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Abstract

The pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is cur-

rently the biggest healthcare issue worldwide. This study aimed to develop a monoclonal

antibody against SARS-CoV-2 from B cells of recovered COVID-19 patients, which might

have beneficial therapeutic purposes for COVID-19 patients. We successfully generated

human monoclonal antibodies (hmAbs) against the receptor binding domain (RBD) protein

of SARS-CoV-2 using developed hybridoma technology. The isolated hmAbs against the

RBD protein (wild-type) showed high binding activity and neutralized the interaction

between the RBD and the cellular receptor angiotensin-converting enzyme 2 (ACE2) pro-

tein. Epitope binning and crystallography results displayed target epitopes of these antibod-

ies in distinct regions beneficial in the mix as a cocktail. The 3D2 binds to conserved

epitopes among multi-variants. Pseudovirion-based neutralization results revealed that the

antibody cocktail, 1D1 and 3D2, showed high potency in multiple variants of SARS-CoV-2

infection. In vivo studies showed the ability of the antibody cocktail treatment (intraperitoneal

(i.p.) administration) to reduce viral load (Beta variant) in blood and various tissues. While

the antibody cocktail treatment (intranasal (i.n.) administration) could not significantly

reduce the viral load in nasal turbinate and lung tissue, it could reduce the viral load in blood,
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kidney, and brain tissue. These findings revealed that the efficacy of the antibody cocktail,

1D1 and 3D2, should be further studied in animal models in terms of timing of administration,

optimal dose, and efficacy to mitigate inflammation in targeted tissue such as nasal turbinate

and lung.

Introduction

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by severe acute respira-

tory syndrome coronavirus 2 (SARS-CoV-2) that has rapidly spread causing a worldwide pan-

demic [1–4]. The SARS-CoV-2 is an RNA virus with the characteristic of multiple spike

glycoproteins on its envelope [5–10]. The receptor-binding domain (RBD) on the spike pro-

teins binds specifically with the cellular receptor angiotensin-converting enzyme 2 (ACE2) of

its host cells, resulting in a fusion cascade and virus entry [11–14]. This virus can transmit effi-

ciently through respiratory droplets and aerosols with a reproduction number of up to 8 [15–

17]. It replicates in the upper airway during the incubation period before developing symp-

toms. As of 13 September 2022, there have been 606,459,140 confirmed cases of COVID-19

globally, including 6,495,110 deaths reported to WHO [18].

Effective treatments such as monoclonal antibody therapy or antiviral drugs are available

for alleviating symptoms and curing patients [19–25]. A monoclonal antibody with neutraliz-

ing activity against SARS-CoV-2 could potentially block the interaction between RBD/ACE2

to prevent virus entry and replication. Several spike protein-specific antibodies potentially

have shown efficiency for neutralizing SARS-CoV-2 [26–32]. Some anti-SARS-CoV-2 mono-

clonal antibodies such as Sotrovimab, Casirivimab, Bebtelovimab, Imdevimab and Evusheld

(tixagevimab co-packaged with cilgavimab) have already received emergency use authoriza-

tions from the Food and Drug Administration (FDA) for treatment of hospitalized COVID-19

patients [33–36].

Until now, the uncontrolled worldwide transmission has affected the evolutionary change

of the virus due to genome mutation. A mutation might result in genetic variants of SARS--

CoV-2 and could consequently impact SARS-CoV-2 properties such as transmissibility,

immunity, and infection severity [37–40]. SARS-CoV-2 variants that meet the definitions of

Variant of Interest (VOIs) and increase the transmissibility, virulence, and decrease in the

effectiveness of treatments, vaccines, and diagnostics are called Variants of Concern (VOCs),

which now includes Alpha, Beta, Gamma, and Delta [41,42]. Although previous studies

showed several possible therapeutic mAbs, there is still a limited amount of anti-SARS-CoV-2

mAbs against other VOCs, which are currently the dominant variants since early 2021.

This study aimed to assess the newly developed highly potent mAbs which could be used

against multiple variants of SARS-CoV-2 and provide therapeutic benefits to COVID-19

patients.

Results

Generation/Isolation of human monoclonal antibodies against RBD wild-

type of SARS-CoV-2

To develop a fully human monoclonal antibody against severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2), human PBMCs were isolated from patients who had recovered

from COVID-19. After generating human hybridoma cells using human hybridoma technol-

ogy, these cells were cultured and screened for the clones that produce anti-RBD (wild-type)
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SARS-CoV-2. We were then able to successfully isolate the human hybridoma clones produc-

ing antibodies against RBD (wild-type) of SARS-CoV-2. The ELISA binding profile is shown

in Fig 1A. Results demonstrated that all isolated antibodies exhibited high binding to the RBD

(wild-type) of SARS-CoV-2. The 1A5 mAb displayed the highest binding activity. The EC50

values of binding activity of each antibody on RBD (wild type) are summarized in Table 1. The

neutralization activity of isolated human antibodies on the SARS-CoV-2 surrogate (wild-type)

infection was also evaluated by the cPass assay (Fig 1B). Results showed that the cocktail com-

bination of 1D1 and 3D2 antibodies exhibited the highest neutralizing activity with the IC50 of

17.16 ng/ml. The IC50 values of each antibody on SARS-CoV-2 surrogate virus neutralizing

activity are summarized in Table 1.

To determine the binding kinetics of human antibodies and RBD (wild-type) of the SARS--

CoV-2 spike protein, the surface plasmon resonance (SPR) technique was performed by Bia-

core T200 equipped with a protein G sensor chip (GE Healthcare). Single-cycle kinetics at

25˚C was used to determine the binding kinetics of each antibody and its target. The binding

Fig 1. Binding and neutralizing profile of human antibodies against RBD protein (wild-type) of SARS-CoV-2. (a)

ELISA binding profile of each antibody to RBD protein, and (b) cPass neutralizing profile of each antibody to RBD

protein. Data are presented in mean ± SD (n = 3).

https://doi.org/10.1371/journal.pone.0284173.g001

Table 1. ELISA binding activity, surrogate neutralizing activity, and binding kinetic data of human antibodies against RBD wild-type of SARS-CoV-2.

Antibodies Binding activity,

EC50 (ng/ml)

Surrogate neutralizing activity,

IC50 (ng/ml)

Binding kinetics data

Antibody capture level (RU) kon
(1/M.s)

koff
(1/s)

KD
(M)

t1/2

(min)

Positive control N/A 60.21 N/A N/A N/A N/A N/A

1D1 + 3D2 N/A 17.16 N/A N/A N/A N/A N/A

3D6 17.64 68.42 68.58 1.12×106 4.81×10−5 4.01×10−11 240.2

3D2 24.51 57.84 134.10 3.39×105 2.68×10−4 7.89×10−10 43.1

3H8 10.73 52.27 159.70 3.05×105 4.44×10−5 1.46×10−10 260.3

1C10 50.82 49.95 90.89 4.17×105 6.36×10−4 1.53×10−9 18.2

2B4 57.85 612.30 65.95 9.52×105 6.40×10−4 6.72×10−10 18.1

1A5 6.76 30.25 82.31 2.89×106 1.27×10−4 4.39×10−11 91.0

2E10 10.97 26.82 104.00 7.20×105 8.01×10−5 1.11×10−10 144.2

1D1 9.55 24.37 176.50 6.20×105 1.50×10−4 2.42×10−10 77.1

N/A = Not available/ Not determined.

https://doi.org/10.1371/journal.pone.0284173.t001
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kinetic values are summarized in Table 1. All antibodies exhibited the equilibrium constant

(KD) values in the subnanomolar range. The 3D6 antibody showed the highest binding affinity,

with a KD value of 4.01×10−11 nM, followed by 1A5, 2E10, 3H8, 1D1, 2B4, 3D2, and 1C10,

respectively.

To evaluate the binding epitope of each human antibody to RBD wild-type of SARS-CoV-2

spike protein, the biolayer interferometry (BLI) technique was used to cluster these isolated

antibodies. The experiment was performed using the ForteBio Octet HTX instrument using an

in-tandem format. A biosensor was immobilized with a wild-type SARS-CoV-2 RBD-His

tagged protein and then soaked with a saturating primary monoclonal antibody (1st mAb) fol-

lowed by a competing secondary monoclonal antibody (2nd mAb) in a pairwise combinatorial

manner. The binding response was evaluated at each step after subtracting the self-blocking

background signal. The Octet Data Analysis HT 10.0 software was used for data analysis with

the Epitope Binning mode.

Epitope binning data of human antibodies are presented in Table 2. The results demon-

strated that pairs of non-competing monoclonal antibodies could potentially be combined to

form antibody cocktails (e.g., 3D2 and 1D1).

Neutralizing activity of highly potent human antibodies against multiple

variants of SARS-CoV-2

To assess the neutralization activity of isolated human antibodies on multiple variants of

SARS-CoV-2, the pseudovirus neutralization assay was performed. The pseudovirus particles

comprise the S protein of SARS-CoV-2 expressed on the surface. These pseudoviruses can

bind to the ACE2 overexpressed target cells and stimulate the fusion cascade of virus-target

cells. After pseudovirus infection, infected-target cells will express the luciferase. By measuring

the bioluminescence signal, the extent of pseudovirus infection can be determined. If the anti-

bodies can neutralize the RBD, the interaction of ACE2 and S protein on the pseudovirus is

blocked, resulting in a decrease in the bioluminescence signal.

The pseudovirus neutralizing profiles of each antibody against multiple variants are demon-

strated in Fig 2. The neutralization profiles of each human anti-SARS-CoV-2 antibody and

antibody cocktail are depicted in Fig 2A–2E (wild-type, Alpha variant, Beta variant, Gamma

variant, and Delta variant, respectively). The IC50 values of each antibody are represented in

Fig 2F. The antibody cocktail, as well as 3D2 and 1D1 antibodies, demonstrated an IC50 value

of<150 ng/ml for all SARS-CoV-2 variants. In addition, the antibody cocktail exhibited highly

Table 2. Epitope binning data of human antibodies against RBD wild-type of SARS-CoV-2.

Step I prototype RBD-His capture (nm) Step II measure

1st mAb bound

Step III Measure 2nd mAb bound (nm)

1st mAb 1st mAb bound (nm) 3D6 3D2 3H8 1C10 2B4 1A5 2E10 1D1

0.84±0.05 3D6 1.41 ± 0.04 0.00 1.08 1.03 1.03 0.85 1.02 1.12 1.13

3D2 1.24 ± 0.02 0.92 0.00 0.89 0.82 0.63 0.86 0.87 0.84

3H8 1.36 ± 0.03 1.10 1.08 0.00 -0.03 -0.04 0.02 -0.01 1.09

1C10 1.23 ± 0.02 1.03 0.92 0.02 0.00 -0.05 0.04 0.01 0.05

2B4 1.12 ± 0.01 1.07 1.04 0.10 0.02 0.00 0.15 0.06 0.13

1A5 1.44 ± 0.01 1.16 1.10 -0.03 -0.07 -0.05 0.00 -0.06 0.00

2E10 1.20 ± 0.04 0.83 0.73 0.04 0.00 -0.09 0.06 0.00 0.05

1D1 1.29 ± 0.04 0.94 0.79 0.82 -0.04 -0.11 -0.01 -0.05 0.00

Grey = bi-directional competition, Light grey = no competition, White = self-competition.

https://doi.org/10.1371/journal.pone.0284173.t002
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potent neutralizing activity against wild-type and the best potency in other VOCs of SARS--

CoV-2.

Authentic virus neutralizing activity of highly potent human antibodies

against SARS-CoV-2 Delta variant

One of the most crucial properties of antibodies is the ability to neutralize an authentic virus.

Plaque neutralization assay using a live virus and Vero cells were used to evaluate neutralizing

ability. The plaque-forming units of SARS-CoV-2 were counted by specific dyes that reacted

with the infected cell. A specific antibody that can neutralize the virus will prevent the virus

from forming plaque in the cell monolayer. The neutralization efficacy profile of antibodies

against the SARS-CoV-2 Delta variant are displayed in Fig 3. When 1D1, 3D2, and antibody

cocktail were mixed with the virus and then plated onto cells, it was found that the concentra-

tion of plaques was reduced with PRNT50 to less than 70 ng/ml.

X-ray crystallography structure of the complex between high-potency

human antibodies and RBD of SARS-CoV-2

In order to determine the binding epitope of high-potency antibodies to RBD spike proteins,

X-ray crystallography was performed. The Fab fragments were prepared from the purified

antibodies using the FabALACTICA Fab Kit (Genovis). Two Fab RBD complexes were pro-

duced, the 1D1 Fab formed a complex with the RBD (wild-type) and the 3D2 Fab formed a

complex with the RBD (Beta variant) of SARS-CoV-2. To investigate the interactions between

antibodies and the RBD protein, the crystals structures of the two Fab RBD complexes were

determined (Fig 4). The 1D1 Fab RBD (wild-type) complex at 1.9 Å resolution and the 3D2

Fig 2. Pseudovirus neutralization activity of human antibodies against SARS-CoV-2 VOCs. Neutralizing profile of antibodies against (a) wild-type, (b)

Alpha variant, (c) Beta variant, (d) Gamma variant, and (e) Delta variant of SARS-CoV-2. Data are presented in mean ± SD (n = 3). (f) The IC50 values of each

human antibody on SARS-CoV-2 pseudovirus neutralization activity.

https://doi.org/10.1371/journal.pone.0284173.g002
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Fig 4. X-ray crystallography structures of two Fab fragment complexes. (a) 1D1 Fab complexed with the wild-type

RBD protein, and (b) 3D2 Fab complexed with the Beta RBD protein. The amino acids in the binding epitopes are

displayed using the CINEMA color scheme, with Asp and Glu represented in red, His, Lys, and Arg represented in

blue, Ser and Thr represented in orange, Asn and Gln represented in purple, Phe and Tyr represented in cyan, Ala,

Val, Leu, Ile, and Met represented in green, Pro represented in yellow, and Gly represented in gray. The zoom-in

images show the contact interfaces between the Fab fragments and RBD proteins at atomic resolution.

https://doi.org/10.1371/journal.pone.0284173.g004

Fig 3. Neutralization efficacy of high-potency human antibodies against SARS-CoV-2 Delta variant assessed by

the plaque reduction neutralization test (PRNT). Data are presented in mean ± SD.

https://doi.org/10.1371/journal.pone.0284173.g003
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Fab RBD (Beta variant) complex at 2.2 Å. The result showed that the 1D1 Fab and 3D2 Fab

bind to different epitopes on RBD proteins, i.e. 1D1 Fab and 3D2 Fab bind to class I&II and

class III RBD binding epitopes, respectively [43]. The lists of binding residues between the

Fabs and RBD proteins are shown in S2 and S3 Tables.

In vivo studies of high-potency human antibodies against SARS-CoV-2

administered i.p.
To demonstrate antiviral potency of the antibody, the IgG1 isotype control and the antibody

cocktail were administered systemically (i.p.) 24 hours after inoculation with either the Beta or

Delta variant of SARS-CoV-2 (Fig 5A). Subsequent reductions in viremia and viral distribu-

tion in tissues from all four major organs were evaluated by qRT-PCR. The clinical presenta-

tions of mice in all treatment groups were unremarkable for 4 days following viral inoculation.

For all groups, reduced appetite was the only abnormal clinical observation noted during this

period. This observation was typically seen in less than 50% of the mice. However, on Day 5 of

the experiment, mice began to exhibit notable clinical symptoms of disease. In particular, IgG1

isotype-treated mice infected with either the Delta or Beta variant began reaching early-eutha-

nasia criteria. By the end of the experiment on Day 6, the severity of the clinical symptoms of

disease in all IgG1 isotype-treated mice met the threshold for early euthanasia. For groups

Fig 5. In vivo therapeutic efficacy of high-potency human antibodies on SARS-CoV-2 infection. (a) Experimental design of the

intraperitoneal (i.p.) administration therapy. For the i.p., mice were challenged with SARS-CoV-2 either Beta variant or Delta variant (n = 6 per

variant). The antibody cocktail at 5 mg/Kg (medium dose) and 25 mg/Kg (high dose) were used as treatments, while the human IgG1 isotype

antibody was used as a negative control (25 mg/Kg) (created with Biorender.com). Viral titers in different organs were evaluated 6 days post-

challenge with (b) Beta variant and (c) Delta variant of SARS-CoV-2. (d) Experimental design of the intranasal administration (i.n.) therapy. For

the i.n., mice were challenged with SARS-CoV-2 Delta variant and treated with either the antibody cocktail (5 mg/Kg) or human IgG1 isotype

antibody (5 mg/Kg) 6 hours post-viral inoculation (created with Biorender.com). Viral titers in different organs were evaluated at (e) 24 hours

and (f) 6 days post-viral inoculation. Data are presented in mean ± SD. A P-value of less than 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0284173.g005
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infected with the Beta variant, however, both the high and medium dose mAb treatment

appeared to provide substantial prevention of clinical disease. At high dose levels, no mice

reached the threshold for early euthanasia, and no mice ever received a clinical score greater

than one. For mice that received medium dose mAb treatment, only one mouse exhibited clin-

ical symptoms severe enough to meet criteria for early euthanasia.

Regarding expression of viral RNA within Beta variant infected groups (Fig 5B), qRT-PCR

found detectable levels of viral RNA in all groups. However, the high dose antibody cocktail

treatment (2.71×102 GE/ml) significantly reduced the levels of viremia as compared to the

IgG1 isotype -treatment group (5.44×103 GE/ml). The medium dose antibody cocktail treat-

ment (2.89×103 GE/ml) also resulted in a numerical reduction in viremia compared to the

IgG1isotype-treatment group. Substantial viral RNA was detectable in all four major organs

examined in all animals. In the IgG1 isotype-group, the highest level of mean viral RNA was

detected in the brain (8.82×1012 GE/g) followed by lung (1.92×1011 GE/g), nasal turbinate

(1.26×108 GE/g) and kidney (3.76×107 GE/g). The cocktail treatment reduced viral RNA in a

dose dependent manner for all tissues when compared to the IgG1 isotype-treated group.

More specifically, the high dose mAb treatment significantly reduced viral RNA in nasal turbi-

nate (p-value = 0.037), brain (p-value = 0.004) and lung tissues (p-value = 0.004), whereas the

medium dose mAb treatment significantly reduced the level of viral RNA in lung tissue only

(p-value = 0.025).

For groups infected with the Delta variant (Fig 5C), viral RNA was detected in 100% of

mice in each treatment group. Furthermore, while both the high dose mAb treatment

(6.94×103 GE/ml) and the medium dose mAb treatment (8.47×104 GE/ml) resulted in a

numerical reduction in viremia compared to IgG1 isotype-treatment (9.50×104 GE/ml), nei-

ther reduction reached statistical significance. Reduction of viral RNA in brain (p-

value = 0.004) and brain/lung (p-value = 0.004/0.016) tissues was found in the high and

medium dose mAb treatment groups, respectively. However, between the high and medium

dose groups, no significant differences in viral RNA were found in any of the tissues.

In vivo studies of high-potency human antibodies against SARS-CoV-2

administered i.n.
Following the demonstration of antiviral effects of i.p. administration of the mAb cocktail, a

second cohort of SARS-CoV-2 infected animals was leveraged to test for efficacy following i.n.

administration (Fig 5D). IgG1 isotype-treatment and antibody cocktail (5 mg/Kg) treatments

were administered i.n. 6 hours post inoculation with the Delta variant. Similar to i.p. adminis-

tration, administration of mAbs i.n. resulted in an improvement in clinical symptoms and

mortality rates (71.4% mortality in IgG1 isotype treated animals compared to 25% mortality in

mAb treated animals). Moreover, a statistically significant decrease in body weight of IgG1 iso-

type treated mice was found compared to those treated with the mAb cocktail. Reduction of

viremia and viral distribution in tissues were also evaluated by qRT-PCR at 1-day and 6-days

post infection. At 1-day post infection (Fig 5E), there was no significant difference of viremia

and viral RNA levels in nasal turbinate and lung tissues between IgG1 and antibody cocktail

treatment groups. However, IgG1 treated mice showed detectable viremia with a mean of

2.12×103 GE/ml whereas antibody cocktail treated mice showed detectable viremia with a

mean of 2.55×103 GE/ml. Comparable levels of viral RNA were expressed in nasal turbinate

between groups (7.59×109 and 9.91×109 GE/g for IgG1 and mAb treatment groups, respec-

tively). A numerical reduction in viral RNA levels was found in the lung tissue of the mAb-

treated group (1.93×1011 GE/g) compared to the IgG1-treated group (4.08 × 1011 GE/g), how-

ever, this reduction failed to reach statistical significance.

PLOS ONE Efficacy of the combination of monoclonal antibodies against the SARS-CoV-2 Beta and Delta variants

PLOS ONE | https://doi.org/10.1371/journal.pone.0284173 May 4, 2023 8 / 20

https://doi.org/10.1371/journal.pone.0284173


The 6-day post infection results are displayed in Fig 5F. Antibody cocktail treatment signifi-

cantly reduced viremia compared to IgG1 treatment with only antibody cocktail-treated mice

exhibiting detectable viremia compared to IgG1-treated mice exhibiting detectable viremia.

For viral RNA in tissue samples, no significant differences were found in nasal turbinate tissue

(4.13×107 and 1.39×107 GE/g for IgG1 and mAb treated mice, respectively) and lung tissues

(5.37×1010 and 3.88×109 GE/g for IgG1 and mAb treated mice, respectively). However, mAb

treatment significantly reduced the levels of viral RNA in the brain and kidneys.

Discussion

In our present study, we successfully generated human monoclonal antibodies using hybrid-

oma technology and successfully isolated the human hybridoma clones producing antibodies

against the RBD protein (wild-type) of SARS-CoV-2. We characterized mAbs that were iso-

lated from B cells of recovered COVID-19 patients. The isolated mAbs showed sufficient speci-

ficity and sensitivity to bind and neutralize the RBD protein (wild-type) of SARS-CoV-2

assessed by ELISA and cPass assay respectively. For the binding kinetics assay, data showed

that all antibodies exhibited the equilibrium constant (KD) values in the subnanomolar range.

Interestingly, two of these isolated mAbs, 1D1 and 3D2 targeted non-competing epitopes on

RBD. 1D1 and 3D2 antibodies were combined to form mAb cocktail to develop a product that

had an improved chance of maintaining efficacy against future variants of SARS-CoV-2. These

antibodies showed high pseudo-virus neutralization of Wild-type, Alpha, Beta, Gamma, and

Delta VOCs. In addition, the PRNT results also confirmed that this pair of the mAbs had high

potency in the protection of SARS-CoV-2 Delta variant infection. The crystal structures of

highly potent neutralizing antibodies (1D1 and 3D2 monoclonal antibodies) were also

obtained to determine the binding area between these antibodies and the RBD proteins of

SARS-CoV-2. Data exhibited that the 1D1 and 3D2 antibodies binded to the RBD protein at

different epitopes. When defining the epitope of our antibodies with the epitope landscape of

the RBD protein, it was found that 1D1 was grouped in RBD class 2 binding antibody. While

3D2 was classified as an RBD class 5 binding antibody, a conserved region of RBD, resulting in

3D2 providing neutralizing activity against all variants [44].

To evaluate in vivo activity, we assessed the therapeutic efficacy of our mAb cocktail using an

established model of SARS-CoV-2 infection in hACE2-expressing K18 transgenic mice. Intraperi-

toneal (i.p.) administration was specifically designed as the first assessment. Mice were infected

with either SARS-CoV-2 Beta or Delta variant one day before mAb cocktail injection. Following i.
p. administration, the mAb cocktail was able to dramatically decrease the morbidity and mortality

of mice infected with the Beta variant of SARS-CoV-2 compared with the IgG1 isotype control.

These findings were mirrored by the molecular findings that showed significant reductions in

viral replication in the blood and lungs. Taken together, these data suggested that the mAb treat-

ment could not only reduce viral load in the blood and lungs, but that this decrease translated into

clinically relevant outcomes (i.e., decreased morbidity and mortality among treated subjects).

Interestingly, the improvement in clinical symptoms following i.p. administration was not as dra-

matic in the Delta variant infected mice compared to mice infected with the Beta variant. This

could be an indication that effective dosing regimens may vary depending on the variant of virus

in question. Given that reductions in clinical symptoms and viral replication were still demon-

strated against the Delta variant, it was likely that the mAbs do exert a cross-variant antiviral effect.

Future studies may need to consider adjusting dose, route of administration, or frequency of dos-

ing to determine the most efficacious treatment regimens for a given SARS-CoV-2 variant.

Intranasal (i.n.) administration was tested as a follow up administration route which is

more clinically relevant. The delta infected mice received either mAb cocktail treatment or the
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IgG1 isotype control. Similar to the i.p. administration study, evaluation of the protective

effects of i.n. administration of mAbs demonstrated antiviral efficacy. Notably, there were sig-

nificant improvements in morbidity and mortality of Delta infected mice that received mAb

treatment compared to mice that received the IgG1 isotype control. This improvement was

supported by statistically significant reductions of circulating viral loads in the blood, and

numerical decreases of viral load in the respiratory tract. This again suggests that i.n. mAb

therapy has the capability of reducing SARS-CoV-2 viral replication to an extent that can

translate into relevant positive clinical outcomes. It should be noted that while viral loads in

the respiratory tract were reduced, these decreases failed to reach statistical significance. This

is another indication that modifications of the dosing regimen still may need to be addressed

in future studies to ensure that optimal regimens are identified for future clinical

implementation.

The WHO has designated Omicron as a SARS-CoV-2 VOC, which became dominant in

many countries during early 2022. Our study was limited by the fact that our testing stages

started in 2020–2021 before Omicron was prevalent [45–48]. The Omicron variant contains

more than 30 mutations on the virus’s spike protein [46,49], resulting in rapid spread and

large outbreaks in 2022. However, Omicron is less severe than previous variants [50], accord-

ing to the CDC.

In conclusion, this study demonstrated that this novel mAb cocktail exerts protective effects

against two variants of SARS-CoV-2. Moreover, this protective effect was demonstrated in two

different routes of administration and dosing regimens. The results of this study illustrate the

potential of this mAb cocktail as a viable multi-variant intervention against SARS-CoV-2

infection. However, future studies need to consider adjusting dose, route of administration,

frequency of dosing, testing with new/different strains and pathology for future clinical imple-

mentation. Moreover, for using the mAb cocktail as a nasal spray solution as a medical device,

future studies may need to evaluate the preclinical studies following the ISO 10993 standards

with good biocompatibility based on cytotoxicity, skin sensitization, and intracutaneous reac-

tivity as well as satisfactory safety profiles by acute and subacute systemic toxicity before start-

ing clinical trials.

Materials and methods

Ethical statement

This project was approved by the Institutional Review Board on Human Research of the Fac-

ulty of Medicine, Chulalongkorn University with certificate of approval number 814/2020.

Written informed consent was obtained from all subjects� 18 years old who were informed

of the risks and signed a consent form before enrolling in the study. The study was conducted

according to the Helsinki Declaration and Good Clinical Practice guidelines. All experimental

procedures involving animals were conducted under a protocol approved by the Institutional

Animal Care and Use Committee of AFRIMS. This animal protocol was executed in compli-

ance with Thai laws, the Guide for the Care and Use of Laboratory Animals, the Animals for

Scientific Purposes Act (National Research Council of Thailand, 2015), the Animal Welfare

Act, and all applicable U.S. Department of Agriculture, Office of Laboratory Animal Welfare,

and U.S. Department of Defence guidelines.

Isolation of PBMCs from recovered COVID-19 patients

Blood was collected from 10 hospitalized and recovered COVID-19 patients with high IgG

titers against the SARS-CoV-2 spike protein from June to July 2020. The blood samples of

approximately 5 ml were allowed to clot at room temperature for 15 minutes, and then
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centrifuged at 2000×g for 10 minutes to isolate the serum. The serum was aliquoted and subse-

quently used for measuring the level of neutralizing antibodies against wild-type SARS-CoV-2

by plaque-reduction neutralization test (PRNT). PBMCs from the four patients with the high-

est PRNT activities were isolated by the Ficoll™ density gradient centrifugation technique. B

cells were isolated from PBMCs by EasySep™ human B cell isolation kit (STEMCELL Technol-

ogies) following the manufacturer’s instructions.

Generation of human antibodies against SARS-CoV-2

To generate human antibodies using hybridoma technology, isolated B cells from recovered

COVID-19 patients were transformed by Epstein-Barr virus (EBV) obtained from the B95-8

lymphoblastoid cell line supernatant. The EBV-transformed B cells were cultured in 384-well

plates at 37˚C for seven days. Cells in each well were then transferred to 96-well plates contain-

ing irradiated heterologous human PBMC feeder cells. After incubation for three days, the

supernatant from each well was screened based on binding and neutralizing activities against

wild-type SARS-CoV-2 by ELISA. Next, EBV-transformed B cells with the top-ranked neutral-

izing activities were fused with SHM-33 myeloma cells using the cell electrofusion technique

to create stable human hybridoma clones. Briefly, individually selected EBV-transformed B

cell pools were mixed with myeloma cells followed by washing with BTX cytofusion medium.

The cell mixture was transferred to a cytofusion cuvette, and electrofusion was performed

using BTX ECM 2001 fusion system. After fusion, hybridoma cells were cultured in 96-well

plates for ten days in a ClonaCell-HY Medium E (STEMCELL Technologies) containing hypo-

xanthine-aminopterin-thymidine (HAT). The supernatant from each well was screened based

on binding and neutralizing activities against wild-type SARS-CoV-2 by ELISA.

Hybridoma cells with high neutralizing activities were subcloned by a limiting dilution

technique to achieve hybridoma monoclonality. After 7–10 days of culturing, hybridoma

clones were screened by ELISA. Finally, selected human hybridoma clones with high neutraliz-

ing activities were expanded to produce SARS-CoV-2 neutralizing antibodies.

Screening of human antibodies against SARS-CoV-2 by binding activity

ELISA technique was utilized to screen for high binding anti-SARS-CoV-2 antibodies. Each

well of the MaxiSorp 96-well ELISA plate (ThermoFisher Scientific) was coated with 10 ng of

wild-type SARS-CoV-2 RBD-His proteins (Sino Biological) at 4˚C overnight. The coated

ELISA plate was washed and blocked with 0.05% Tween-20 in the PBS buffer (PBST). Next,

100 μl culture supernatant samples from EBV-transformed B cells or human hybridoma cells

were added to the coated wells. The plate was incubated for 1 hour at 37˚C and washed three

times with PBST. A secondary antibody probing step was performed by adding 100 μl/well of

goat anti-human IgG (Fcγ fragment specific)-HRP (Jackson ImmunoResearch), incubating for

1 hour at 37˚C and washing with PBST 3 times. Next, the plate was added with o-Phenylene-

diamine dihydrochloride (OPD) substrate solution (100 μl/well) and incubated in the dark for

20 minutes at room temperature. The reaction was stopped by adding 2N H2SO4 solution

(50 μl/well). Finally, the absorbance was measured at 492 nm by Cytation 5 (BioTek).

Screening of human antibodies against SARS-CoV-2 by neutralizing

activity

ELISA technique was employed to evaluate the RBD/ACE2 neutralizing activity from EBV-

transformed B cells and human hybridoma cells that produced RBD-specific antibodies (posi-

tive binding clones). First, an ELISA plate was coated with recombinant ACE2 human Fc tag

proteins (Genscript) at 4˚C overnight. The coated ELISA plate was washed and blocked with
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PBST. Next, 50 μl culture supernatant samples from the positive binding clones or a control

antibody were pre-incubated with 50 μl of RBD mouse Fc tag proteins (Genscript) at 37˚C for

30 minutes and individual samples were transferred to the coated plate. After incubation at

37˚C for 1 hour, the plate was washed by PBST three times. Goat anti-mouse Ig (γ-chain spe-

cific)-HRP (Jackson ImmunoResearch) was added to the reaction, then incubated at 37˚C for

1 hour to detect RBD mouse Fc tag proteins. The plate was washed three times by PBST before

adding 100 μl of OPD and then incubated in the dark at room temperature for 20 minutes.

The stop solution was added to each well, and the absorbance at 492 nm was determined by

Cytation 5 (BioTek).

Sequencing of human antibody variable regions

Sequencing was performed by whole transcriptome shotgun sequencing technique (RNA--

Seq). In brief, total RNA was extracted from Human hybridoma clones producing neutralizing

antibodies against SARS-CoV-2 disclosed herein. A barcoded cDNA library was generated

through RT-PCR using a random hexamer. Next-generation sequencing was performed on an

Illumina HiSeq sequencer. Contigs were assembled, and data was mined for all viable antibody

sequences (i.e., those not containing stop codons). Sequence analysis was performed separately

to identify variable heavy and variable light domains. The complementarity determining

regions (CDRs) were identified using the Kabat definition.

Binding profile of human monoclonal antibodies against SARS-CoV-2

The Expi293 transient expression system (Gibco™) was used to produce recombinant human

monoclonal antibodies against SARS-CoV-2. The binding profile of purified antibodies dis-

closed herein was assessed by ELISA, as mentioned above (Screening of human antibodies

against SARS-CoV-2 by binding activity) with the following modification. Instead of using the

culture supernatant, purified antibodies at 2 μg/ml were used as starting samples, then 11

rounds of 2-fold dilution were performed for each sample until the final concentration of

0.977 ng/ml was reached.

Binding kinetics of human monoclonal antibodies against SARS-CoV-2

To determine the binding kinetics of human monoclonal antibodies disclosed herein and RBD

of wild-type SARS-CoV-2 spike protein, the surface plasmon resonance (SPR) technique was

performed by Biacore T200 equipped with a protein G sensor chip (GE Healthcare). For the

antibody-capturing step, each purified human anti-SARS-CoV-2 monoclonal antibody (at

1 μg/ml prepared in the HBS-EP buffer) was injected into an individual flow cell in the sensor

chip. Single-cycle kinetics at 25˚C was determined by sequentially injecting recombinant

RBD-His tag proteins at different concentrations. An HBS-EP buffer blank was also included

as a negative control for baseline subtraction. The antibody binding affinity (KD) value was cal-

culated using the Biacore T200 Evaluation Software v3.1.

SARS-CoV-2 surrogate virus neutralization test of human monoclonal

antibodies

The SARS-CoV-2 surrogate virus neutralization test (cPass, GenScript) was used to assess the

neutralizing activity of antibodies disclosed herein. Briefly, the individual human anti-SARS--

CoV-2 mAbs or antibody cocktail (1D1 + 3D2 in ratio 1:1 w/w) was mixed with wild-type

RBD-HRP tag proteins and incubated at 37˚C for 30 minutes. The control antibody (Gen-

Script, A02087) that can neutralize spike proteins was used as a positive control. The mixture
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was then added to each well of the human ACE2-coated plate. After incubation at 37˚C for 15

minutes, the plate was washed 4 times with a washing solution. In consequence, the free and

non-neutralizing antibody-bound HRP-RBD were captured on the plate. Next, the plate was

added with 100 μl TMB substrate solution to each well and incubated in the dark for 20 min-

utes. Finally, a stop solution was subsequently added to each well. The absorbance of the final

solution was determined at 450 nm immediately.

Epitope binning assay of human monoclonal antibodies against RBD wild-

type protein of SARS-CoV-2

Biolayer interferometry (BLI) technique was used to cluster recombinant human monoclonal

antibodies disclosed herein based on binding epitopes on RBD of wild-type SARS-CoV-2

spike protein. The experiment was performed using ForteBio Octet HTX in an in-tandem for-

mat, i.e., a biosensor was immobilized with a wild-type SARS-CoV-2 RBD-His protein and

then presented with a saturating monoclonal antibody (1st mAb) followed by a competing

monoclonal antibody (2nd mAb) in a pairwise combinatorial manner. The assays were per-

formed at 32˚C with a shaking speed of 1,000 rpm. Briefly, a wild-type SARS-CoV-2 RBD-His

protein (3 μg/ml solution) was allowed to be captured onto an anti-His (AHC) biosensor tip

for 300 seconds. The first and second anti-SARS-CoV-2 monoclonal antibodies (10 and 5 μg/

ml, respectively) were sequentially presented to the biosensor tip for 300 seconds. The binding

response was evaluated at each step after subtracting the self-blocking background signal. The

data analysis was performed with Octet Data Analysis HT 10.0 software using the Epitope Bin-

ning mode.

SARS-CoV-2 pseudovirus neutralization assay of human monoclonal

antibodies

Pseudovirus Neutralization Assay kit (Luc reporter, GenScript) was used to evaluate the

potency of human anti-SARS-CoV-2 mAbs and antibody cocktail for neutralizing infectivity

of SARS-CoV-2 (Wild-type, Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta

(B.1.617.2) variants). In brief, the mAbs were diluted in 4-fold serial dilution with Opti-MEM,

and 25 μl of the solution was transferred to an assay plate. Then, 25 μl of pseudovirus with

luciferase reporter in Opti-MEM was added to wells and incubated at room temperature for 1

hour. Next, 50 μl of Opti-HEK293/ACE2 single-cell suspension at 600,000 cells/ml was added

into each well. After 24 hours of incubation at 37˚C, 50 μl of fresh media was added to the

assay plate and incubated at 37˚C for 24 hours. The culture supernatant was then carefully dis-

carded using a pipette. Finally, luciferase reagent (50 μl) was added to the assay plate and sub-

sequently incubated for 5 minutes at room temperature, and the bioluminescence signal was

measured.

Plaque reduction neutralization test (PRNT) of human monoclonal

antibodies

Plaque reduction neutralization assay was used to measure the neutralization activity of mAbs

and antibody cocktail against the SARS-CoV-2 Delta variant. In brief, 6,000,000 cells of Vero

cells were plated into a 6-well assay plate. The plate was incubated at 37˚C for 24 hours. Then,

antibodies were prepared by diluting in MEM media supplement with 2% FBS and mixed with

a plaque of live-SARS-CoV-2 virus. This antibodies-virus solution was incubated at 37˚C for

an hour. After that, the culture supernatant of prepared Vero cells was discarded and replaced

by 200 μl antibodies-virus solution and 2800 μl new culture media supplemented with 1%
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methylcellulose, 1% 10,000 units/ml Penicillin-10,000 μg/ml Streptomycin and 10% FBS. The

place assay was incubated for 7 days in a 37˚C atmosphere. Finally, the viruses were then

stained and counted for a percentage of plaque reduction calculation.

Crystallization and crystal structure determination of antibodies and RBD

protein

To determine the binding epitope of antibody and RBD by crystallography, the antibodies and

RBD were expressed in small-scale production using bacmid transformation into High Five™
insect cells. The large-scale production was carried out to reach a sufficient amount of antibod-

ies for crystallization. Then, proteins were purified and concentrated to an appropriate con-

centration for crystallization. The Fab fragments were prepared from the purified antibodies

using the FabALACTICA Fab Kit (Genovis). The RBD protein was mixed with each Fab frag-

ment at a 1,1:1 molar ratio and purified on a HiLoad Superdex 200 16/60 pg gel filtration col-

umn (Cytiva/GE Healthcare) using 20 mM Tris-HCl pH 7.4, 150 mM NaCl as mobile phase.

For crystallization of 1D1 Fab RBD a concentration of 9.4 mg/ml and the above buffer was

used. The setup used was 100 nl + 100 nl sitting drops in MRC plates over a reservoir of 40 μl.

The crystals used for data collection were grown in the BCS screen (Molecular Dimensions)

over the reservoir: 18% PEG Smear Broad, 0.08 M MgCl2, 0.08 M tri-sodium citrate and 0.1 M

Bis-Tris pH 6.0. Crystals were flash-frozen in liquid nitrogen after addition of cryo-solution

containing the reservoir solution with the addition of 25% glycerol. Data were collected at 100

K at station BioMAX, MAX IV, Lund, Sweden (λ = 0.9537 Å). The beamline is equipped with

an Eiger 16M hybrid-pixel detector. Data was processed with autoPROC [51] using XDS [52]

and Aimless [53]. The structure was determined by molecular replacement using the Phaser

software [54]. One 1D1 Fab RBD complex was found in the asymmetric unit in space group

P212121. The structure was refined in Refmac5 [55] and model building was done in Coot [56].

For crystallization of 3D2 Fab RBD (Beta) a concentration of 10.7 mg/ml and the same

buffer as above. Initial crystals were obtained from the JCSG+ screen (Molecular Dimensions)

containing 0.04 M potassium dihydrogen phosphate, 16% w/v PEG 8000, 20% v/v glycerol.

The initial crystals were used for seeding and crystal used for data collection were grown in a

reservoir solution of 0.04 M potassium dihydrogen phosphate, 18% w/v PEG 8000, 20% v/v

glycerol and were obtained using seeds. Crystals were flash-frozen in liquid nitrogen after

addition of cryo-solution containing: 40 mM potassium dihydrogen phosphate, 16% w/v PEG

8000, 10 mM Tris pH 7.4 and 25 v/v % glycerol. Data were collected at 100 K at station Bio-

MAX, MAX IV, Lund, Sweden (λ = 0.9762 Å). The beamline is equipped with an Eiger 16M

hybrid-pixel detector. Data was processed with XDSAPP [57] using XDS [52] and Aimless

[53]. The structure was determined by molecular replacement using the Phaser software [54].

One RBD_B1.351:3D2 Fab complex was found in the asymmetric unit in space group C2.

Refinement was done in Refmac5 [55] and model building was done in Coot [56]. For final

data and refinement statistics, see the S1 Table.

In vivo assessment of anti-viral effects of antibody cocktails against

SARS-CoV-2 infection

Animals. Sixty-six [66] K18-hACE2 transgenic mice (female, 8–12 weeks of age, 17–25

grams) expressing human ACE2 were acquired from Jackson Laboratory USA. Mice were

housed in an AALAC accredited vivarium at the Armed Forces Research Institute of Medical

Sciences (AFRIMS) with ad libitum access to food, water, and environmental enrichment.

Animals were randomly assigned (using Microsoft Excel random number generator function)

to one of two cohorts (n = 36 for Cohort 1, n = 30 in Cohort 2) to assess the effects of the mAb
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cocktail following two different routes of administration (i.e., intraperitoneal (i.p.) and intra-

nasal (i.n.)). All mice were group housed prior to the start of experimentation. For all in vivo
experiments, animals received regular daily health checks by trained veterinary staff to assess

pain and distress. Animals experiencing pain/distress were selected for early euthanasia. The

method of euthanasia used for all animals (both those euthanized early for humane reasons as

well as those that reach the end of the study) was CO2 inhalation. During euthanasia, animals

were exposed to a CO2 flow rate ranging from 30% - 70% of cage volume/min until 1 minute

after signs of respiration stopped. No exclusion criteria was set, and no animals (including

those meeting early euthanasia criteria) were excluded from the study. To minimize potential

confounders, animal treatments and assessments were performed in the order of cage number

rather than by group assignment.

Viruses and viral intranasal challenge. The efficacy of the mAb cocktail was evaluated

against the Beta and Delta variants of SARS-CoV-2. The Beta variant strain used was B.1.351

hCoV-19/South Africa/KRISP-EC-K005321/2020, and the Delta variant strain used was

B.1.617.2 hCoV-19/Thailand/CU-A21287-NT/2021. All viruses were propagated in Vero E6

cells in a BSL-3 laboratory, and inocula of 2×104 PFU/50 μl were prepared and stored until use

during challenge. Immediately prior to the viral challenge, mice were moved to the AFRIMS

BSL-3 vivarium. They were subsequently anesthetized with a combination of ketamine (40

mg/ml), xylazine (2 mg/ml), and atropine (0.06 mg/ml) at a dose of 0.1–0.3 ml per 100 grams

of body weight administered intramuscularly. Once fully anesthetized, mice were placed in a

supine position and 50 μl of inoculum was slowly administered dropwise into the nares to

establish a respiratory infection. The mice were then immediately held upright for 30–60 sec-

onds to allow inoculum to drain back into the sinuses. Once mice were fully recovered from

anaesthesia, they were housed singly in the AFRIMS BSL-3 vivarium.

Intraperitoneal (i.p.) administration of mAb cocktail in mice infected with either the

Beta or Delta variant of SARS-CoV-2. Mice from Cohort 1 (n = 36) were randomly

assigned (using Microsoft Excel random number generator function) to one of two groups

and were subsequently infected with either the Beta variant or Delta variant of SARS-CoV-2 as

described above (n = 18 for the Beta infected group, n = 18 for the Delta-infected group). At

24-hours post inoculation, infected mice were divided into 3 subgroups (n = 12 per subgroup;

6 Beta-infected mice and 6 Delta-infected mice) to test the anti-SARS-CoV-2 effects of two i.p.

dose levels of the mAb cocktail. The three subgroups received i.p. doses of either a control

IgG1 isotype sham (25 mg/Kg), a high dose of mAb cocktail (25 mg/Kg), or a medium dose

mAb cocktail (5 mg/Kg). Following treatment, mice were observed for an additional 5 days.

During this observation period, all mice received daily clinical health exams by a veterinary

technician without knowledge of group assignments. During these exams, clinical symptoms

of SARS-CoV-2 were scored, body weight was measured, and determinations of early humane

euthanasia were made (see below). At the end of the 5-day observation period, all surviving

mice were humanely euthanized. Following euthanasia (either during the 5-day observation

period or at the study end point on Day 6), whole blood, nasal turbinate, brain, lung, and kid-

ney were collected from each mouse.

Intranasal administration of mAb cocktail in mice infected with the Delta variant of

SARS-CoV-2. Mice from Cohort 2 (n = 30) were infected with the Delta variant of SARS--

CoV-2 as described above. At 6-hours post inoculation, mice were anesthetized with a combi-

nation of ketamine (40 mg/ml), xylazine (2 mg/ml), and atropine (0.06 mg/ml) at a dose of

0.1–0.3 ml per 100 grams of body weight administered intramuscularly. Mice were randomly

assigned (using Microsoft Excel random number generator function) to one of two groups: a

control group administered an IgG1 isotype sham (5 mg/Kg, n = 14), or a treatment group

administered a mAb cocktail dose (5 mg/Kg, n = 16). Once fully anesthetized, each mouse was
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placed in a supine position and 25 μl of either the IgG1 isotype or mAb cocktail (based on

group assignment) was slowly administered dropwise into the nares. The mice were then

immediately held upright for 30–60 seconds to allow the treatment to drain back into the

sinuses. At 24-hours post infection, 7 isotype-treated mice and 8 mAb-treated mice were sacri-

ficed. The remaining 15 mice were observed for an additional 5 days. During this observation

period, all mice received daily clinical health exams where clinical symptoms of SARS-CoV-2

were scored, body weight was measured, and determinations of early humane euthanasia were

made (see below). At the end of the 5-day observation period, all surviving mice were

humanely euthanized. Following euthanasia (either during the 5-day observation period or at

the study end point on Day 6), whole blood, nasal turbinate, brain, lung, and kidney were col-

lected from each mouse.

Health exams, clinical score calculation, and determination of early euthanasia. Mice

received health exams once per day starting on the day of viral inoculation (Day 0) until Day 6

post viral inoculation. Exams were performed by AFRIMS veterinary staff without knowledge

of group assignments. The exam consisted of an evaluation of appetite level, general activity,

grooming behaviour, lethargy, and hair coat condition. During an exam, each category was

given a score of 0 (normal) to 3 (significant signs of illness), and scores were summed together

to generate a single daily clinical score for each mouse. Body weight was also recorded after

each exam. Any animal with a daily clinical score of�5 or a recorded loss of�20% body

weight (relative to Day 0 body weight) was determined to meet criteria for early humane

euthanasia and was sacrificed immediately.

Viral quantification via PCR. For whole blood, lung, and nasal turbinate tissue samples,

SARS-CoV-2 RNA was extracted using the QIAamp viral RNA mini kit (QIAGEN, Germany).

SARS-CoV-2 real-time quantitative RT-PCR was performed using the SuperScript III Plati-

num One-Step Quantitative RT-PCR kit (Invitrogen) per the manufacturer’s instructions,

using the Applied Biosystems 7500 Fast Real-Time PCR systems (Life Technologies). Limit of

quantification of the assay was 5 genome equivalents (GE)/ml.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0. Group sizes were determined by

a power calculation using mortality as the primary outcome measure. Parameters included an

estimated 80% mortality in controls, a 90% reduction as an effect of treatment, an alpha of

0.05, and a target power of 80. ANOVA was the preferred test for analysis; however, the data

did not meet the necessary normality and equal variance assumptions. Thus, Mann-Whitney

t-test (non-parametric) was utilized to determine statistically significant differences between

groups. A P value less than 0.05 (P� 0.05) was considered as statistically significant. All analy-

ses were performed by a laboratory technician without knowledge of group assignments.
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