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Abstract

The emergence of new variants of SARS-CoV-2 necessitates unremitting efforts to discover

novel therapeutic monoclonal antibodies (mAbs). Here, we report an extremely potent mAb

named P4A2 that can neutralize all the circulating variants of concern (VOCs) with high effi-

ciency, including the highly transmissible Omicron. The crystal structure of the P4A2 Fab:

RBD complex revealed that the residues of the RBD that interact with P4A2 are a part of the

ACE2-receptor-binding motif and are not mutated in any of the VOCs. The pan coronavirus

pseudotyped neutralization assay confirmed that the P4A2 mAb is specific for SARS-CoV-2

and its VOCs. Passive administration of P4A2 to K18-hACE2 transgenic mice conferred

protection, both prophylactically and therapeutically, against challenge with VOCs. Overall,

our data shows that, the P4A2 mAb has immense therapeutic potential to neutralize the cur-

rent circulating VOCs. Due to the overlap between the P4A2 epitope and ACE2 binding site

on spike-RBD, P4A2 may also be highly effective against a number of future variants.

Author summary

Existing SARS-CoV-2 vaccines and antibody therapies may be rendered ineffective by

newly developing SARS-CoV-2 mutations which are exceedingly alarming. This means
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that existing vaccines and antibody-based countermeasures must be thoroughly assessed

against the mutational variants that already exist in order to determine their protective

efficiency. In this study, we isolated a highly potent and broadly neutralizing murine

monoclonal antibody having broad neutralizing efficacy against SARS-CoV-2 and its vari-

ants of concern (VOCs). Structural characterization of P4A2 Fab in complex with the

receptor-binding domain defined a substantially overlapped surface required for human

angiotensin-converting enzyme-2 (hACE2) interaction. The SARS-CoV-2 VOCs chal-

lenge paradigm in K18-hACE2-transgenic mice against SARS-CoV-2 VOCs, revealed the

broad and potent effects of the leading clone, P4A2, both prophylactically and therapeuti-

cally in vivo. Additionally, humanized P4A2 mAb may be used alone or in conjunction

with other non-competing antibodies as an effective cocktail method for SARS-CoV-2

prophylactics or therapeutics, or additives to current cocktails to safeguard against emerg-

ing variants. Our findings provide insights into the design of biopharmaceuticals against

current and future emerging variants.

Introduction

Existing SARS-CoV-2 vaccines and antibody therapies are rendered less effective or ineffective

by newly emerging SARS-CoV-2 mutations, escalating the threat towards the human race. A

recent study demonstrated that the majority of monoclonal antibodies (mAbs) directed against

receptor-binding domain (RBD) of the SARS-CoV-2 spike protein exhibited a considerable

reduction in the in vitro neutralizing activity against the Omicron variant [1,2]. It underscores

the urgent need for the development of novel broadly neutralizing antibodies against the

emerging variants of concern (VOCs).

Results and discussion

In the present study, we generated a panel of anti-SARS-CoV-2 mAbs using mouse hybridoma

technology, by immunizing BALB/c mice with purified RBD protein that corresponds to

Alpha variant of SARS-CoV-2 (N501Y). The neutralization specificity of the hybridoma super-

natants was screened, one of the mAb, P4A2, demonstrated exceptionally efficient and broad

neutralization of both ancestral SARS-CoV-2 WA1/2020 and other VOCs, Alpha, Beta, Kappa

and Delta (range = 10–39 ng mL-1 corresponding to 0.07 to 0.26 nM) (Fig 1A). The P4A2

binds with RBDs of different VOCs with high affinity, and binding assays based on competi-

tion suggested that P4A2 ACE2 binding sites overlap (Figs 1B and S1).

The crystal structure of P4A2 Fab in complex with the RBD-N501Y (residues 332–544) of

protein was determined to a maximum resolution of 3.0 Å (Fig 1C). The crystal structure

shows the electron density for the entire heavy and light chain of the P4A2 Fab. For the RBD,

the first five residues (332–336) was disordered, and the density for residues 514–544 at the C-

terminal is missing. The structure showed that the residues 475–489 and 455–456 of the RBD

are present close to the P4A2 Fab paratope (Fig 1D). The residues of the RBD that interact

with the paratope of the P4A2 Fab are 455Leu, 456Phe, 483Val, 484Glu, 485Gly, 486Phe,

487Asn and 489Tyr (Fig 1D). The P4A2 paratope is made up of residues T30, R31, Y32, S33,

Y35 and M37 from CDR1 along with N52 from CDR2 and S99 from CDR3 of the heavy chain.

The residues involved from CDR1 of the light chain are Y31, T34, L36, Q38 and F40, and that

from CDR2 are Y53, A54 and N57. Q93 and S95 from CDR3 of the light chain also contribute

to the paratope (Fig 1D). The area of the surface buried due to interaction between RBD and

P4A2 paratope is 1667 Å2. The key interactions that stabilize the distributed epitopes from the
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Fig 1. Biochemical and structural analysis reveals that P4A2 mAb can neutralize all circulating variants of

concern. (A) Neutralization of authentic SARS-CoV-2 VOCs by P4A2 was determined using virus-induced cytopathic

effect (CPE) based assay, neutralization values are shown in ng/mL and nmol. (B) Kinetics of P4A2 binding to RBDs

from VOCs was assessed by Bio-Layer Interferometry (BLI) Octet. (C) Structure of P4A2 Fab in complex with RBD of

Alpha variant. The heavy (H) and light (L) chain of P4A2 Fab are coloured in orange and cyan, respectively and the

RBD is coloured magenta. (D) The interacting residues from P4A2 paratope and the RBD epitope are displayed in

stick representation and coloured according to element. The carbon atoms of H chain, L chain and RBD are coloured
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receptor-binding motif (RBM) in the P4A2 paratope include (i) the presence of the aromatic

ring of 486Phe deep inside a hydrophobic cavity (Fig 1E) lined by F40L, Y35H and M37H, (ii)

hydrogen bond formed between backbone carbonyl of R31H and backbone nitrogen of

484Glu, (iii) hydrogen bond formed between backbone carbonyl of 484Glu and backbone

nitrogen of S33H, (iv) hydrogen bond formed between backbone nitrogen of 486Phe and side

chain of Y35H, (v) hydrogen bond formed between backbone carbonyl of 485Gly and side

chain of S99H, (vi) hydrogen bond formed between side chain of 487Asn and backbone car-

bonyl of S95L and (vii) hydrophobic interactions formed between 456Phe, 489Tyr, L36L and

Y53L.

Some of the residues of RBD that interact with the P4A2 paratope are a part of the RBM

that interact with the human ACE2. Based on the crystal structure of the SARS-CoV-2 RBD in

complex with human ACE2 (PDB code: 6M0J), the viral protein forms interactions with the

human receptor through the following residues: 417Lys, 446Gly, 449Tyr, 453Tyr, 455Leu,

456Phe, 475Ala, 486Phe, 487Asn, 489Tyr, 493Gln, 496Gly, 498Gln, 500Thr, 501Asn, 502Gly

and 505Tyr [3]. Among these residues 455Leu, 456Phe, 486Phe, 487Asn and 489Tyr form key

hydrophobic and polar interactions with the paratope of P4A2 Fab and therefore, binding of

the Fab to the spike-RBD will render these residues inaccessible to the ACE2 receptor. A

superimposition of the RBD from the complex with P4A2 Fab onto that from the complex

with ACE2 shows that the viral protein bound to P4A2 will be unable to engage with the

human receptor due to steric clashes (Fig 1F). The backbone conformation of the stretch span-

ning residues 475–488 and 455–456 from spike-RBD is similar when bound to P4A2 and to

ACE2 (6M0J) with an RMSD of 0.8 Å (Fig 1G). Except for 486Phe which exhibits a different

side chain conformation, there is a substantial overlap in the side chain orientation for the

other residues. The structure of the P4A2:Fab complex was utilized to generate two computa-

tional models of the Fab in complex with spike trimer which showed that P4A2 should be able

to bind to the RBD when it is both in the “up” (accessible to ACE2 receptor) or “down” (inac-

cessible to ACE2 receptor) positions (Fig 1H). Overall, the composition and conformation of

the epitope in RBD and the mode of binding of the Fab ensures that P4A2 interaction will pre-

vent recognition of ACE2 by the spike protein and thus prevent entry of the virus into the host

cell.

The computational models of P4A2 Fab in complex with the spike-RBD from Beta,

Gamma, Delta, Kappa and Omicron (BA.1) VOCs were generated. These models show that,

for these VOCs, there are no mutations in the residues that interact with the P4A2 through

their side-chain. E484 is mutated to Lys, Gln or Ala in some of the VOCs, but this residue

forms interactions with the P4A2 Fab paratope through the backbone atoms and not through

the side chain.

in yellow, cyan and magenta, respectively. (E) Surface representation of the P4A2 paratope with the RBD epitope is

shown. 486Phe from RBD is present in a hydrophobic cavity formed on the paratope. (F) Superimposition of the

RBD-P4A2 Fab (blue) and the RBD-ACE2 structures (brown) shows that P4A2 binding to RBD will prevent

interaction of the viral protein with the ACE2 receptor. (G) Superimposition of the structure of residues 475–488 and

455–456 of RBD when bound to P4A2 Fab and ACE2 receptor. The carbon atoms of this stretch when bound to Fab

and ACE2 are coloured cyan and green, respectively. (H) Computational model of P4A2 Fab bound to spike trimer

shows that the P4A2 can bind to the RBD of the trimer in both the ACE2 receptor accessible “up” and receptor-

inaccessible “down” positions. (I) Neutralization of authentic SARS-CoV-2 BA.1 and Delta by P4A2 was determined

using focus reduction neutralization assay, CR3022 mAb was used as experimental negative control, the CR3022 is a

potent neutralizing mAb for SARS-CoV-1 and shows non-neutralizing behaviour against SARS-CoV-2. Focus

reduction neutralization assays were done in duplicates and repeated at least three times. (J) Binding avidity (EC50) of

P4A2 to RBD proteins of different VOCs i. e. WA1/2020, Alpha, Beta, Gamma, Kappa, Delta and BA.1 were

determined by ELISA, the EC50 values are 0.0093, 0.0099, 0.6002, 0.1158, 0.0131, 0.0121 and 0.2616, respectively. (K)

Kinetics of P4A2 binding to BA.1 RBD protein was assessed by BLI-Octet. For reproducibility of data, all the P4A2

mAb characterization experiments were repeated at least three independent times in triplicates.

https://doi.org/10.1371/journal.ppat.1010994.g001
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Overall, the structural analysis provides an explanation regarding the ability of the P4A2

mAb to neutralize the Alpha, Beta, Gamma, Kappa and Delta variants, and also suggests that

the mutations in residues of the RBD observed in the BA.1 variant will not abrogate P4A2:

spike protein interaction (S2 Fig). To validate this inference, we tested the neutralization

potential of P4A2 with live BA.1 virus. The P4A2 neutralized BA.1 with an IC50 of 45 ng mL-1

(0.3 nM) (Fig 1I), and binds to purified BA.1 RBD with high specificity and nanomolar affinity

(Fig 1J and 1K). The P4A2 shows strong binding specificity in ELISA with half-maximal effec-

tive concentration (EC50) of 0.001–0.600 ng/mL. These values were higher for P4A2 binding

with Beta, Gamma and BA.1 RBD proteins as compared to RBD from other VOCs tested (S1B

Fig). However, Bio-Layer Interferometry (BLI) data suggests that P4A2 binds with nanomolar

to sub-nanomolar affinity to RBD proteins of all VOCs tested (Figs 1J and S1A). Further, the

neutralizing activity of P4A2 was unchanged against all the VOCs tested, suggesting that

slightly higher EC50 binding values for Beta, Gamma and BA.1 RBD proteins does not have

any negative effect on the P4A2 neutralization mechanism.

It is possible that mutation of the E484 residue to Lys, Lys or Ala may be responsible for the

observed reduction in affinity in the case of RBD from Beta, Gamma and BA.1, respectively.

From the crystal structure of spike-RBD:P4A2 Fab complex, it is clear that this residue forms

interactions with the Fab paratope through the polypeptide backbone atoms. The side chain is

not involved in these interactions, but the change in electrostatic surface of the molecule due

to these mutations may increase the Koff leading to a decrease in the equilibrium affinity. How-

ever, the affinity is still in the nanomolar range and therefore the E484 mutations have mini-

mal effect on the ability of P4A2 to neutralize the SARS-CoV-2 virus in cell culture and animal

models. This is further corroborated by immunofluorescence data that the number of foci rec-

ognized by P4A2 is similar in all the VOC-infected cells and reveals its broad reactivity to cells

infected with all VOCs studied (Figs 2A, S3 and S4).

The broad-spectrum antiviral intervention effect of P4A2 against different Alpha and Beta

coronaviruses was tested using vesicular stomatitis virus (VSV) pseudotyped viruses; MERS-

CoV S, OC43 S, SARS-CoV S, SARS-CoV-2 S and HKU1 S, confirming that the epitope recog-

nised by P4A2 is present only in the SARS-CoV-2 family and no cross-neutralization was seen

with other coronaviruses (Fig 2B).

We next determined whether P4A2 could confer protection in vivo in a K18 hACE-2

mouse challenge model of SARS-CoV-2 infection. Eight to ten-week-old animals were admin-

istered a single dose (5 mg/kg) of P4A2 intraperitoneally to assess its prophylactic efficacy

(against WA1/2020 SARS-CoV-2 and Kappa variant) and therapeutic effect (against WA1/

2020 SARS-CoV-2, Kappa, Beta and Delta variant). Animals were challenged intranasally with

105 plaque forming units (PFU) of the virus. In the prophylactic group, antibody was infused

one day prior to virus challenge and in therapeutic group antibody was administrated 12 h fol-

lowing infection with the virus. The changes in body weight of experimental animals were

monitored daily for 6 days. Additional clinical data was analysed in order to calculate the over-

all disease severity index at day 6 or 7 post-challenge. On day 6, mice in the infection control

group lost more than 10% of their body weight compared to those in the P4A2 treatment

group (Fig 2C). Furthermore, as compared to the virus challenge group, mice given P4A2 had

significantly reduced viral RNA levels in their lungs (p< 0.001; Figs 2D, S5 and S6).

To determine the minimal protective dose for therapeutic protection, we passively adminis-

tered P4A2 at a lower dose (1 mg/kg). A 20 μg dose of the P4A2 was fully protective and suffi-

cient to suppress viral replication in the lungs, confirming the high potency of P4A2 in vivo
against the Beta and Delta variant (Figs 2E, 2F, S5 and S7).

Few mAbs are currently available that effectively neutralize all VOCs [4]. Sotrovimab

(S309) is reported to neutralize the BA.1 variant, but at a significantly lesser potency than
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Fig 2. P4A2 protects K18-hACE2 mice against SARS-CoV-2 VOCs. (A) Calu-3 cells were infected with Delta and

BA.1 variants of SARS-CoV-2 at a MOI of 0.5. At 24 h post infection, cells were fixed with chilled methanol, stained

with P4A2 antibody and visualized by immunofluorescence microscopy. DAPI was used to stain nuclei. Images were

captured at a magnification of 10×. Representative image of uninfected cells (top row), Calu-3 cells infected with Delta

strain (middle row) and Calu-3 cells infected with BA.1 strain of SARS-CoV-2 (bottom row). Scale bar represents

100 μm. (B) Broad spectrum cross-neutralization potential of P4A2 against Alpha and Beta coronaviruses was assessed

in pseudotyped viral neutralization assay, SARS-CoV-2 WA1/2020 strain was used in this assay. The P4A2 specifically

neutralized SARS-CoV-2 with an IC50 of 230 ng/mL. (C-F) P4A2 offers low-dose prophylactic and therapeutic

protection in the K18-hACE2 mouse model. P4A2 antibody was infused intraperitoneally into mice as a single dose of
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P4A2. Although sotrovimab and P4A2 binds with BA.1 RBD with similar affinity (Figs 3A–3C

and S8). The observed difference in the neutralization potential of these two mAbs might be

because they target different epitopes with different mechanisms of neutralization. The sotro-

vimab recognizes a glycan epitope, without competing with receptor attachment. However,

P4A2 directly binds to the site that competes with virus attachment to host cells. This might be

one probable reason that sotrovimab can neutralize the Omicron BA.1 variant, but with signif-

icantly lesser potency (S1 Table).

P4A2 exhibits strong interactions with residues of RBD that are critical for binding to the

ACE2 receptor. Hence, the mutations in the RBD that reduce recognition by P4A2 may also

plausibly adversely impact binding to the ACE2 receptor. Therefore, it is possible that this

mAb may be able to neutralize new variants that may arise in the future. Maher et al. (2022)

[5] predict that the following mutations will perturb the ability of therapeutic mAbs to recog-

nize spike-RBD: A344S, R346K, K417T/N, K444N, G446V, L452R/Q, L455F, G476S, S477I,

T478K, V483F, E484K/Q, F490S and S494L/P. These mutations are predicted to adversely

affect the activity of sotrovimab, letesevimab, imdevimab, bamlanivimab, casirivimab and

CT-P59. However, we observe that none of these mutations will lead to the loss of stabilizing

interactions or will give rise to steric clashes at the P4A2 Fab:RBD interface. As a result, these

mutations in the RBD will probably not reduce the ability of P4A2 to neutralize the SARS-

CoV-2 (S9 Fig) [5]. Recently new lineages of Omicron have emerged namely BA.2, BA.2.75,

BA.2.12.1, BA.3, BA.4 and BA.5 (S10 Fig) [6]. The 486Phe residue in BA.4 and BA.5 is substi-

tuted with Val. Since the side chain of Val is also hydrophobic P4A2 may retain substantial

affinity for Spike-RBD. Also as expected, F486V results in reduction of affinity of spike-RBD

for ACE2 receptor, but the R493Q reversion mutation reinstates the affinity [7]. R493Q may

also attenuate the possible reduction in affinity of spike-RBD for P4A2 due to F486V since the

shorter Gln side chain will be closer to the paratope surface and can form new hydrogen

bonds with residues of CDR L1 of P4A2. P4A2 may therefore, retain significant capacity to

bind to spike protein from BA.4/5 and further studies are required to ascertain the ability of

P4A2 to neutralize these strains.

The comparison of P4A2 with other known broadly neutralizing antibodies shows that epi-

topes of 87G7, 510A5, Cov2-2196, NCV2SG48, NCV2SG53, S2E12, S2K146 and ZWD12 show

varying degrees of overlap with that of P4A2. Among these mAbs, P4A2 is the only one that

forms multiple interactions with its cognate epitope on spike-RBD which is composed of resi-

dues that are critical for interaction with ACE2 (S11 Fig and S2 Table) [8–21]. Overall, our

data suggests that P4A2 may represent a viable therapeutic option which is required to reduce

the impact of the COVID19 pandemic on human health across the globe. Overall, our data

shows that P4A2 alone is efficacious in providing protection from the tested VOCs and this

ability may probably be retained for majority of the future VOCs. Humanized P4A2 mAb may

100 μg (5 mg/kg body weight) as prophylactic treatment, 24 h prior to intranasal inoculation with 105 PFU of

SARS-CoV-2 Wuhan and Kappa isolate. (C) Body mass of mice from each group was recorded for 6 days post

infection. The Y-axis represents the body mass of the animal relative to the body mass of the same animal recorded on

day 0 (normalised to 100) (dpi, days post-infection). (D) Lung RNA samples were used to evaluate viral load by qPCR

for N gene against a known standard. The N gene copy number values obtained were plotted as bar graph as

mean ± SEM. (E) In therapeutic treatment group, the mAb was administrated 12 h post-infection. Percent change in

body mass of mice challenged with Wuhan, Kappa, Delta and Beta variant in the presence or absence of therapeutic

treatment of P4A2 at two concentrations (5 and 1 mg of mAb per kg body mass) is plotted as a line graph till 6 dpi. ‘IC’

denotes infection control group, and Ab5 and Ab1 denotes 5 and 1 mg/kg dose of P4A2 mAb, respectively. The Y-axis

in panel C and E represents percentage change in the body mass of the animal relative to the body mass recorded on

day 0. (F) N gene copy number for viral load assessment from the lungs of the mice at 6 dpi. Data is represented as

mean ± SEM values for each group. �, p< 0.05; ��, p< 0.01; ���, p< 0.001 and ����, p< 0.0001 (One-way or Two-way

ANOVA).

https://doi.org/10.1371/journal.ppat.1010994.g002
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be used alone or in conjunction with other non-competing antibodies as an effective prophy-

lactic or therapeutic strategy against current and future variants of SARS-CoV-2. Our studies

with the P4A2 mAb also reinforce the idea that therapeutic molecules that bind to regions on

the target protein that are critical for natural function will generally be less vulnerable to loss of

sensitivity due to mutations in the target protein.

Materials and methods

Ethics statement

All the mice were procured from the Small Animal Facility, THSTI, Faridabad. All animal

experiments were conducted in accordance with the guidelines for the care and use of labora-

tory animals as promulgated by Committee for the Purpose of Control and Supervision of

Experiments on Animals (CPCSEA), Government of India and adopted by the Institutional

Animal Ethics Committee of THSTI (IAEC Project/Protocol No: THSTI-IAEC-146, IAEC-

160). The approval of the Institutional Biosafety Committee (approval # THS-354/2021) and

Department of Biotechnology Review Committee on Genetic Manipulation (RCGM approval

#: BT/IBKP/137/2022) were taken before commencing work.

Viruses and antibodies

SARS-CoV-2 to B.6 and delta lineage viruses were isolated as described previously [22,23]. Leo

Poon provided SARS-CoV-2 Omicron isolate (sub-lineage BA.1) [24]. Vero E6 or Calu-3 cells

Fig 3. Neutralization potential of P4A2 mAb against Omicron BA.1 variant. (A) Sotrovimab was immobilized on

anti-human Fc biosensor and tested using three-fold serial dilutions of RBD (starting with 300 nM and going down to

3.3 nM; the five concentrations tested are indicated). Data shown is after the reference was subtracted and aligned

using Octet Data Analysis software v11.1 (Forte Bio). Curve fitting was done with a 1:1 binding model, and kon, koff

and Kd values were calculated using a global fit. (B) Neutralization of authentic SARS-CoV-2 BA.1 and Delta by P4A2

and Sotrovimab was determined using focus-reduction neutralization assay. CR3022 mAb was used as the negative

control. Neutralization assays were done in duplicates and repeated at least three times.

https://doi.org/10.1371/journal.ppat.1010994.g003
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were used to propagate SARS-CoV-2 variants. Dr. Raiees Andrabi (Scripps Research Institute,

USA) generously provided the full-length spike proteins of SARS-CoV-1, SARS-CoV-2, MERS,

HKU1, OC43, NL63 and 229E. CR3022 antibody was purchased commercially (Sino Biologi-

cals). II62 (isotype IgG), a non-neutralizing antibody was used from our previous study [25]. The

pseudotyped viral stocks of all seven alpha and beta coronaviruses were prepared as described in

our previous study [26]. We used B.1.1.7 (Alpha), B1.1.351 (Beta), B.1.617.1 (Kappa), B.1.617.2

(Delta) and B.1.1.529 (Omicron, BA.1) terminology throughout our manuscript.

Expression and purification of antibody and RBD protein

A synthetic codon optimized (for mammalian cells) nucleotide sequence of RBD-His (wild-

type), spike protein (wildtype), a point mutant of RBD-His (N501Y) protein (variant B.1.1.7)

and RBD corresponding to other variants from SARS-CoV-2 were cloned in pcDNA3.1 plas-

mid vector. The constructs were expressed and produced in Expi 293 F mammalian expression

system [11]. Briefly, the cells were transiently transfected with the plasmids. The supernatant

was collected after 5–6 days and the soluble protein was purified using Ni-NTA affinity chro-

matography (Qiagen, Germany).

Generation of hybridoma for anti-RBD (N501Y) murine monoclonal

antibodies

Six to eight week old, female BALB/c mice were immunized intramuscularly with purified

RBD (N501Y) protein (30 μg in 100 μL PBS per animal) along with Quil A adjuvant (Invivo-

Gen, USA). Mice were boosted thrice with the purified protein (30, 15 and 7.5 μg in 100 μl PBS

per animal), along with Quil A adjuvant. Sera samples from mice were collected three days

after the first and second booster. The mouse with the highest titer of serum cross-neutralizing

antibodies, was given a final booster injection 4 days before the spleen was aseptically removed.

Splenocytes were utilized in the generation of hybridomas using ClonaCell-HY Hybridoma

Generation Kit (STEMCELL Technologies, USA), following the manufacturer’s protocol. The

well-adapted antibody secreting clones were propagated in tissue culture flasks and vials were

stored in liquid nitrogen for future use. Hybridoma clones secreting anti-RBD antibodies were

further screened by ELISA.

ELISA

For the screening of hybridomas and heat inactivated mice sera (dilution starting from 1:100

to 1:218, 700)/ purified mAbs (5 to 0.002 μg mL-1), ELISA plates were coated with recombinant

RBD (N501Y) protein (1 μg mL-1; 100 μL per well). Plates were blocked with 5% non-fat milk

and hybridoma culture supernatant or purified mAbs were added in three-fold serial dilutions.

Following incubation for 1 h at room temperature, HRP conjugated goat anti-mouse second-

ary antibody (Jackson Immunoresearch, USA; diluted 1 in 2500) was added to each well. In

the case of titration experiments, purified mAbs (100 μL per well) were added as three-fold

serial dilutions starting with 5 μg mL-1. Standard protocols of blocking (5% skimmed milk in

PBS) and washing of ELISA plates (4 times with PBS-0.05% Tween-20) were followed as

described previously [27,28]. All the experiments were repeated at least three times in

triplicates.

Purification of anti-RBD (N501Y) murine monoclonal antibodies

Serum-free medium designated for mAb production was used to propagate the hybridoma

cells (0.5 × 105 cells mL-1) in a T175 tissue culture flask in order to purify the antibodies. For
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scale up of antibody production, a WHEATON CELLine flask was used for hybridoma culture,

following the manufacturer’s instructions. Protein G agarose resin (G-Biosciences) was used to

purify the anti-RBD IgG mAbs from the hybridoma culture supernatant. Five column volumes

of PBS were used to wash the beads in the column. Two to three column volumes of 0.1 M gly-

cine (pH 2.5) was added to elute the antibodies, followed by neutralization with 1M Tris-HCl

(pH 8.0). The purified antibodies were dialyzed against PBS three times using dialysis tubing

(Thermo Fisher Scientific; MWCO = 10 kDa), and concentrated with a 50 kDa cut-off Amicon

Ultra-15 centrifuge unit (Millipore). A 0.2 μm syringe filter (MDI, India) was used to filter the

antibody solutions before they were used in experiments. NanoDrop spectrophotometer was

used to estimate the protein concentration and purified IgG mAbs were analyzed using 12%

Tris-Glycine-SDS-PAGE.

Cytopathic effect-based neutralization assay

Initial screening of heat-inactivated mice serum samples and hybridoma culture supernatants

was performed as described [25,29] with slight modification. Briefly, heat-inactivated serum or

purified mAbs were serially diluted two or four times and mixed with 100 TCID50 of SARS-

CoV-2 isolates. The serum or mAb mixture was transferred to the Vero E6 monolayer seeded

in a 96-well plate in triplicate and incubated for 1 h. The cell surface was washed with serum-

free medium and replenished with fresh complete medium. The plate was further incubated

for 72 h at 37˚C in a humidified CO2 incubator. The cells were observed for the absence of

viral cytopathic effect and was used as indicative of neutralization. The neutralization titer was

defined as the dilution at which no cytopathic effect was seen. All the experiments were

repeated at least three times in triplicates.

Live virus focus reduction neutralization assay

Virus neutralization assay was performed as described previously by our group [30]. Inhibitory

concentration was assessed by focus reduction neutralization assay using SARS-CoV-2 Delta

(GenBank accession no.: MZ356904.1) and Omicron BA.1 (GISAID accession no.:

EPI_ISL_8764350) variant. The virus neutralization assay was performed in Vero E6 cells.

Cells were incubated for 24 h for Delta and 32 h for the Omicron variant. The virus stock was

propagated in Calu-3 cells (American Type Culture Collection, USA). Control purified IgG

was used as negative control. All the experiments were repeated at least three times in

triplicates.

Vero E6 cells were maintained in Minimal Essential Medium (MEM) containing 10% heat-

inactivated fetal bovine serum (FBS), 1% penicillin-streptomycin solution, 1% Non-Essential

Amino Acid seeded in a 96-well plate (25,000 cells per well) and incubated overnight at 37˚C

with 5% CO2. Reagents were two-fold serially diluted (75 μL + 75 μL) in dilution medium

(MEM with 1% FBS) from 5 to 0.00244 μg mL-1. Predefined virus dilution (75 μL) was added

and incubated for 1 h at 37˚C with 5% CO2. For the quality control step, pre-defined SARS-

CoV-2 neutralizing antibodies positive serum was used. Virus dilution was determined to get

approximately 60–200 foci with cell control. After neutralization incubation virus-reagent

mixture was added over cell monolayer for virus adsorption and incubated for 1 h at 37˚C

with 5% CO2. Overlaying medium was added after adsorption incubation and cells were fixed

after 24 h. In the case of BA.1, cells were fixed after 28 h of incubation. Cells were permeabi-

lized using 100 μL of IMF buffer and incubated at room temperature for 20 min. Cells were

stained with the addition of 100 μL of anti-nucleocapsid antibody at 1:2000 dilution for 1 h,

followed by 100 μL of 1:500 dilution of Alexa flour 488 conjugated donkey anti-mouse IgG sec-

ondary antibody. After incubation, cells were washed thrice with PBS and developed foci were
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quantified by AID iSpot Reader (AID GmbH, Germany) using AID EliSpot 8.0 iSpot software.

Using AID raw file to find IC50 by using GraphPad Prism (Version 9.3.1) and graphs were

plotted with log(inhibitor) versus normalized response—Variable slope parameter. The puri-

fied P4A2 antibody was two-fold serially diluted starting from 5 to 0.00244 μg mL-1. The virus

neutralization assay was performed in Vero E6 cells. Cells were incubated for 24 h for Delta

and 32 h for BA.1 variant. The virus stock was propagated in Calu-3 cells (American Type Cul-

ture Collection, USA). Control purified IgG was used as the negative control. All the experi-

ments were repeated at least three times in triplicates.

Pseudovirus-based neutralization assay

Full length spike proteins of all alpha and beta coronaviruses were co-transfected in 1.25 × 105

HEK293T cells, with helper plasmid expressing firefly luciferase, an HIV-1 backbone and for

SARS-CoV-1 and -2, serine protease TMPRSS2 (CMV-Luc, RΔ8.2 backbone plasmid,

pTMPRSS2). After 68–72 h culture supernatant was collected and stored at -70˚C. To access

the cross-neutralization potential, three-fold serial dilution (starting at 10 μg mL-1) of P4A2

was performed. The serially diluted P4A2 antibody was mixed with respective pseudotyped

viruses for 1 h at 37˚C. Pseudovirus/ P4A2 combinations were added to 293T-ACE2 cells pre-

seeded (24 h earlier) at 20,000 cells per well. After 48–72 h, relative luminescence unit (RLU)

was measured on a luminometer. The percent reduction in neutralization was measured as

ratio of RLU readout in the presence of P4A2 normalized to RLU readout in the absence of

P4A2. Four-parameter logistic regression was used to calculate the half maximum inhibitory

concentrations (IC50) (GraphPad Prism version 8.3). II62 and CR3022, mAbs against SARS-

CoV-2, were used as assay controls. All the experiments were repeated at least three times in

triplicates.

Immunofluorescence microscopy

Vero E6 (25,000 cells per well) seeded in 96-well plate. Virus suspensions at the indicated

MOIs were added. After one-hour incubation virus suspensions were removed and overlaying

medium (1.5% CMC) was added. Cells were fixed with 7.4% formaldehyde after 24 hours incu-

bation and left overnight. Cells were washed with PBS thrice and permeabilized with 100 μL

permeabilization buffer (20 mM HEPES, pH 7.5, 0.1% Triton X-100, 150 mM NaCl, 5 mM

EDTA, 0.02% sodium azide) at room temperature for 20 min. Cells were stained with P4A2 as

primary antibody (diluted 1 in 2000) at room temperature for 1 h. Secondary Alexa 488 conju-

gated antibody (anti-mouse Alexa 488, cat no.: A21206, Invitrogen; 1:500) added after washing

thrice with buffer. Micro-plaques were estimated using AID iSpot Analyzer (Autoimmun

Diagnostika GmbH) and foci were counted using AID ELISPOT 8.0 software.

To check the binding of P4A2 with Delta and BA.1 infected Calu-3 cells (90,000 per well)

were seeded in 8-well chamber slides. Cells were incubated for 48 h at 37˚C in CO2 incubator.

DMEM high glucose with 10% (v/v) FBS was removed 24 h later and cells were washed with

PBS. Cells were infected at a MOI of 0.5 (DMEM high glucose supplemented with 2% FBS).

Delta and BA.1 virus (100 μL per well) was added and incubated at 37˚C on a rocker. The

virus was removed and washed twice with PBS. Then, 300 μL of 10% complete DMEM was

added and incubated further for 24 h at 37˚C.

Biolayer interferometry binding assay

Binding assays were carried out using an Octet Red instrument (ForteBio Inc.) using BLI as

previously described [25,31]. Briefly, mouse Fc sensors (ForteBio Inc.) were used to capture

P4A2 at 10 μg mL-1 in 1 × kinetics buffer [PBS, pH 7.4, 0.01% (w/v) BSA and 0.002% (v/v)
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Tween-20] and incubated at the indicated concentrations of RBD. Associations and dissocia-

tions has been reported, depending on the analyte. Data was analysed using the software Forte-

Bio Data Analysis. The starting concentration of RBD was 300 nM followed by three-fold

serial dilution. All the experiments were repeated at least three times.

Purification, crystallization, data collection, refinement and analysis

wA total of 30 mg of P4A2 was digested for Fab preparation. The Fab preparation was per-

formed by Pierce Fab Preparation Kit (Cat. no.: 44985) as per the manufacturer’s protocol.

The purified Fab and RBD proteins were mixed at a molar ratio of 1:1.7 and incubated over-

night at 4˚C. The sample was subjected to size exclusion chromatography on 16/600 Super-

dex 200 column (Cytiva) in a buffer containing 20 mM HEPES (pH 7.5) and 150 mM NaCl.

The peak corresponding to P4A2 Fab:RBD complex was concentrated to 10 mg mL-1 and

stored at -80˚C by flash freezing. The purified complex was subjected to crystallization trials

using commercially available screens and trays were set up using Mosquito Crystallization

Robot (TTP Labtech). The hits obtained in different screens were further expanded to pro-

duce single crystals which were tested for diffraction using a METALJET X-ray home source

(Bruker Inc.). The condition that provided crystals with best diffraction quality was com-

posed of 0.2 M magnesium formate dihydrate and 10% PEG 5KMME. These crystals were

frozen with 20% glycerol as cryo-protectant. X-ray diffraction data could be collected to a

maximal resolution of 3.0 Å at the automated ID30A-1 beamline in ESRF, France [32]. The

diffraction data was processed using IMOSFLM [33] and AIMLESS [34] programs of the

CCP4 suite (S3 Table).

The structure was determined by molecular replacement using PHASER [35] and the

search model was the STEC90-C11 Fab:RBD complex [36]. This model was subjected to itera-

tive model building and refinement using COOT [37] and PHENIX [38], respectively and the

sequence of the STEC90-C11 Fab was slowly changed to that of P4A2. The final Rfree and Rwork

are 28.2 and 23.0%, respectively. The refined structure was deposited with Protein Data Bank

with the accession code 7WVL

The structure was visualized and analysed using PYMOL (Schrödinger Corp.) and the

interactions were identified using the CONTACT program of CCP4 [39]. Mutations were cre-

ated in silico in the RBD structure using PYMOL to obtain models of P4A2 Fab bound to RBD

corresponding to different SARS-CoV-2 strains and Omicron lineages. These models were

subjected to energy minimization using the DESMOND module of the Schrodinger suite

(Schrodinger Inc.) and analyzed. Two models of P4A2 bound to spike trimer with the RBD in

the up and down conformation were prepared using 7TM0 [40] and 7TOU [41] and these

models were also subjected to energy minimization using the DESMOND module. All the fig-

ures were prepared using PYMOL.

Animal protection studies

Eight to ten week old K18-hACE2 transgenic mice were pebbled and randomly allotted to dif-

ferent groups (n = 5) viz., infection control and those receiving P4A2 in different cages. The

animal experiments and procedures were performed in accordance with the Institutional Ani-

mal Ethics Committee (IAEC), Institutional Biosafety Committee (IBSC) and Review Com-

mittee on Genetic Manipulation (RCGM) guidelines. In prophylactic treatment, antibody

recipient groups were given intraperitoneal infusion of P4A2 one day prior to challenge (day

‘-1’), except for the control group where PBS was given (no virus challenge). In therapeutic

treatment group, the mAb was administrated 12 h post-infection.
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Clinical spectrum of SARS-CoV-2 infection

The mouse experiments were done in an Animal Biosafety Laboratory (ABSL)-3. Change in

daily body weight, activity and clinical symptoms of all the animals were monitored post-infec-

tion. On day 6, all the infected animals were euthanized, the lungs were collected and imaged

for gross morphological studies. The right lower lobe of the lung was immersed in a 10% (v/v)

neutral formalin solution and subjected to immunohistochemistry analysis. The viral load

parameters were analysed using homogenized lung tissues in 2 mL Trizol solution. The

homogenates were stored immediately at -80˚C till further use. Blood was drawn from the ani-

mals via the retro-orbital vein on days ‘-1’ and ‘0’, and via direct heart puncture after euthaniz-

ing the animal. Serum samples were stored at -80˚C for future experiments.

Quantification of viral load in lung

RNA was isolated from homogenised lung tissues using the Trizol-chloroform technique

according to the manufacturer’s procedure, and quantified using Nanodrop. The iScript

cDNA synthesis kit (Bio-Rad, USA) was used for cDNA synthesis. Briefly, 1 μg total RNA was

reverse-transcribed into cDNA. The qPCR was performed on diluted cDNAs (1:5) using the

KAPA SYBR FAST qPCR Master Mix (5×) Universal Kit (KK4600) and 7500 Dx real-time

PCR equipment (Applied Biosystems, USA). The results were analysed with SDS2.1 software

as previously described [42]. For virus load estimation, the CDC-approved SARS-CoV-2 N

gene primers 50-GACCCCAAAATCAGCGAAAT-30 (forward) and 50-TCTGGTTACTGC-

CAGTTGAATCTG-30 (reverse) were used as previously described [43]. The copy number of

N gene was calculated by using pre-titrated SARS-CoV-2 genomic RNA and expressed as N

copy number/ lung mass (mg). To produce the standard curve for absolute quantification, a

known copy number of viral RNA was employed as a standard.

Reverse transcriptase-polymerase chain reaction and nucleotide

sequencing

The variable region of the immunoglobulin heavy and light chain transcripts expressed in B

cell hybridoma P4A2 was RT-PCR amplified and sequenced following the protocol and prim-

ers described previously [44]. Briefly, cDNA was synthesized from 10 to 50 snap frozen hybrid-

oma cells, using a commercially available kit (Qiagen, Germany) with isotype specific

antisense primers, each at a concentration of 0.75 μM. The 20 μL reaction was performed at

42˚C for 30 min. Reverse transcriptase was inactivated by incubating at 95˚C for 3 min. The

nested PCR amplification was performed using Q5 DNA polymerase (New England Biolabs,

USA). The cDNA (4 μL) was used as template in a 50 μL first round PCR which comprised of

external antisense primer (0.25 μM) and a cocktail of VH (or VL as the case may be) family spe-

cific external sense primers, each at a final concentration of 0.1 μM, 1 × Q5 DNA polymerase

buffer, dNTPs (200 μM) and Q5 DNA polymerase (0.5 U) as recommended by the manufac-

turer. Two microliter of the first round PCR product was used as template in a 50 μL second

round nested PCR following the protocol described above for the first round. The second

round PCR product was column purified following the manufacturer’s instructions (Invitro-

gen, USA) and sequenced.

Sequence analysis

The nucleotide sequence was analyzed using Sequencher (version 5.4.5; Gene Codes, USA)

and MacVector (version 17.5.4; MacVector Inc., USA) software. The V, D and J gene segment
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assignment was done using IMGT/V-QUEST (https://www.imgt.org/IMGT_vquest/input)

[45,46] and IgBlast (https://www.ncbi.nlm.nih.gov/igblast/) [47] using default parameters.

Supporting information

S1 Fig. Binding kinetics of mAb P4A2 to RBDs from various VOCs by ELISA and biolayer

interferometry (BLI). (A) P4A2 was immobilized on anti-mouse Fc biosensor and was tested

using three-fold serial dilutions of RBD (starting with 300 nM and going down to 3.3 nM; the

five concentrations tested are indicated). Data shown is after the reference was subtracted and

aligned using Octet Data Analysis software v11.1 (Forte Bio). Curve fitting was done with a 1:1

binding model, and kon, koff and Kd values were calculated using a global fit. (B) Cross reactive

binding potential (with half-maximal effective concentration, EC50) of P4A2 mAb to RBD pro-

teins of different VOCs was tested by indirect ELISA. (C) The epitope specificity of P4A2 was

evaluated for epitope competition using BLI. RBD-Fc was captured using anti-human Fc bio-

sensor and saturated with P4A2 and the indicated mAbs at a concentration of 40 μg/ml and

unbound P4A2 was washed, followed by incubation with 20 μg/ml of ACE2, P4A2 and P5B3

(binds to a topologically distinct, non-competing epitope and served as a control). No binding

signal was observed for P4A2 and ACE2.

(PDF)

S2 Fig. Mutations in RBD associated with different VOCs do not affect binding to P4A2

Fab. Using the crystal structure, computational models of P4A2 Fab in complex with the RBD

from (A) Beta, (B) Gamma, (C) Delta, (D) Kappa and (E) BA.1 VOCs were generated. These

models show that, for all the VOCs, there are no mutations in the residues that interact with

the P4A2 through their side-chain and hence these mutations will not adversely impact P4A2

binding. E484 is mutated to Lys, Gln or Ala in some of the VOCs, but it forms interactions

with the P4A2 Fab paratope through the backbone atoms and not through the side chain.

(PDF)

S3 Fig. Immunofluorescence intensity of P4A2 binding to live virus infected Vero E6 cells.

The binding of P4A2 to the spike proteins expressed on the surface of Vero E6 cell infected

with various VOCs was assessed by immunofluorescence microscopy. Vero E6 cells were

infected at a MOI of 0.1 and 0.01. The number of foci at MOI 0.1 were too numerous to be

counted. The foci count for the MOI 0.01 are indicated. P4A2 was used as the primary anti-

body (diluted 1 in 2000) followed by anti-mouse Alexa 488 as the secondary antibody. The foci

were counted using AID EliSpot 8.0 software. Representative images of the experiment per-

formed in triplicates are shown.

(PDF)

S4 Fig. Immunofluorescence staining of P4A2 binding to live virus infected Vero E6 cells.

Vero E6 cells were infected with Wuhan (A), Delta (B) and BA.1 variant of SARS-CoV-2 at a

MOI of 0.1 (C) and 0.01 (D). Cells were fixed with 7.4% formaldehyde 32 h following infection,

stained with mAb P4A2 and observed under an immunofluorescence microscope. DAPI was

used to stain nuclei. Images were captured at a magnification of 10×. Scale bar represents

100 μm.

(PDF)

S5 Fig. Relative change in the body mass and gross morphology of lungs excised from

uninfected or infected mice showing pneumonitis and inflammation. (A) Body mass of

mice from each group (both prophylactic and therapeutic) was recorded for 6 days post-infec-

tion. The Y-axis represents the body mass of the mouse relative to the body mass of the same
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mouse recorded on day 0 (normalised to 100) (dpi, days post-infection). (B) Animal challenge

experiment performed with prophylactic or therapeutic intervention of P4A2 antibody.

Briefly, animals challenged with Wuhan, Kappa, Delta or Beta SARS-CoV-2 strain (105 pfu/

mice) were given prophylactic (1 day prior to challenge) or therapeutic dose (12 h post chal-

lenge) and representative images of the excised lung showing inflammation and pneumonitis.

(PDF)

S6 Fig. Pulmonary pathology of SARS-CoV-2 infected hACE2 mice in prophylactic treat-

ment. Animals challenged with SARS-CoV-2 with or without P4A2 antibody were euthanized

on day 6 post-infection. The left lower lobe of their lung were fixed in 10% formalin solution

and used for H & E staining. (A) Representative images of transverse section of the lung show-

ing pneumonitis (magnification = 40×; red arrow), alveolar epithelial injury (blue arrow) and

inflammation (black arrow). The stained sections were assessed by blinded-trained histologist

on the scale of 0–5 (where 0 represents no feature, while 5 represents the maximum score). (B)

The histological scores for each pulmonary pathology was plotted as mean ± SEM. The disease

index score was calculated by taking the average score of all pulmonary pathologies (i. e. pneu-

monitis, alveolar epithelial injury and inflammation). Ther, therapeutic; Pro, prophylactic. NS,

not statistically significant.

(PDF)

S7 Fig. Pulmonary pathology of SARS-CoV-2 infected K18-hACE2 mice in therapeutic

group. Lung samples from euthanized animals 6 days post challenge were fixed in 10% forma-

lin solution and stained with H & E. (A) Representative transverse section of the H & E stained

lung images at 40× magnification showing pneumonitis (red arrow), alveolar epithelial injury

(blue arrow) and inflammation (black arrow). The stained sections were assessed by blinded-

trained histologist on the scale of 0–5 (where 0 represents no feature, while 5 represents the

maximum score). (B) The histological scores for each pulmonary pathology was plotted as

mean ± SEM. The disease index score was calculated by taking the average score of all pulmo-

nary pathologies. Ther, therapeutic; NS, not statistically significant.

(PDF)

S8 Fig. Representative layout and images of focus reduction neutralization assay with

P4A2 mAb. (A) SARS-CoV-2 neutralizing antibodies were used as the positive control [two-

fold dilution series starting at 1:20 and ending at 1:640 (highlighted in green)]. Pre-defined

virus dilution (virus only control; wells 7 through 11 in rows A and B to get at least 60–200

FFU/well) and only medium (no virus control; added in well 12 in rows A and B) served as the

control. P4A2 (rows C and D), Sotrovimab (rows E and F) and CR30322 (rows G and H) as

two-fold serial dilutions were used in the experiment. The antibody neutralization assays

against SARS-CoV-2 Delta variant (B.1.617.2) (B) and Omicron variant (B.1.1.529) (C) was

done similarly.

(PDF)

S9 Fig. Effect of predicted mutations on binding of P4A2 mAb. (A) Amino acid sequence of

the variable regions of heavy and light chain of mAb P4A2 are denoted as P4A2-H and

P4A2-L, respectively. Framework regions are shown in black, whereas the complementary

determining region 1, 2 and 3 are highlighted in red, blue and green, respectively. (B) The

mutations predicted by Maher et al. (2022) [5] are displayed in stick representation and col-

oured according to element. The spike-RBD, heavy and light chains of P4A2 Fab are shown in

magenta, orange and cyan, respectively. None of the predicted mutations of the spike-RBD

overlap with the residues that interact with P4A2 Fab and therefore it is possible that these

mutations may not reduce the ability of P4A2 to neutralize the corresponding new variants of
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SARS-CoV-2.

(PDF)

S10 Fig. Computational modelling of P4A2 mAb with different Omicron variants. Compu-

tational models of P4A2 Fab in complex with spike-RBD from different Omicron lineages

BA.1, BA.2, BA.3, BA.4/5, BA.2.75 and BA.2.12.1.

(PDF)

S11 Fig. Epitopes of different broadly neutralizing antibodies. The surface of the spike-RBD

is displayed and the epitope for different mAbs are shown in red colour. The mAbs JMB2002

and S3H3 are not shown here because the epitopes for these two antibodies are outside the

RBD. The epitopes of 87G7, 510A5, Cov2-2196, NCV2SG48, NCV2SG53, S2E12, S2K146 and

ZWD12 showed some overlap with that of P4A2 but only P4A2 mAb possesses a hydrophobic

cleft into which the 486Phe residue is buried. Based on available information, P4A2 forms

multiple interactions with its cognate epitope on spike-RBD and multiple residues present in

this epitope are critical for interaction with ACE2.

(PDF)

S1 Table. Comparative neutralization potential of P4A2 mAb with the clinical approved

or under development therapies.

(DOCX)

S2 Table. Comparative epitope analysis of P4A2 mAb with other known ACE2 inhibiting

antibodies.
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S3 Table. Crystallographic data and refinement statistics for P4A2 Fab:spike-RBD com-

plex.

(PDF)
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