Delta variant on preventing body weight loss at four different concentrations as 10 mg, 2.5 mg,
0.625 mg and 0.156 mg mAD per kg body weight, day-wise and on day 6, respectively (E), Lung viral load assessed at
day 6 (F), and correlation of percent body weight change with lung viral load at day 6 (G).

https://doi.org/10.1371/journal.ppat.1010465.9007

significant protection by a combination of these two potently neutralizing mAbs at low dose
against the highly virulent Delta variant in a transgenic hACE-2 mice model and was found to
be comparable with few others tested against Delta variant [37,38].

Discussion

Establishing antibody discovery capacity in low and middle-income countries (LMICs) is a
key component of pandemic preparedness to enable prompt responses to emerging global
health challenges. The likelihood of new virus variants emerging in LMIC is high as access to
vaccines and treatment options are delayed or limited and there is an abundance of comorbidi-
ties that could accelerate the selection of new VOCs. Hence, enabling the discovery and devel-
opment of monoclonal antibodies at the local level will provide new countermeasures that can
be developed as treatment or prevention options that meet local needs while access to other
interventions remain limited.

In our present study, we characterized mAbs that were isolated from an Indian conva-
lescent donor in 2020 before the emergence of the deadly Delta variant. Among these mAbs,
two (THSC20.HVTR04 and THSC20.HVTR26) showed neutralization of Alpha, Beta, Gamma
and Delta VOCs and other VOIs including Kappa and Delta-Plus variants that were first
detected in India. This pair of nAbs target non-competing epitopes on RBD and competed
with RBD for binding to the ACE2 receptor on target cells. For THSC20.HVTR04, we identi-
fied residues N439, N440 and K444 within the RBM as critical for antibody neutralization by
structural as well as experimental analyses. Of note, the ability of THSC20.HVTRO04 to potently
neutralize most VOCs could be explained by the fact that these mutants do not contain muta-
tions at amino acid positions N439, N440 and K444 [39]. In contrast, the Omicron variant,
which contains N440K and G446S mutations, is resistant to THSC20.HVTRO04. Interestingly,
two of the five newly isolated mAbs, THSC20.HVTR06 and THSC20.HVTR26 retained neu-
tralization activity against Omicron variant albeit with reduced potencies. When compared
with some of the existing mAbs developed for clinical use against SARS-CoV-2 by structural
analysis, THSC20.HVTRO04 resembles to some degree with Imdevimab and Bebtelovimab
which were also shown to variably lose activity against Omicron [16]. However, THSC20.
HVTR26 binds to SARS-CoV-2 RBD in a manner that makes it distinct to other clinically
important mAbs. While a number of mAbs developed for clinical use completely lost activity
against Omicron [16], two of the isolated mAbs reported in this study (THSC20.HVTR06 and
THSC20.HVTR26) potently neutralized all the VOCs and VOIs examined and retained neu-
tralization activity against the Omicron variant.

To evaluate in vivo activity, we assessed the prophylactic efficacy of our two best mAbs
(THSC20.HVTRO04 and THSC20.HVTR26) individually as well as in combination using an
established model of SARS-CoV-2 infection in hACE2-expressing K18 transgenic mice [36].
Mice injected with THSC20-HVTR04 or THSC20-HVTR26 mAbs one day before Wuhan and
Delta virus challenge were completely protected from weight loss and exhibited significant
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decrease in lung viral load compared to mice that were given HIV-1 mAb CAP256.VRC26.25
as an isotype control. Strikingly, efficacy assessment against Delta variant with four different
doses of combination of two mAbs demonstrated complete protection of mice against Delta
variant at dose of as low as 0.625 mg/kg body weight. These observations confirmed that the
two best neutralizing mAbs assessed here conferred complete protection against SARS-CoV-2
Delta infection in this mice model at low antibody doses.

Our findings suggest that these two mAbs are valuable additions to the arsenal of existing
potent mAbs against SARS-CoV-2 for development. The lessons learned from the unprece-
dented SARS-CoV-2 pandemic highlight the utility of timely response to such pandemics
through discovery of effective mAbs against viral pathogens as one of the components of pan-
demic preparedness for combating coronaviruses and other deadly viruses. In the present sce-
nario it is of paramount importance to promote and build capacity at LMICs to rapidly
discover neutralizing mAbs against viral and other pathogens which will enable us to respond
promptly to existing and future pandemics of coronaviruses or other highly transmissible viral
pathogens.

Methods
Ethics statement

Ethics statement for use of human samples. The participants included in this study were
members of DBT COVID-19 consortium cohort, organized by interdisciplinary research insti-
tutes and hospitals in the National Capital Region of India. It was coordinated by the Transla-
tional Health Science and Technology Institute. The main clinical sites were ESIC Medical
College Hospital, Faridabad, and Loknayak Hospital, New Delhi. The study protocol was
approved by the Institute Ethics Committees (IEC) of all participating institutions (IEC of
ESIC Medical College Hospital, Faridabad, IEC of Loknayak Hospital, New Delhi and IEC of
Translational Health Science & Technology Institute, Faridabad). Plasma and peripheral blood
mononuclear cells (PBMCs) were prepared from blood samples obtained from eleven individ-
uals between 6-8 weeks post recovery from SARS-CoV-2 infection who were infected in April
2020. The formal written consent was obtained from the participants.

Animals and ethics statement. Prior to the conduct of experiments to assess protective
efficacy of the novel mAbs in small animals, approvals on the protocols involving dosing and
animal challenge were obtained from the institutional animal ethics committee of the Transla-
tional Health Science & Technology Institute, Faridabad (approval # IAEC/THSTI/159), insti-
tutional biosafety committee of the Translational Health Science & Technology Institute,
Faridabad (approval # 324/2021) and DBT Review Committee on Genetic Manipulation
(RCGM; DBT RCGM approval #: IBKP UAC: TRARDSAB0214). 6-8 weeks old K18-hACE2
transgenic mice used to test the antibody efficacy were housed and maintained at the desig-
nated small animal facility (SAF) and subsequently transferred to the Animal biosafety level-3
(ABSL-3) institutional facility for infusion with mAbs and SARS-CoV?2 challenge study. The
animals were maintained under 12-hour light and dark cycle and fed with standard pellet diet
and water ad libitum.

FACS sorting of antigen specific memory B cells. Antigen-specific single memory B cell
sorting was performed in a FACS sorter (BD FACS Melody) essentially following the methods as
described earlier [20]. Briefly, cryo-preserved PBMCs were first thawed at 37°C in a water bath
and washed with an RPMI medium containing 10% fetal bovine sera (FBS) following incubation
with fluorescently-labeled antibodies (BD Biosciences) against cell surface markers for CD3
(PE-Cy7); CD8 (PE-Cy7); CD14(PE-Cy?7); CD16 (PE-Cy7); CD19 (BV421); CD20 (BV421); IgD
(PerCP-Cy5.5); IgG (APC-H?7) in addition to labelled RBD that was described elsewhere [20]as an
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antigen in FACS buffer containing PBS (pH7.4), 1% FBS, and 1.0 mM EDTA on ice. Live/Dead
Fixable Aqua Blue Cell Stain (Thermo Fisher Inc.) was used to stain the cells for another 10 min-
utes on ice as per the manufacturer’s instructions. The avi-tagged SARS-CoV-2 RBD antigen was
first labeled with biotin (Avidity, BirA500) was subsequently coupled to streptavidin-PE and
streptavidin-APC (BD Biosciences) by incubating the mixture at 4°C for 1 hour at 4:1 molar ratio.
The stained cells were subsequently washed with FACS buffer to remove unbound antibodies and
probe and then filtered through 70-pm cell mesh (BD Biosciences) before processed in the FACS
sorter. Single antigen RBD"CD3"CD8 CD14 CD16 CD19*CD20"IgDIgG" cells were sorted and
collected into individual wells of a 96-well plate pre-filled with 20 ul of lysis buffer containing
reverse transcriptase buffer (Thermo Fisher), IGEPAL (Sigma), DTT and RNAseOUT (Thermo
Fisher). Plates containing sorted cells were sealed, snap-frozen on dry ice and stored at -80°C
until used further.

Amplification and cloning of variable heavy and light IgG chains. cDNA Superscript
III Reverse Transcription kit (Thermo Fisher) was used to prepare from sorted cells, cDNA
master mix containing dN'TPs, random hexamers, IgG gene-specific primers and RT enzyme
was added to generate cDNA. Heavy and light-chain variable regions of IgG were amplified in
independent nested PCR reactions using specific primers. First round PCR amplification was
performed using HotStar Taq DNA Polymerases (Qiagen) and second round nested PCR was
performed using Phusion HF DNA polymerase (Thermo Fisher Inc.). Specific restriction
enzyme cutting sites (heavy chain, 5'-Agel/3’-Sall; kappa chain, 5'-Agel/3’-BsiW]; and lambda
chain, 5'-Agel/3’-Xhol) were introduced in the second round PCR primers in order to clone
into the respective expression vectors. Amplified PCR products were verified on the agarose
gel and wells with double positives (with amplification of both Heavy and Light chain variable
regions from the same well) were identified and selected for subsequent cloning experiments.
PCR products were digested with specific restriction enzymes, purified and cloned in-frame
into expression vectors encoding the human IgG1, Ig kappa or Ig lambda constant domains
using the Quick Ligase cloning system (New England BioLabs) according to the manufacturer
instructions. Ligation reactions were transformed into NEB 5-alpha competent E. coli cells,
plated on LB agar plates containing ampicillin and incubated overnight at 370C in the incuba-
tor. Colonies with desired inserts were screened by colony PCR and used for preparation of
plasmid DNA. Plasmid clones with correct insert were further confirmed by restriction diges-
tion with respective (New England Biolabs, Inc.) restriction enzymes before being selected for
the subsequent transfection experiment. Confirmed heavy and light chain plasmid DNA were
co-transfected in 293T cells (ATCC) using Fugene transfection reagent (Promega) in 24 well
plates for preparing antibody supernatant for initial screening for their expression and antigen
specificity as detailed in the following section. Sanger sequencing were carried out to obtain
the nucleotide and amino acid sequences of variable heavy and light IgG chains. Analysis of
mADb sequences were carried out using the IMGT (www.imgt.org) V-quest webserver tool.

Capture ELISA for the detection of IgG expression. Maxisorp high protein binding 96
well ELISA plate (Nunc, Thermo Fisher Scientific.) was coated with 2ug/mL goat anti-human
Fc antibody (Thermo Fisher Scientific) and incubated overnight at 4°C. Next day after wash-
ing, plates were blocked with 3% BSA in PBS (pH 7.4) for 1 hour at room temperature. After 3
times of washing with 1 X PBS containing 0.05% tween 20 (PBST), the cell supernatants which
were harvested post transfection of antibody constructs in HEK 293T cells were added and
incubated for 1 hour at room temperature. This was followed by addition of alkaline phospha-
tase-conjugated goat anti-human F(ab’)2 antibody (Thermo Fisher Scientific) Inc.) at 1:1000
dilution in 1% bovine serum albumin (BSA) incubated for an hour at room temperature. After
the final wash, phosphatase substrate (Sigma-Aldrich Inc.) was added into the wells and
absorption was measured at 405 nm on a 96 well microtiter plate reader.
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Streptavidin ELISA for anti SARS- CoV-2 (RBD) antibody detection. 2ug/mL of Strep-
tavidin (G-Biosciences) was coated onto each wells of Nunc maxisorp high protein-binding 96
well ELISA plate (Thermo Fisher Scientific Inc.) and incubated overnight at 4°C. Next day
after washing, plates were blocked with 3% BSA in PBS (pH 7.4) for 1 hour at room tempera-
ture. 2 pg/mL of Biotinylated—RBD protein was subsequently added and incubated the plate
for 2 hours at room temperature. After washing the plates for three times with PBST, cell
supernatants at various dilutions were added to the wells and the plate was further incubated
for 1 hour at room temperature. Finally, HRP (horseradish peroxidase) conjugated anti-
human IgG Fc secondary antibody was added at a dilution of 1:1000 containing 1% BSA and
the plate was incubated for an hour at room temperature. After the final wash, TMB substrate
(Thermo Fisher Scientific Inc.)) was added and subsequently IN H,SO, was added to stop the
reaction. The absorption was measured at 450 nm.

Preparation and purification of IgG. The IgGs representing the mAbs were produced in
either HEK 293T (ATCC) or Expi293 (Thermo Scientific) cells. Plasmid DNA expressing vari-
able heavy and light IgG chains were transiently transfected into HEK293T or Expi293 cells
using polyethylenimine (PEI). After 4-5 days of incubation, supernatants were harvested by
centrifugation and filtered through a 0.2 um membrane filter. Supernatants were then flowed
slowly on to the Protein A (G Biosciences) beads in the column at 4°C in order to capture the
secreted antibodies. Beads in the column were washed with five column volumes of 1X PBS at
room temperature. Antibodies were eluted in two to three column volumes of 100 mM Gly-
cine (pH 2.5) and immediately neutralized with 1M Tris-HCL (pH 8.0). Eluted antibodies
were dialyzed using 10K MWCO SnakeSkin dialysis tubings (Thermo Fisher Scientific) against
1X PBS thrice and then concentrated in 30kDa NMWCO Amicon Ultra-15 Centrifugal Filter
Units (Millipore). Antibody solutions were finally filtered through a 0.2 pm syringe filter
(Thermo Fisher Scientific) before being used for further experiments. Concentration of IgG
was measured by NanoDrop spectrophotometer and IgG heavy and light chain bands were
visualized with 12% SDS PAGE analysis.

Quantitative RBD-ELISA. Anti-RBD IgG ELISA was performed essentially as described
in Mehdi et al. [40]. For the screening of donors, plasma samples were three-fold diluted start-
ing from 1:25 and were assessed for the presence of RBD binding IgG antibodies. To deter-
mine the mADb concentration in mice sera, a serial dilution of respective purified mAbs with
known concentration was run as standard. mAb concentrations in mice sera were calculated
for each sample dilution by interpolation of OD values from respective purified antibody dilu-
tions using GraphPad Prism.

Microneutralization screening assay. Preliminary screening of heat-inactivated plasma
samples obtained from convalescent donors for their neutralization potential were assessed as
described in Malladi et al. [41] with slight modification. Briefly, plasma samples were serially
two-fold diluted and mixed with 100 TCIDs5, of SARS-CoV-2 isolate. The virus-plasma mix-
ture was transferred to Vero E6 monolayer seeded in 96 well plates in triplicate and incubated
for 1 hour. The cell monolayer was subsequently washed with serum free media following
which fresh complete medium was added. The plate was further incubated for 72 hours at
37°C in a humidified CO, incubator. Absence of cytopathic effect (CPE) as an indicator of
virus neutralization was assessed by observing the cells under a bright field microscope. The
dilution at which no CPE was observed was considered as the neutralization titer.

Pseudovirus (PSV) neutralization assay. Pseudoviruses expressing complete SARS-
CoV2 spike genes were prepared by transient transfection of HEK293T cells with three plas-
mids: SARS-CoV2 MLV-gag/pol and MLV-CMV-luciferase plasmids using Fugene 6 (Pro-
mega Inc.) as described earlier [20]. After 48-hour post transfection, cell supernatants
containing pseudotyped viruses were harvested and frozen at -80°C until further use.
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Neutralization assay was carried out using HeLa-hACE2 cells for the infection of SARS-CoV-2
wild type and variant pseudoviruses. The purified IgGs were serially diluted and incubated
with pseudoviruses in a humidified Incubator at 37° C. After 1-hour incubation HeLa-hACE2
cells were added to the 96-well plates at 10,000 cells/well density. After 48 hours of incubation
the luciferase activity was measured by adding Britelite substrate (Perkin Elmer Inc.) according
to manufacturer’s instruction and RLU obtained using a luminometer (Victor X2, Perkin
Elmer Inc).

Live virus focus-reduction neutralization test (FRNT). The live virus neutralization
assay was carried out following protocols as described by Bewley et al. [42]. Briefly, IgGs were
serially diluted and incubated with indicated SARS-CoV-2 isolates. The virus-IgG mixtures
were next added to Vero E6 cells for virus adsorption for one hour. The viral inoculum was
removed, and cells were overlaid with carboxymethylcellulose and incubated for 24 hours.
Cells were fixed and stained with anti-spike RBD antibody (Sino Biologicals) followed by
HRP-conjugated anti-rabbit antibody (Invitrogen) and incubated with TrueBlue substrate
(Sera Care). Finally, plates were washed with sterile MilliQ water, air-dried, and microplaques
were quantified by AID iSPOT reader (AID GmbH, Strassberg, Germany). 50% neutralization
values were calculated with four-parameter logistic regression using GraphPad Prism 7-0
software.

Cell surface spike binding assay. The binding of mAbs to the SARS-CoV-2 spikes
expressed on the HEK 293T cell-surface was assessed as described previously with some modi-
fications [20]. Briefly, HEK293T cells were transfected with the three plasmids used to generate
SARS-CoV-2 pseudovirus (SARS-CoV-2 MLV-gag/pol, MLV-CMV-luciferase and SARS-
CoV-2 spike plasmids). After incubation for 36-48 h at 37°C, cells were trypsinized and a sin-
gle cell suspension was prepared which was distributed into 96-well U bottom plates. 3-fold
serial dilutions of mAbs starting at 10 ug/ml and up to 0.041 pg/mL were prepared in 50 pl/
well and added to the spike expressing as well as un-transfected 293T cells for 1 hour on ice.
Cells were subsequently washed twice with FACS buffer (1x PBS, 2% FBS, 1 mM EDTA) and
then stained with 50 ul/well of 1:200 dilution of R-Phycoerythrin AffiniPure F(ab’), Fragment
Goat Anti-Human IgG, F(ab’), fragment specific antibody (Jackson ImmunoResearch Inc.)
for 45 min. Cells were finally stained firstly with 1 LIVE/DEAD fixable aqua dead cell stain
(ThermoFisher) in the same buffer for another 15 minutes and subsequently washed twice in
plates with FACS buffer. The binding of mAbs to spikes expressing on cell surface was ana-
lyzed using flow cytometry (BD Canto Analyzer). Percent (%) PE-positive cells for antigen
binding were calculated and the binding data were generated. CC12.1 (SARS-CoV-2 mAb),
and CAP256.VRC26.25 antibody (HIV-1 bnAb) were used as positive and negative controls
respectively for this experiment.

mAb-RBD competition assay. Inhibition of SARS-CoV-2 RBD binding by mAbs to the
cell surface hACE2 was assessed by flow cytometry as described previously with some modifi-
cations [20]. Briefly, purified mAbs at 100 ug/mL and biotinylated SARS-CoV-2 RBD were
mixed in 100 ul of DPBS in the molar ratio of 4:1 and incubated on ice for 1 hour. Parental
HeLa and HeLa-ACE2 single cell suspension were prepared by washing cells once with DPBS
and then detaching by incubation with DPBS supplemented with 5 mM EDTA. The detached
HeLa and HeLa-ACE2 cell suspensions were again washed once and resuspended in FACS
buffer (2% FBS and 1 mM EDTA in DPBS). 0.5 million Hela-ACE2 cells were added to the test
mAb/RBD mixture and then incubated at 4°C for half an hour. 0.5 million HeLa and HeLa-
ACE2 cells were incubated in separate wells with RBD alone without mAbs for use as back-
ground and positive control, respectively. After washing once with FACS buffer, HeLa and
HeLa-ACE2 cells were resuspended in FACS buffer containing 1 ug/ml streptavidin-PE (BD
Biosciences) and incubated for another half an hour. Cells were stained with 1:1000 final
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dilution of LIVE/DEAD fixable aqua dead cell stain (ThermoFisher) in the same buffer for
another 15 minutes. HeLa and HeLa-ACE2 cells stained with SARS-CoV-2 RBD alone were
used as background and positive control separately. The PE mean fluorescence intensity (MFI)
was determined from the gate of singlet and live cells and the percentage of ACE2 binding
inhibition was calculated by following formula.

100« ( 1 MFI of sample — Average MFI of background
Average of MFI of probe alone — Average MFI of background

Biolayer interferometry for assessing RBD binding affinity. Streptavidin (SA) biosen-
sors (Forte” Bio) were used to assess the binding affinities of mAbs with SARS-CoV-2 RBD in
PBST (PBS containing 0.02% Tween 20) at 30°C and 1,000 rpm. shaking on an Octet RED 98
instrument (Forte’ Bio Inc.). Sensors were first soaked in PBS for 15 minutes before being
used to capture biotinylated SARS-CoV-2 RBD protein [20]. RBD was loaded to the biosensors
up to a level of 1.0 nm. Biosensors were then immersed into PBS for 100 seconds and then
immersed into wells containing specific concentrations of a mAb dissolved in PBST (PBS con-
taining 0.02% Tween 20) for 500 seconds to measure association. A threefold dilution series
with five different concentrations (33.3, 11.1, 3.7, 1.23, and 0.41 nM) was prepared for each
mADb. Biosensors were next dipped into wells containing PBST for 500 seconds to measure dis-
sociation. Data were reference- subtracted and aligned to each other using Octet Data Analysis
software v10 (Forte” Bio Inc.) based on a baseline measurement. Curve fitting was performed
using a 1:1 binding model and data for all the five concentrations of mAbs. Kon, Koff and KD
values were determined with a global fit.

Epitope binning. Epitope binning experiments were performed using Streptavidin (SA)
biosensors (Forte” Bio) and mAbs were binned into epitope specificities. All the incubation
steps for binning experiments were performed in 1x PBS. 50-100 nM of biotinylated RBD pro-
tein antigens were loaded on streptavidin biosensors to achieve 0.9 to 1.3 nm of wavelength
shift and then washed. Saturating concentration of mAbs (100pg/ml) was added for 10 min
and competing mAbs at concentrations of 25 pg/ml were then added for 5 min in order to
measure binding in the presence of saturating antibodies.

Site-directed mutagenesis. Point substitutions within RBD in SARS-CoV-2 spike gene
were introduced by site-directed mutagenesis using the QuikChange II kit (Agilent Technolo-
gies Inc.) following the manufacturer’s protocol and by overlapping PCR strategy as described
previously [43]. Successful incorporation of desired substitutions was confirmed by Sanger
sequencing.

X-ray crystallography. THSC20.HVTR04 and THSC20.HVTR26 Fab domains were sub-
cloned into an in-house cleavable Fab expression vector, expressed in Expi293 cells, and puri-
fied as above. Fab fragments were purified by gel filtration with equimolar amounts of SARS-
CoV-2 RBD and concentrated to 10 mg/mL and 7 mg/mL respectively. THSC20.HVTR04
complexes were initially crystallized in 0.3 uL sitting drops with 50:50 mix of protein to crystal-
lization reagent (1.5M ammonium sulfate, 12%(v/v) isopropanol, 0.1M imidazole/ hydrochlo-
ric acid pH 6.5) and optimized in 15 well hanging drop plates. Crystals were flash frozen with
10% glycerol or ethylene glycol as cryoprotectant. THSC20.HVTR26 complexes were similarly
crystallized with 15% (w/v) PEG 20,000, 100 mM HEPES/ sodium hydroxide pH 7.0 as crystal-
lization reagent. Data were collected at Diamond Light Source (UK) MX 104 using a wave-
length of 0.9795 A at ~100K and processed using their automated pipelines. The structure was
solved in Phenix v1.19.2-4158, using search models from AlphaFold. Models were refined
with hydrogens to minimize clashes in COOT v0.9.6 using 5-10% of the data as an Rge cross-
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validation test set. All structural images were generated with the PyMOL Molecular Graphics
System v2.5.0 (Schrodinger LLC). These data have been deposited with PDB accession codes
770X for THSC20.HVTR26-RBD complex and 7Z0Y for THSC20.HVTR04-RBD complex.

Negative stain EM analysis. A three-fold molar excess of Fab was incubated with SARS-2
CoV 6P Mut7 for 30 minutes at room temperature and deposited on a glow discharged carbon
coated Cu grid. The complexes were stained with 2% uranyl formate (w/v) for 90 seconds. An
FEI Tecnai Spirit at 120 keV paired with an FEI Eagle 4k x 4k CCD camera was used for data
collection, and automated using the Leginon software [44]. Raw micrographs were stored in
the Appion database [45]. Particles were picked with DogPicker [46] and data was processed
in RELION 3.0 [47]. Figs were generated using UCSF Chimera [48].

Measuring antibody polyreactivity. The antibody polyreactivity was assessed as
described earlier [20,49]. Solubilized CHO cell membrane protein (SMP) was coated onto
96-well half-area high-binding ELISA plates (Corning, 3690) at 5ug/mL in PBS overnight at
4°C. After washing, plates were blocked with PBS/3% BSA for 1 hour at room temperature
(RT). Antibodies were diluted at 100ug/mL in 1% BSA with 5-fold serial dilution. Serially
diluted samples were then added in plates and incubated for 1 hour at RT. After washing, alka-
line phosphatase-conjugated goat anti-human IgG Fcy secondary antibody (Jackson Immu-
noResearch, 109-055-008) was added in 1:1000 dilution and incubated for 1h at RT. After final
wash, phosphatase substrate (Sigma-Aldrich, S0942-200T AB) was added into each well. The
absorption was measured at 405 nm in a spectrophotometer. Den3 (Dengue-specific mAb)
and Bococizumab (PCK9 antagonist) were included as benchmarking controls.

K18-hACE2 mice challenge. SARS-CoV-2 Wuhan (catalogue number: USA-WA1/2020)
and B.1.617.2 delta (hCoV-19/USA/PHC658/2021 catalogue number NR-55611) were pro-
cured from BEI resources (https://www.beiresources.org/) and were expanded in Vero E6 cells
to produce stocks required for the experiments. Mice randomly allotted to different groups
(n = 5) viz, infection control and those received SARS-CoV-2 specific (THSC20.HVTR04 and
THSC20.HVTR26) and non-specific (HIV CAP256.VRC26.25) monoclonal antibodies as IgG
were housed in different cages. Antibody recipient groups were given intraperitoneal injection
of IgG one day prior to challenge (day -1). Except for the unchallenged control group (n = 3),
animals in all other groups were challenged with 10° PFU of SARS-CoV2 (Wuhan and Delta
isolates) intranasally on Day 0, administered through a catheter 25 yul/ nare under anesthesia
by using ketamine (150mg/kg) and xylazine (10mg/kg) inside ABSL3 facility [36,50-52].
Unchallenged control group received mock PBS (pH 7.4) intranasally.

Gross clinical parameters of SARS-CoV-2 infection. All the infected animals were
euthanized on day 6 days post infection at the ABSL3. Changes in body weight, activity of the
animals were observed on each day post challenge. Post sacrifice, lungs of the animals were
excised and imaged for gross morphological changes. Right lower lobe of the lung was fixed in
10% neutral formalin solution and used for histological analysis. Rest of the lung was homoge-
nized in 2ml Trizol solution for viral load estimation. The tissue samples in trizol were stored
immediately at -80°C till further use. Blood of the animals were drawn through retro-orbital
vein on day -1 and 0 and through direct heart puncture at the end-point. Serum samples were
stored at -80°C till further use.

Lung viral load quantification. Homogenized lung tissues were used for RNA isolation
using Trizol-chloroform method as per the manufacturer’s protocol and quantitated in a
Nanodrop. 1 ug of total RNA was then reverse-transcribed to cDNA using the iScript cDNA
synthesis kit (Biorad; #1708891) (Roche). Diluted cDNAs (1:5) were used for qPCR by using
KAPA SYBR FAST qPCR Master Mix (5X) Universal Kit (KK4600) on Fast 7500 Dx real-time
PCR system (Applied Biosystems) and the results were analyzed with SDS2.1 software. The
CDC-approved SARS-CoV-2 N gene primers: 5-GACCCCAAAATCAGCGAAAT-3
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(Forward), 5-TCTGGTTACTGCCAGTTGAATCTG-3' (Reverse) were used for virus load
estimation. The relative expression of each gene was expressed as fold change and was calcu-
lated by subtracting the cycling threshold (Ct) value of B-actin (endogenous control gene)
from the Ct value of target gene (ACT). Fold change was then calculated according to the pre-
viously described formula POWER (2,-ACT) [53]. For absolute quantitation, known copy
number of the virus RNA was used as a standard to generate the standard curve.
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S1 Fig. Representative Gating Strategy for the Antigen (RBD)-specific B cell sorting. A.
Peripheral blood mononuclear cells (PBMCs) obtained from a convalescent donor C-03-0020
were stained with conjugated antibodies to cell surface markers, streptavidin labelled RBD
probes and live dead stain and RBD-specific single B cells were sorted using a flow sorter. Sin-
glet living CD197C20" IgG™ cells were gated and cells with positive SARS-CoV-2 RBD staining
were selected for the single cell sorting into the 96 well plate prefilled with lysis buffer. B.
There were 65.4% lymphocytes in total analyzed cells and among these 99.7% were single cells
of which 98.8% (98.4% of total lymphocytes) were live cells. Of these 98.8% live cells, 6.01%
(5.9% of total lymphocytes) were CD19+/CD20+ B cells; 6.25% of the CD19+/CD20+ B cells
(0.37% of total lymphocytes) were IgG+ cells and 4.17% of the CD19+/CD20+/IgG+ cells
(0.015% of total lymphocytes) were RBD+ CD19+/CD20+/IgG+ cells.

(PPTX)

S2 Fig. Expression and antigenicity of the isolated mAbs. Supernatants harvested from HEK
293T cells co-transfected with IgG expression vectors were examined for expression by Fc-cap-
ture ELISA (black filled bar) and their ability to bind to SARS CoV2 receptor binding domain
(RBD) used for B cell sorting by streptavidin ELISA (striped line bar). Non-specific IgG refers
to an IgG that showed efficient expression but did not bind to RBD. Non-functional IgG refers
to IgG sequence that neither expressed nor showed any RBD binding.

(PPTX)

S3 Fig. Binding affinity and avidity of five monoclonal antibodies with SARS-CoV-2 spike RBD
by BLI and ELISA. A. Binding affinities of THSC20.HVTR06, THSC20.HVTR39 and THSC20.
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HVTRS8 to the SARS-CoV-2 (Wuhan) receptor binding domain (RBD) protein by BLI-Octet. Bio-
tinylated wild type SARS-CoV-2 RBD antigen was immobilized on Streptavidin (SA) biosensors
and binding affinity of monoclonal antibodies to RBD was tested using three-fold serial dilutions of
mAbs starting with 33.3 nM and lowest 0.41 nM (five different concentrations were tested). Associa-
tion and dissociation was assessed for 500 seconds each. Data shown is reference-subtracted and
aligned using Octet Data Analysis software v11.1 (Forte Bio). Curve fitting was performed using a
1:1 binding model and K, K¢ and Kp, values were determined with a global fit. B. Binding avidity
of mAbs determined by RDB-ELISA. Four-fold serial dilutions of mAbs starting with 10ug/mL
were tested for binding to RBD by ELISA. Data shown mean with SEM from two replicates from
single experiment. EC50 values were obtained by curve fit method using GraphPad Prism.

(PPTX)

$4 Fig. Comparison of neutralizing breadth and potency of all the mAbs isolated from the
donor C-03-0020 in pseudovirus neutralization assay. Representative dose response curves
from experiment with each concentration response tested in duplicate. THSC20HVTR04 and
THSC20.HVTR26 mAbs were found to show maximum neutralization potency (lower panel,
right) as determined by their IC50 values, obtained by non-linear regression four parameter
curve fit method in GraphPad Prism. Shown values are mean with SEM.

(PPTX)

S5 Fig. Live virus focus-reduction neutralization assay. The effect of combination of
THSC20.HVTR04 and THSC20.HVTR26 was assessed by dose-dependent foci reduction neu-
tralization (FRNT) live virus neutralization assay in Vero-E6 cells.

(PPTX)

S6 Fig. Comparison of epitope specificities of the newly isolated mAbs by epitope binning.
Biotinylated RBD was captured using streptavidin biosensor and indicated mAbs at a concen-

tration of 100ug/ml first incubated for 10 min followed by incubation with 25ug/ml of compet-
ing antibodies for 5 min.

(PPTX)

S7 Fig. Detailed analysis of structural insights of mAb bound to SARS-CoV-2 RBD. A.
Schematic of THSC20.HVTR26 Fab (PDB 7Z0X, shown in dark and light green for heavy and
light chains respectively) and THSC20.HVTRO04 Fab (PBD 7Z0Y, shown in dark and light
blue), bound to SARS-CoV-2 spike RBD (shown in purple). Human ACE2 bound to Omicron
variant RBD (PDB 7WBP) is shown in yellow surface and cartoon view. Structures were
aligned by RBD. B. Atomic details of the THSC20.HVTR26 interaction with RBD are shown,
colored as in A, with sites mutated in the Omicron variant colored gold. The S477Ngpp muta-
tion is not predicted to clash with THSC20.HVTR26 but may disrupt water-mediated bonds.
The T478Krpp mutation points directly into the Fab paratope, resulting in potential clashes
(although this mutation does alone does not confer neutralization resistance as the Delta vari-
ant is still neutralized). C. Surface view of the THSC20.HVTR26 Fab paratope, colored as in A.
SARS-CoV-2 spike residues 475-489 are shown in cartoon and stick view. The E484K muta-
tion (Beta variant) is shown in cyan and retains contact surface. The E484A mutations (Omi-
cron variant) is shown in pink and removes a third of the bound surface area at this position,
contributing to neutralization resistance. D. The THSC20.HVTR26 interaction with RBD was
modelled onto trimeric RBD-down spike protein. Fab bound protomer 1 was colored as in A,
while adjacent protomers were colored white (RBD2) and yellow (RBD3). Mutations found in
omicron are shown as pink spheres on adjacent protomer 2 (white) and may influence the
conformation of the N343-linked glycan immediately adjacent to Fabl. E. Atomic details of
the THSC20.HVTRO04 interaction with RBD are shown, colored as in A, with sites mutated in
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the Omicron variant colored gold. The N440Kgpp substitution would disrupt hydrogen bond-
ing with D49 ¢, and clash with CDR-L1, while G446Sgpp would clash with N56; ¢ and/or
Y581 ¢ in CDR-L2. Q498Rgpp would also disrupt a water-mediated interaction with Y91; ¢ and
G446gpp. Side chains were drawn in traditional ball-and-stick view, and key hydrogen bonds
with N439,pp, N440gpp, and K444z are indicated.

(TIF)

S8 Fig. Surface representation of SARS-CoV-2 RBD (purple) bound to THSC20.HVTR04
and THSC20.HVTR26 in comparison to current clinically important mAbs. A. The epi-
topes for neutralizing antibodies THSC20.HVTR04 (this manuscript, PDB 7Z0Y, blue), Imde-
vimab (REGEN-COV / Ronapreve, PBD 6XDG, light green), Bebtelovimab (LY-CoV1404,
PDB 7MMO, brown), Cilgavimab (Evusheld, PDB 7L7E, white), and Sotrovimab (5309, PDB
7TNO, red) were calculated as contact sites within 5 A. B. The epitopes for neutralizing anti-
bodies THSC20.HVTR26 (this manuscript, PDB 720X, green), Tixagevimab (Evusheld, PDB
7L7D, black), Bamlanivimab (LY-CoV555, PDB 7KMG, beige), Regdanvimab (CT-P59, PDB
7CM4, yellow), Casirivimab (REGEN-COV / Ronapreve, PBD 6XDG,pink), Amubarvimab
(P2C-1F11 / BRII-196, PDB 7CD], teal green), and Etesevimab (LY-CoV016, PDB 7C01, cyan)
are shown, as in A. C. Primary sequence of SARS-CoV-2 RBD positions 410 to 510 (purple),
and mutations associated with the Beta (cyan), Delta+ (lime), or Omicron (salmon) variants.
Contact positions for several clinically relevant neutralizing antibodies are shown with dots,
calculated and colored as in A or B.

(TIF)

S9 Fig. 2D class averages of NS-EM of mAb-spike complexes. Low resolution images of the
SEC purified complex of THSC20.HVTR04 and THSC20.HVTR26 Fabs with SARS-CoV-2
spike protein which were subsequently used for further refinement to generate 3D reconstruc-
tion shown in Fig 6.

(PPTX)

$10 Fig. Close-up view of the epitope-paratope interface of SARS-2 CoV 6P Mut7 in com-
plex with Fabs THSC20.HVTR04 and THSC20.HVTR26. PDB 6VYB and a polyalanine Fab
model fit into the spike and fab nsEM densities, respectively.

(PDF)

S11 Fig. Poly-reactivity assessment of isolated mAbs. The polyreactivity of THSC20.
HVTRO04 and THSC20.HVTR26 mAbs using CHO soluble membrane protein (SMP) by
ELISA. Three-fold serial dilutions of mAbs starting with 100ug/mL were tested.

(PPTX)

S12 Fig. Dose-response effect of mAbs given singly and in combination on protection of
mice against Wuhan and Delta infections. A. Animal grouping and antibody doses given
(Wuhan challenge). B. Comparison of body weights between animals that received antibodies
and those who did not prior to challenge with Wuhan isolate. C. Quantification of circulating
serum IgG in mice at day 0 one day after infusion of mAbs at indicated doses and before virus
(Wuhan) challenge. Values represent mean with SEM. D. Animal grouping and different anti-
body combination doses given (Delta challenge). E. Percent change in body weight of animals
that received different doses of mAb combinations. Values represent mean with SEM. F.
Quantification of circulating serum IgG concentration in mice at day 0 one day after infusion
of mAbs at indicated doses and before virus (Delta) challenge. Values represent mean with
SEM. G. Correlation between percent body weight change on day 6, circulating serum IgG
concentration on day 0 and lung viral load on day 6 in mice those received different
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concentrations of mAb combinations.
(PPTX)

Acknowledgments

We acknowledge the Department of Biotechnology Consortium for COVID-19 Research and
all the consortium partners for making this study possible. We also thank the study partici-
pants for the clinical specimens following ethical guidelines. We thank all the staff members of
our laboratories, THSTI Biorepository, THSTI Data Management team for providing us with
necessary support with clinical specimens, clinical data, experiments, and research reagents.
The authors would like to thank Diamond Light Source for beamtime (proposal mx28402),
and the staff of beamline 104 where data were collected. We thank Dr Penny Moore for kindly
providing us with the Omicron constructs used to prepare pseudotyped viruses for neutraliza-
tion assay. We thank Mr. Manas Ranjan Tripathy and Mr. Sandeep Goswami from Immunol-
ogy Core Laboratory for the hACE2 breeding and genotyping and THSTI-SAF (Small Animal
Facility) for housing and maintenance of the animals. We are very grateful to Prof Pramod
Kumar Garg, Executive Director, THSTT for full support and valuable inputs and guidance.
The following reagent was used for animal challenge study and was obtained from BEI
Resources, NIAID, NIH: SARS-Related Coronavirus 2, Isolate hCoV-19/USA/PHC658/2021
(Lineage B.1.617.2; Delta Variant), NR-55611, contributed by Dr. Richard Webby and Dr.
Anami Patel. We thank Prof Lynn Morris for providing us with CAP256-VRC26.25 HIV-1
bnAb used as isotype control in the animal challenge study. The following reagent was depos-
ited by the Centers for Disease Control and Prevention and obtained through BEI Resources,
NIAID, NIH: SARS-Related Coronavirus 2, Isolate USA-WA1/2020, NR-52281.

Author Contributions
Conceptualization: Devin Sok, Jayanta Bhattacharya.

Data curation: Nitin Hingankar, Suprit Deshpande, Payel Das, Zaigham Abbas Rizvi, Con-
stantinos Kurt Wibmer, Poppy Mashilo, Mohammed Yousuf Ansari, Alison Burns, Shawn
Barman, Fangzhu Zhao, Jonathan L. Torres, Souvick Chattopadhyay, Farha Mehdi, Kamal
Pargai, Janmejay Singh, Sudipta Sonar, Kamini Jakhar, Jyotsna Dandotiya, Sankar Bhatta-
charyya, Shailendra Mani, Savita Singh, Pallavi Kshetrapal, Ramachandran Thiruvenga-
dam, Gaurav Batra, Guruprasad Medigeshi, Andrew B. Ward, Shinjini Bhatnagar, Devin
Sok, Jayanta Bhattacharya.

Formal analysis: Nitin Hingankar, Suprit Deshpande, Payel Das, Zaigham Abbas Rizvi, Con-
stantinos Kurt Wibmer, Poppy Mashilo, Mohammed Yousuf Ansari, Alison Burns, Shawn
Barman, Fangzhu Zhao, Jonathan L. Torres, Souvick Chattopadhyay, Farha Mehdi, Jyoti
Sutar, Deepak Kumar Rathore, Kamal Pargai, Janmejay Singh, Kamini Jakhar, Jyotsna Dan-
dotiya, Shailendra Mani, Gaurav Batra, Guruprasad Medigeshi, Andrew B. Ward, Amit
Awasthi, Devin Sok, Jayanta Bhattacharya.

Funding acquisition: Constantinos Kurt Wibmer, Andrew B. Ward, Shinjini Bhatnagar,
Jayanta Bhattacharya.

Investigation: Nitin Hingankar, Suprit Deshpande, Payel Das, Zaigham Abbas Rizvi, Constan-
tinos Kurt Wibmer, Mohammed Yousuf Ansari, Alison Burns, Shawn Barman, Fangzhu
Zhao, Sohini Mukherjee, Jonathan L. Torres, Souvick Chattopadhyay, Farha Mehdi, Kamal
Pargai, Janmejay Singh, Sudipta Sonar, Kamini Jakhar, Jyotsna Dandotiya, Sankar

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010465  April 28, 2022 24/28


https://doi.org/10.1371/journal.ppat.1010465

PLOS PATHOGENS

SARS-CoV-2 monoclonal antibodies protect against Delta

Bhattacharyya, Shailendra Mani, Sweety Samal, Pallavi Kshetrapal, Shinjini Bhatnagar,
Devin Sok, Jayanta Bhattacharya.

Methodology: Nitin Hingankar, Suprit Deshpande, Payel Das, Zaigham Abbas Rizvi, Con-
stantinos Kurt Wibmer, Mohammed Yousuf Ansari, Fangzhu Zhao, Jonathan L. Torres,
Souvick Chattopadhyay, Farha Mehdi, Kamal Pargai, Janmejay Singh, Sudipta Sonar, San-
kar Bhattacharyya, Shailendra Mani, Savita Singh, Gaurav Batra, Guruprasad Medigeshi,
Devin Sok, Jayanta Bhattacharya.

Project administration: Amit Awasthi, Jayanta Bhattacharya.

Resources: Constantinos Kurt Wibmer, Sweety Samal, Savita Singh, Pallavi Kshetrapal, Rama-
chandran Thiruvengadam, Guruprasad Medigeshi, Shinjini Bhatnagar, Jayanta
Bhattacharya.

Software: Constantinos Kurt Wibmer, Jonathan L. Torres, Jyoti Sutar, Deepak Kumar
Rathore.

Supervision: Nitin Hingankar, Suprit Deshpande, Gaurav Batra, Guruprasad Medigeshi,
Andrew B. Ward, Amit Awasthi, Devin Sok, Jayanta Bhattacharya.

Validation: Nitin Hingankar, Suprit Deshpande, Zaigham Abbas Rizvi, Constantinos Kurt
Wibmer, Sankar Bhattacharyya, Shailendra Mani, Ramachandran Thiruvengadam, Guru-
prasad Medigeshi, Devin Sok, Jayanta Bhattacharya.

Visualization: Constantinos Kurt Wibmer, Poppy Mashilo, Jonathan L. Torres.
Writing - original draft: Nitin Hingankar, Devin Sok, Jayanta Bhattacharya.

Writing - review & editing: Nitin Hingankar, Suprit Deshpande, Zaigham Abbas Rizvi, Con-
stantinos Kurt Wibmer, Andrew B. Ward, Amit Awasthi, Devin Sok, Jayanta Bhattacharya.

References

1. Micochova P, Kemp SA, Dhar MS, Papa G, Meng B, Ferreira |, et al. SARS-CoV-2 B.1.617.2 Delta vari-
ant replication and immune evasion. Nature. 2021; 599(7883):114-9. Epub 2021/09/07. https://doi.org/
10.1038/s41586-021-03944-y PMID: 34488225; PubMed Central PMCID: PMC8566220.

2. Dhar MS, Marwal R, Vs R, Ponnusamy K, Jolly B, Bhoyar RC, et al. Genomic characterization and epi-
demiology of an emerging SARS-CoV-2 variant in Delhi, India. Science. 2021; 374(6570):995-9. Epub
2021/10/15. https://doi.org/10.1126/science.abj9932 PMID: 34648303; PubMed Central PMCID:
PMC7612010.

3. Thiruvengadam R, Awasthi A, Medigeshi G, Bhattacharya S, Mani S, Sivasubbu S, et al. Effectiveness
of ChAdOx1 nCoV-19 vaccine against SARS-CoV-2 infection during the delta (B.1.617.2) variant surge
in India: a test-negative, case-control study and a mechanistic study of post-vaccination immune
responses. Lancet Infect Dis. 2021. Epub 2021/11/29. https://doi.org/10.1016/S1473-3099(21)00680-0
PMID: 34838183; PubMed Central PMCID: PMC8616567.

4. TeyssouE, Delagreverie H, Visseaux B, Lambert-Niclot S, Brichler S, Ferre V, et al. The Delta SARS-
CoV-2 variant has a higher viral load than the Beta and the historical variants in nasopharyngeal sam-
ples from newly diagnosed COVID-19 patients. J Infect. 2021; 83(4):e1-e3. Epub 2021/08/23. https://
doi.org/10.1016/}.jinf.2021.08.027 PMID: 34419559; PubMed Central PMCID: PMC8375250.

5. Bergwerk M, Gonen T, Lustig Y, Amit S, Lipsitch M, Cohen C, et al. Covid-19 Breakthrough Infections in
Vaccinated Health Care Workers. The New England journal of medicine. 2021; 385(16):1474—84. Epub
2021/07/29. https://doi.org/10.1056/NEJMoa2109072 PMID: 34320281; PubMed Central PMCID:
PMC8362591.

6. Lopez Bernal J, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall S, et al. Effectiveness of
Covid-19 Vaccines against the B.1.617.2 (Delta) Variant. The New England journal of medicine. 2021;
385(7):585—94. Epub 2021/07/22. https://doi.org/10.1056/NEJM0a2108891 PMID: 34289274; PubMed
Central PMCID: PMC8314739.

7. Nishiura H, Ito K, Anzai A, Kobayashi T, Piantham C, Rodriguez-Morales AJ. Relative Reproduction
Number of SARS-CoV-2 Omicron (B.1.1.529) Compared with Delta Variant in South Africa. J Clin Med.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010465  April 28, 2022 25/28


https://doi.org/10.1038/s41586-021-03944-y
https://doi.org/10.1038/s41586-021-03944-y
http://www.ncbi.nlm.nih.gov/pubmed/34488225
https://doi.org/10.1126/science.abj9932
http://www.ncbi.nlm.nih.gov/pubmed/34648303
https://doi.org/10.1016/S1473-3099%2821%2900680-0
http://www.ncbi.nlm.nih.gov/pubmed/34838183
https://doi.org/10.1016/j.jinf.2021.08.027
https://doi.org/10.1016/j.jinf.2021.08.027
http://www.ncbi.nlm.nih.gov/pubmed/34419559
https://doi.org/10.1056/NEJMoa2109072
http://www.ncbi.nlm.nih.gov/pubmed/34320281
https://doi.org/10.1056/NEJMoa2108891
http://www.ncbi.nlm.nih.gov/pubmed/34289274
https://doi.org/10.1371/journal.ppat.1010465

PLOS PATHOGENS

SARS-CoV-2 monoclonal antibodies protect against Delta

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

2021; 11(1). Epub 2022/01/12. https://doi.org/10.3390/jcm11010030 PMID: 35011781; PubMed Cen-
tral PMCID: PMC8745053.

Allen H, Tessier E, Turner C, Anderson C, Blomquist P, Simons D, et al. Comparative transmission of
SARS-CoV-2 Omicron (B.1.1.529) and Delta (B.1.617.2) variants and the impact of vaccination:
national cohort study, England. MedRxiv2022.

Sofonea MT, Roquebert B, Foulongne V, Verdurme L, Trombert-Paolantoni S, Roussel M, et al. From
Delta to Omicron: analysing the SARS-CoV-2 epidemic in France using variant-specific screening tests
(September 1 to December 18, 2021). MedRxiv2022.

Nyberg T, MFerguson N, Nash SG, Webster HH, Flaxman S, Andrews N, et al. Comparative analysis of
the risks of hospitalisation and death associated with SARS-CoV-2 omicron (B.1.1.529) and delta
(B.1.617.2) variants in England: a cohort study. Lancet (London, England). 2022;(Published online
March 16). https://doi.org/10.1016/S0140-6736(22)00462-7.

Andrews N, Stowe J, Kirsebom F, Toffa S, Rickeard T, Gallagher E, et al. Covid-19 Vaccine Effective-
ness against the Omicron (B.1.1.529) Variant. The New England journal of medicine. 2022. Epub 2022/
03/07. https://doi.org/10.1056/NEJMoa2119451 PMID: 35249272.

Cele S, Jackson L, Khoury DS, Khan K, Moyo-Gwete T, Tegally H, et al. Omicron extensively but
incompletely escapes Pfizer BNT162b2 neutralization. Nature. 2022; 602(7898):654—6. Epub 2022/01/
12. https://doi.org/10.1038/s41586-021-04387-1 PMID: 35016196; PubMed Central PMCID:
PMC8866126.

Hansen J, Baum A, Pascal KE, Russo V, Giordano S, Wloga E, et al. Studies in humanized mice and
convalescent humans yield a SARS-CoV-2 antibody cocktail. Science. 2020; 369(6506):1010—4. Epub
2020/06/17. https://doi.org/10.1126/science.abd0827 PMID: 32540901; PubMed Central PMCID:
PMC7299284.

Planas D, Saunders N, Maes P, Guivel-Benhassine F, Planchais C, Buchrieser J, et al. Considerable
escape of SARS-CoV-2 variant Omicron to antibody neutralization. BioRxiv. 2021; https://doi.org/10.
1038/s41586-021-04389-z PMID: 35016199

Wilhelm A, Widera M, Grikscheit K, Toptan T, Schenk B, Christiane Pallas, et al. Reduced Neutraliza-
tion of SARS-CoV-2 Omicron Variant by Vaccine Sera and monoclonal antibodies. MedRxiv. 2021;
https://doi.org/10.1101/2021.12.07.21267432. https://doi.org/10.1101/2021.12.07.21267432.

Planas D, Saunders N, Maes P, Guivel-Benhassine F, Planchais C, Buchrieser J, et al. Considerable
escape of SARS-CoV-2 Omicron to antibody neutralization. Nature. 2022; 602(7898):671-5. Epub
2022/01/12. https://doi.org/10.1038/s41586-021-04389-z PMID: 35016199.

Moyo-Gwete T, Madzivhandila M, Makhado Z, Ayres F, Mhlanga D, Oosthuysen B, et al. Cross-Reac-
tive Neutralizing Antibody Responses Elicited by SARS-CoV-2 501Y.V2 (B.1.351). The New England
journal of medicine. 2021; 384(22):2161-3. Epub 2021/04/08. https://doi.org/10.1056/NEJMc2104192
PMID: 33826816; PubMed Central PMCID: PMC8063886.

Thiruvengadam R, Chattopadhyay S, Mehdi F, Desiraju BK, Chaudhuri S, Singh S, et al. Longitudinal
Serology of SARS-CoV-2-Infected Individuals in India: A Prospective Cohort Study. Am J Trop Med
Hyg. 2021; 105(1):66—72. Epub 2021/05/19. https://doi.org/10.4269/ajtmh.21-0164 PMID: 34003792;
PubMed Central PMCID: PMC8274753.

DuL, YangY, Zhang X. Neutralizing antibodies for the prevention and treatment of COVID-19. Cell Mol
Immunol. 2021; 18(10):2293-306. Epub 2021/09/10. https://doi.org/10.1038/s41423-021-00752-2
PMID: 34497376; PubMed Central PMCID: PMC8424621.

Rogers TF, Zhao F, Huang D, Beutler N, Burns A, He WT, et al. Isolation of potent SARS-CoV-2 neu-
tralizing antibodies and protection from disease in a small animal model. Science. 2020; 369
(6506):956—63. Epub 2020/06/17. https://doi.org/10.1126/science.abc7520 PMID: 32540903; PubMed
Central PMCID: PMC7299280.

McCallum M, De Marco A, Lempp FA, Tortorici MA, Pinto D, Walls AC, et al. N-terminal domain anti-
genic mapping reveals a site of vulnerability for SARS-CoV-2. Cell. 2021; 184(9):2332—47 e16. Epub
2021/03/25. https://doi.org/10.1016/j.cell.2021.03.028 PMID: 33761326; PubMed Central PMCID:
PMC7962585.

Noy-Porat T, Mechaly A, Levy Y, Makdasi E, Alcalay R, Gur D, et al. Therapeutic antibodies, targeting
the SARS-CoV-2 spike N-terminal domain, protect lethally infected K18-hACE2 mice. iScience. 2021;
24(5):102479. Epub 2021/05/04. https://doi.org/10.1016/j.isci.2021.102479 PMID: 33937725; PubMed
Central PMCID: PMC8074524.

Graham C, Seow J, Huettner |, Khan H, Kouphou N, Acors S, et al. Neutralization potency of monoclo-
nal antibodies recognizing dominant and subdominant epitopes on SARS-CoV-2 Spike is impacted by
the B.1.1.7 variant. Immunity. 2021; 54(6):1276—89 e6. Epub 2021/04/10. hitps://doi.org/10.1016/j.
immuni.2021.03.023 PMID: 33836142; PubMed Central PMCID: PMC8015430.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010465  April 28, 2022 26/28


https://doi.org/10.3390/jcm11010030
http://www.ncbi.nlm.nih.gov/pubmed/35011781
https://doi.org/10.1016/S0140-6736(22)00462-7
https://doi.org/10.1056/NEJMoa2119451
http://www.ncbi.nlm.nih.gov/pubmed/35249272
https://doi.org/10.1038/s41586-021-04387-1
http://www.ncbi.nlm.nih.gov/pubmed/35016196
https://doi.org/10.1126/science.abd0827
http://www.ncbi.nlm.nih.gov/pubmed/32540901
https://doi.org/10.1038/s41586-021-04389-z
https://doi.org/10.1038/s41586-021-04389-z
http://www.ncbi.nlm.nih.gov/pubmed/35016199
https://doi.org/10.1101/2021.12.07.21267432
https://doi.org/10.1101/2021.12.07.21267432
https://doi.org/10.1038/s41586-021-04389-z
http://www.ncbi.nlm.nih.gov/pubmed/35016199
https://doi.org/10.1056/NEJMc2104192
http://www.ncbi.nlm.nih.gov/pubmed/33826816
https://doi.org/10.4269/ajtmh.21-0164
http://www.ncbi.nlm.nih.gov/pubmed/34003792
https://doi.org/10.1038/s41423-021-00752-2
http://www.ncbi.nlm.nih.gov/pubmed/34497376
https://doi.org/10.1126/science.abc7520
http://www.ncbi.nlm.nih.gov/pubmed/32540903
https://doi.org/10.1016/j.cell.2021.03.028
http://www.ncbi.nlm.nih.gov/pubmed/33761326
https://doi.org/10.1016/j.isci.2021.102479
http://www.ncbi.nlm.nih.gov/pubmed/33937725
https://doi.org/10.1016/j.immuni.2021.03.023
https://doi.org/10.1016/j.immuni.2021.03.023
http://www.ncbi.nlm.nih.gov/pubmed/33836142
https://doi.org/10.1371/journal.ppat.1010465

PLOS PATHOGENS

SARS-CoV-2 monoclonal antibodies protect against Delta

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Liu L, Wang P, Nair MS, Yu J, Rapp M, Wang Q, et al. Potent neutralizing antibodies against multiple
epitopes on SARS-CoV-2 spike. Nature. 2020; 584(7821):450-6. Epub 2020/07/23. https://doi.org/10.
1038/541586-020-2571-7 PMID: 32698192.

Suryadevara N, Shrihari S, Gilchuk P, VanBlargan LA, Binshtein E, Zost SJ, et al. Neutralizing and pro-
tective human monoclonal antibodies recognizing the N-terminal domain of the SARS-CoV-2 spike pro-
tein. Cell. 2021; 184(9):2316-31 e15. Epub 2021/03/28. https://doi.org/10.1016/j.cell.2021.03.029
PMID: 33773105; PubMed Central PMCID: PMC7962591.

Chi X, Yan R, Zhang J, Zhang G, Zhang Y, Hao M, et al. A neutralizing human antibody binds to the N-
terminal domain of the Spike protein of SARS-CoV-2. Science. 2020; 369(6504):650-5. Epub 2020/06/
24. hitps://doi.org/10.1126/science.abc6952 PMID: 32571838; PubMed Central PMCID: PMC7319273.

Cerutti G, Guo Y, Zhou T, Gorman J, Lee M, Rapp M, et al. Potent SARS-CoV-2 neutralizing antibodies
directed against spike N-terminal domain target a single supersite. Cell host & microbe. 2021; 29
(5):819-33 e7. Epub 2021/04/01. https://doi.org/10.1016/j.chom.2021.03.005 PMID: 33789084;
PubMed Central PMCID: PMC7953435.

Andreano E, Nicastri E, Paciello I, Pileri P, Manganaro N, Piccini G, et al. Extremely potent human
monoclonal antibodies from COVID-19 convalescent patients. Cell. 2021; 184(7):1821-35 e16. Epub
2021/03/06. https://doi.org/10.1016/j.cell.2021.02.035 PMID: 33667349; PubMed Central PMCID:
PMC7901298.

Kumar S, Chandele A, Sharma A. Current status of therapeutic monoclonal antibodies against SARS-
CoV-2. PLoS pathogens. 2021; 17(9):e1009885. Epub 2021/09/04. https://doi.org/10.1371/journal.
ppat.1009885 PMID: 34478455; PubMed Central PMCID: PMC8415613.

Yan Q, He P, Huang X, Luo K, Zhang Y, YiH, et al. Germline IGHV3-53-encoded RBD-targeting neu-
tralizing antibodies are commonly present in the antibody repertoires of COVID-19 patients. Emerging
microbes & infections. 2021; 10(1):1097—111. Epub 2021/05/05. https://doi.org/10.1080/22221751.
2021.1925594 PMID: 33944697; PubMed Central PMCID: PMC8183521.

Pinto D, Park YJ, Beltramello M, Walls AC, Tortorici MA, Bianchi S, et al. Cross-neutralization of SARS-
CoV-2 by a human monoclonal SARS-CoV antibody. Nature. 2020; 583(7815):290-5. Epub 2020/05/
19. https://doi.org/10.1038/s41586-020-2349-y PMID: 32422645.

Zost SJ, Gilchuk P, Case JB, Binshtein E, Chen RE, Nkolola JP, et al. Potently neutralizing and protec-
tive human antibodies against SARS-CoV-2. Nature. 2020; 584(7821):443-9. Epub 2020/07/16.
https://doi.org/10.1038/s41586-020-2548-6 PMID: 3266844 3; PubMed Central PMCID: PMC7584396.

Greaney AJ, Loes AN, Crawford KHD, Starr TN, Malone KD, Chu HY, et al. Comprehensive mapping of
mutations in the SARS-CoV-2 receptor-binding domain that affect recognition by polyclonal human
plasma antibodies. Cell host & microbe. 2021; 29(3):463-76 e6. Epub 2021/02/17. https://doi.org/10.
1016/j.chom.2021.02.003 PMID: 33592168; PubMed Central PMCID: PMC7869748.

Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, Harrison EM, et al. SARS-CoV-2 vari-
ants, spike mutations and immune escape. Nature reviews Microbiology. 2021; 19(7):409-24. Epub
2021/06/03. https://doi.org/10.1038/s41579-021-00573-0 PMID: 34075212; PubMed Central PMCID:
PMC8167834.

Baum A, Fulton BO, Wloga E, Copin R, Pascal KE, Russo V, et al. Antibody cocktail to SARS-CoV-2
spike protein prevents rapid mutational escape seen with individual antibodies. Science. 2020; 369
(6506):1014—8. Epub 2020/06/17. https://doi.org/10.1126/science.abd0831 PMID: 32540904; PubMed
Central PMCID: PMC7299283.

Winkler ES, Bailey AL, Kafai NM, Nair S, McCune BT, Yu J, et al. SARS-CoV-2 infection of human
ACE2-transgenic mice causes severe lung inflammation and impaired function. Nature immunology.
2020; 21(11):1327-35. Epub 2020/08/26. https://doi.org/10.1038/s41590-020-0778-2 PMID:
32839612; PubMed Central PMCID: PMC7578095.

Ryu DK, Kang B, Noh H, Woo SJ, Lee MH, Nuijten PM, et al. The in vitro and in vivo efficacy of CT-P59
against Gamma, Delta and its associated variants of SARS-CoV-2. Biochem Biophys Res Commun.
2021; 578:91-6. Epub 2021/09/22. https://doi.org/10.1016/j.bbrc.2021.09.023 PMID: 34547629;
PubMed Central PMCID: PMC8436435.

MaH, Guo Y, Tang H, Tseng CK, Wang L, Zong H, et al. Broad ultra-potent neutralization of SARS-
CoV-2 variants by monoclonal antibodies specific to the tip of RBD. Cell Discov. 2022; 8(1):16. Epub
2022/02/17. https://doi.org/10.1038/s41421-022-00381-7 PMID: 35169121; PubMed Central PMCID:
PMC8847360.

Tao K, Tzou PL, Nouhin J, Gupta RK, de Oliveira T, Kosakovsky Pond SL, et al. The biological and clini-
cal significance of emerging SARS-CoV-2 variants. Nat Rev Genet. 2021; 22(12):757-73. Epub 2021/
09/19. https://doi.org/10.1038/s41576-021-00408-x PMID: 34535792; PubMed Central PMCID:
PMC8447121.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010465  April 28, 2022 27/28


https://doi.org/10.1038/s41586-020-2571-7
https://doi.org/10.1038/s41586-020-2571-7
http://www.ncbi.nlm.nih.gov/pubmed/32698192
https://doi.org/10.1016/j.cell.2021.03.029
http://www.ncbi.nlm.nih.gov/pubmed/33773105
https://doi.org/10.1126/science.abc6952
http://www.ncbi.nlm.nih.gov/pubmed/32571838
https://doi.org/10.1016/j.chom.2021.03.005
http://www.ncbi.nlm.nih.gov/pubmed/33789084
https://doi.org/10.1016/j.cell.2021.02.035
http://www.ncbi.nlm.nih.gov/pubmed/33667349
https://doi.org/10.1371/journal.ppat.1009885
https://doi.org/10.1371/journal.ppat.1009885
http://www.ncbi.nlm.nih.gov/pubmed/34478455
https://doi.org/10.1080/22221751.2021.1925594
https://doi.org/10.1080/22221751.2021.1925594
http://www.ncbi.nlm.nih.gov/pubmed/33944697
https://doi.org/10.1038/s41586-020-2349-y
http://www.ncbi.nlm.nih.gov/pubmed/32422645
https://doi.org/10.1038/s41586-020-2548-6
http://www.ncbi.nlm.nih.gov/pubmed/32668443
https://doi.org/10.1016/j.chom.2021.02.003
https://doi.org/10.1016/j.chom.2021.02.003
http://www.ncbi.nlm.nih.gov/pubmed/33592168
https://doi.org/10.1038/s41579-021-00573-0
http://www.ncbi.nlm.nih.gov/pubmed/34075212
https://doi.org/10.1126/science.abd0831
http://www.ncbi.nlm.nih.gov/pubmed/32540904
https://doi.org/10.1038/s41590-020-0778-2
http://www.ncbi.nlm.nih.gov/pubmed/32839612
https://doi.org/10.1016/j.bbrc.2021.09.023
http://www.ncbi.nlm.nih.gov/pubmed/34547629
https://doi.org/10.1038/s41421-022-00381-7
http://www.ncbi.nlm.nih.gov/pubmed/35169121
https://doi.org/10.1038/s41576-021-00408-x
http://www.ncbi.nlm.nih.gov/pubmed/34535792
https://doi.org/10.1371/journal.ppat.1010465

PLOS PATHOGENS

SARS-CoV-2 monoclonal antibodies protect against Delta

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Mehdi F, Chattopadhyay S, Thiruvengadam R, Yadav S, Kumar M, Sinha SK, et al. Development of a
Fast SARS-CoV-2 IgG ELISA, Based on Receptor-Binding Domain, and Its Comparative Evaluation
Using Temporally Segregated Samples From RT-PCR Positive Individuals. Frontiers in microbiology.
2020; 11:618097. Epub 2021/02/09. https://doi.org/10.3389/fmicb.2020.618097 PMID: 33552028;
PubMed Central PMCID: PMC7854536.

Malladi SK, Singh R, Pandey S, Gayathri S, Kanjo K, Ahmed S, et al. Design of a highly thermotolerant,
immunogenic SARS-CoV-2 spike fragment. The Journal of biological chemistry. 2021; 296:100025.
Epub 2020/11/07. https://doi.org/10.1074/jbc.RA120.016284 PMID: 33154165; PubMed Central
PMCID: PMC7832000.

Bewley KR, Coombes NS, Gagnon L, Mclnroy L, Baker N, Shaik I, et al. Quantification of SARS-CoV-2
neutralizing antibody by wild-type plaque reduction neutralization, microneutralization and pseudotyped
virus neutralization assays. Nature protocols. 2021; 16(6):3114—40. Epub 2021/04/25. https://doi.org/
10.1038/s41596-021-00536-y PMID: 33893470.

Patil S, Kumar R, Deshpande S, Samal S, Shrivastava T, Boliar S, et al. Conformational Epitope-Spe-
cific Broadly Neutralizing Plasma Antibodies Obtained from an HIV-1 Clade C-Infected Elite Neutralizer
Mediate Autologous Virus Escape through Mutations in the V1 Loop. Journal of virology. 2016; 90
(7):3446-57. https://doi.org/10.1128/JV1.03090-15 PMID: 26763999; PubMed Central PMCID:
PMC4794693.

Suloway C, Pulokas J, Fellmann D, Cheng A, Guerra F, Quispe J, et al. Automated molecular micros-
copy: the new Leginon system. Journal of structural biology. 2005; 151(1):41-60. Epub 2005/05/14.
https://doi.org/10.1016/j.jsb.2005.03.010 PMID: 15890530.

Lander GC, Stagg SM, Voss NR, Cheng A, Fellmann D, Pulokas J, et al. Appion: an integrated, data-
base-driven pipeline to facilitate EM image processing. Journal of structural biology. 2009; 166(1):95—
102. Epub 2009/03/06. https://doi.org/10.1016/}.jsb.2009.01.002 PMID: 19263523; PubMed Central
PMCID: PMC2775544.

Voss NR, Yoshioka CK, Radermacher M, Potter CS, Carragher B. DoG Picker and TiltPicker: software
tools to facilitate particle selection in single particle electron microscopy. Journal of structural biology.
2009; 166(2):205—13. Epub 2009/04/18. https://doi.org/10.1016/}.jsb.2009.01.004 PMID: 19374019;
PubMed Central PMCID: PMC2768396.

Scheres SH. RELION: implementation of a Bayesian approach to cryo-EM structure determination.
Journal of structural biology. 2012; 180(3):519-30. https://doi.org/10.1016/}.jsb.2012.09.006 PMID:
23000701; PubMed Central PMCID: PMC3690530.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera—a
visualization system for exploratory research and analysis. J Comput Chem. 2004; 25(13):1605—12.
https://doi.org/10.1002/jcc.20084 PMID: 15264254.

Jain T, Sun T, Durand S, Hall A, Houston NR, Nett JH, et al. Biophysical properties of the clinical-stage
antibody landscape. Proceedings of the National Academy of Sciences of the United States of America.
2017; 114(5):944-9. https://doi.org/10.1073/pnas.1616408114 PMID: 28096333; PubMed Central
PMCID: PMC5293111.

Chan JF, Zhang AJ, Yuan S, Poon VK, Chan CC, Lee AC, et al. Simulation of the Clinical and Pathologi-
cal Manifestations of Coronavirus Disease 2019 (COVID-19) in a Golden Syrian Hamster Model: Impli-
cations for Disease Pathogenesis and Transmissibility. Clinical infectious diseases: an official
publication of the Infectious Diseases Society of America. 2020; 71(9):2428—46. Epub 2020/03/28.
https://doi.org/10.1093/cid/ciaa325 PMID: 32215622; PubMed Central PMCID: PMC7184405.

Sia SF, Yan LM, Chin AWH, Fung K, Choy KT, Wong AYL, et al. Pathogenesis and transmission of
SARS-CoV-2 in golden hamsters. Nature. 2020; 583(7818):834—8. Epub 2020/05/15. https://doi.org/
10.1038/s41586-020-2342-5 PMID: 32408338; PubMed Central PMCID: PMC7394720.

Rizvi ZA, Tripathy MR, Sharma N, Goswami S, Srikanth N, Sastry JLN, et al. Effect of Prophylactic Use
of Intranasal Oil Formulations in the Hamster Model of COVID-19. Front Pharmacol. 2021; 12:746729.
Epub 2021/11/02. https://doi.org/10.3389/fphar.2021.746729 PMID: 34721035; PubMed Central
PMCID: PMC8551705.

Rizvi ZA, Dalal R, Sadhu S, Kumar Y, Kumar S, Gupta SK, et al. High-salt diet mediates interplay
between NK cells and gut microbiota to induce potent tumor immunity. Sci Adv. 2021; 7(37):eabg5016.
Epub 2021/09/14. https://doi.org/10.1126/sciadv.abg5016 PMID: 34516769; PubMed Central PMCID:
PMC8442882.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010465  April 28, 2022 28/28


https://doi.org/10.3389/fmicb.2020.618097
http://www.ncbi.nlm.nih.gov/pubmed/33552028
https://doi.org/10.1074/jbc.RA120.016284
http://www.ncbi.nlm.nih.gov/pubmed/33154165
https://doi.org/10.1038/s41596-021-00536-y
https://doi.org/10.1038/s41596-021-00536-y
http://www.ncbi.nlm.nih.gov/pubmed/33893470
https://doi.org/10.1128/JVI.03090-15
http://www.ncbi.nlm.nih.gov/pubmed/26763999
https://doi.org/10.1016/j.jsb.2005.03.010
http://www.ncbi.nlm.nih.gov/pubmed/15890530
https://doi.org/10.1016/j.jsb.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19263523
https://doi.org/10.1016/j.jsb.2009.01.004
http://www.ncbi.nlm.nih.gov/pubmed/19374019
https://doi.org/10.1016/j.jsb.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/23000701
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1073/pnas.1616408114
http://www.ncbi.nlm.nih.gov/pubmed/28096333
https://doi.org/10.1093/cid/ciaa325
http://www.ncbi.nlm.nih.gov/pubmed/32215622
https://doi.org/10.1038/s41586-020-2342-5
https://doi.org/10.1038/s41586-020-2342-5
http://www.ncbi.nlm.nih.gov/pubmed/32408338
https://doi.org/10.3389/fphar.2021.746729
http://www.ncbi.nlm.nih.gov/pubmed/34721035
https://doi.org/10.1126/sciadv.abg5016
http://www.ncbi.nlm.nih.gov/pubmed/34516769
https://doi.org/10.1371/journal.ppat.1010465

