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A B S T R A C T   

COVID-19 pandemic poses a serious threat to human health; it has completely disrupted global stability, making 
vaccine development an important goal to achieve. Monoclonal antibodies play an important role in subunit 
vaccines strategies. In this work, nine murine MAbs against the RBD of the SARS-CoV-2 spike protein were 
obtained by hybridoma technology. Characterization of purified antibodies demonstrated that five of them have 
affinities in the order of 108 L/mol. Six MAbs showed specific recognition of different recombinant RBD-S an
tigens in solution. Studies of the additivity index of anti-RBD antibodies, by using a novel procedure to determine 
the additivity cut point, showed recognition of at least five different epitopes. The MAbs CBSSRBD-S.11 and 
CBSSRBD-S.8 revealed significant neutralizing capacity against SARS-CoV-2 in an ACE2-RBD binding inhibition 
assay (IC50 = 85.5pM and IC50 = 122.7pM, respectively) and in a virus neutralizing test with intact SARS-CoV-2 
(VN50 = 0.552 nM and VN50 = 4.854 nM, respectively) when D614G strain was used to infect Vero cells. Also 
CBSSRBD-S.11 neutralized the SARS-CoV-2 strains Alpha and Beta: VN50 = 0.707 nM and VN50 = 0.132 nM, 
respectively. The high affinity CBSSRBD-S.8 and CBSSRBD-S.7 recognized different epitopes, so they are suitable 
for the development of a sandwich ELISA to quantitate RBD-S recombinant antigens in biomanufacturing pro
cesses, as well as in pharmacokinetic studies in clinical and preclinical trials.   

1. Introduction 

The coronavirus induced disease (COVID-19) was unknown until 
outbreak in December 2019 when the first patients were detected in 
Wuhan, China, and the studies identified a new coronavirus as etiolog
ical agent: the severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) (Gorbalenya et al., 2020; Zhou et al., 2020). A few months after 
its epidemic outbreak COVID-19 became a pandemic that represents a 
serious threat to human health and has changed entire worldwide dy
namics affecting not only public health but education, economy and so 
many other spheres (UN News, 2020; WHO, 2020). Globally, there have 
been 3,937,437 deaths from COVID-19, reported to the WHO as of June 

30, 2021 (WHO, 2021b). In addition, novel variants of SARS-CoV-2 have 
emerged during human to human transmission and its long-term con
sequences are still under study (GOV.UK, 2021a, 2021b; Valdés et al., 
2021; Valdes-Balbin et al., 2021; Zhang et al., 2021). 

Coronaviridae is a broad family of viruses including SARS-CoV-2 that 
it is very similar to SARS-CoV but ostensibly more contagious due to a 
higher affinity to the receptor angiotensin-converting enzyme 2 (ACE-2) 
which is expressed on numerous cells, including lung, heart, kidney, and 
intestine cells. Its host-cell infection mechanism involves the subunit 1 
(S1) located in the N-terminal of the spike protein (S) that recognizes 
and binds ACE-2 through the receptor-binding domain (RBD) (Chen 
et al., 2020; Gorbalenya et al., 2020; Kuba et al., 2005; Li et al., 2003; 
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Yan et al., 2021; Yan et al., 2020). 
The availability of safe and effective vaccines has shown to represent 

a radical change in the face of the COVID-19 pandemic (WHO, 2021c). 
Subunit vaccines stand out among the different development strategies 
due to their advantages of safety, stability and more feasible storage 
conditions compared to others, 30% of vaccines in clinical development 
are been deployed in subunit platform (WHO, 2021d). Several vaccines 
strategies against SARS-CoV-2 target the S protein because it induces a 
high immune response in humans and specifically the receptor-binding 
domain of S protein (RBD–S) induces the highest titers of neutralizing 
antibodies (He et al., 2004; Kyriakidis et al., 2021; Limonta-Fernández 
et al., 2021; Qi et al., 2020; Valdés et al., 2021; Valdes-Balbin et al., 
2021; Zhu et al., 2013). 

MAbs are displaying a crucial role in the investigations related to 
COVID-19, which are focused in effective therapies, vaccines design and 
SARS-CoV-2 detailed characterization (Taylor et al., 2021; Valdes-Bal
bin et al., 2021). Many neutralizing MAbs against SARS-CoV-2 have 
been reported, among which the recombinant or native human MAbs 
stand out (Andreano et al., 2020; Bertoglio et al., 2021; Wang et al., 
2020; Yuan et al., 2021), but also those produced in plants such as 
Nicotiana benthamiana (Rattanapisit et al., 2020) or isolated from 
immunized rabbits to be produced in VeroE6 cells (Makdasi et al., 
2021). Other investigations report the obtainment of mouse MAbs by 
hybridoma technology (Chapman et al., 2021; Guo et al., 2021) and its 
subsequent evaluation for application in molecular pathology as hu
manized MAbs (Guo et al., 2021). 

Several anti SARS-CoV-2 MAbs entered clinical trials during the 
second half of 2020 (Marovich et al., 2020). Until date, six neutralizing 
MAbs obtained an Emergency Use Authorization by the regulatory 
agencies of United States and South Korea, and others are being evalu
ated in clinical trials. MAbs authorized or in development are directed to 
the RBD, all of them are fully human and the majority was obtained from 
SARS-CoV-2-immune donors (Corti et al., 2021). 

Furthermore, murine MAbs are being applied as biological reagents 
offering analytical support determination of SARS-CoV-2 spike antigens 
by design of various immunodetection systems required in bio
manufacturing, diagnostic and virus neutralization tests (Kim et al., 
2021; Lee et al., 2021; Perera et al., 2020; Tan et al., 2020). 

This work describes the obtainment of mouse MAbs with specific 
recognition of the recombinant RBD-S protein of SARS-CoV-2 suitable 
for analytical methods required in the research-development and pro
duction of subunit vaccines as well as in clinical trials. MAbs were 
characterized with respect to important features they should have in 
order to be used as reagents such as: affinity, specificity against different 
recombinant RBD antigens, epitope specificity among each MAb pairs 
and potential neutralizing activity. The neutralizing murine MAbs could 
be humanized in order to test their therapeutic potential. 

2. Materials and methods 

2.1. Antigens 

Different recombinant antigens (Table 1) corresponding to fragments 
of the RBD-S of SARS CoV-2. RBDr1, RBDr4 were supplied by the Center 
for Molecular Immunology, RBDr2 (Limonta-Fernández et al., 2021) and 
RBDr3 by the Center for Genetic Engineering and Biotechnology and 

RBDr5 (Valdes-Balbin et al., 2021) by the Finlay Institute of Vaccines, all 
located in Havana, Cuba. RBDs contain different C-terminal or N-ter
minal fusion tags. 

A sequence coding for residues of the Spike protein of SARS-CoV-2 
was based on Wuhan-Hu-1 strain sequence (NCBI Acc. No. 
YP_009724390). 

2.2. Immunization schedule 

BALB/c female mice with a body weight between 20 and 25 g were 
supplied by CENPALAB, Cuba. Before starting the immunization 
schedule, blood samples were collected from each mouse to be used as 
pre-immunized control serum. Mice received three subcutaneous im
munizations with intervals of 15 days. The first dose was 100 μg of RBDr1 
emulsified in Freund’s complete adjuvant. The second and third im
munizations were administered with 50 μg of antigen in incomplete 
Freund’s adjuvant. Seven days after the last injection, blood was ob
tained for serum titration of specific antibodies by ELISA. Three days 
before the splenectomy, the mouse with highest serum titer was inocu
lated intraperitoneally with a 50 μg booster dose of RBDr1 dissolved in 
sterile phosphate buffered saline (PBS, 0.137 M NaCl, 2.7 mM KCl, 10 
mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). The experimental protocols 
were approved by the Ethical Committee on Animal Experimentation of 
the Center for Genetic Engineering and Biotechnology (CIGB, Havana, 
Cuba). 

2.3. Indirect ELISA for evaluating anti-RBD-S antibodies 

Costar® 3590 high binding plates were coated with 100 μL/well of 
10 μg/mL of RBDr1 diluted in 0.01 M carbonate-bicarbonate buffer so
lution, pH 9.6 and incubated 2 h at 37 ◦C. Once washed three times with 
PBS-0.05% Tween 20 (PBST) the plates were blocked with a 3% (w/v) 
nonfat dried milk solution in PBS during 1 h at 37 ◦C and next the wells 
were washed once with PBST. Subsequently, the samples: eleven serial 
dilutions, from 1/500 to 1/51200, of sera from immunized mice (diluted 
in PBS with 1% (w/v) nonfat dried milk) and undiluted cell culture 
supernatant, were applied 100 μL/well. After samples incubation 2 h at 
37 ◦C there were made three PBST washes and there were added 100 μL/ 
well of a horseradish peroxidase (HRP)-labeled sheep anti-mouse IgG 
antibodies (Sigma, USA), diluted 1:10000 in PBS with 1% (w/v) nonfat 
dried milk, 1 h at 37 ◦C. Finally, plates were washed three more times 
and incubated in the dark with 100 μL/well orto-phenylenediamine (0.5 
mg/mL, dissolved in 0.0243 M citric acid, 0.0514 M disodium hydrogen 
phosphate and 0.015% (w/v) hydrogen peroxide) for 20 min at RT. The 
reaction was stopped with 100 μL/well 2 M sulfuric acid and the 
absorbance at 492 nm (A492nm) was measured by the ELISA plate 
reader (Labsystems Multiskan® Plus, Finland). 

2.4. Generation of anti-RBD-S MAbs 

Spleen cells from higher titer immunized mouse were fused with 
exponentially growing mouse myeloma cells line P3X63Ag8.653 three 
days after booster injection. A mixture of 100 × 106 spleen cells and 10 
× 106 myeloma cells was fused using 50% (w/v) polyethylene glycol 
solution (Sigma, Hybri-Max) according to a published modification of 
the Köhler and Milstein protocol (Galfrè and Milstein, 1981; Köhler and 
Milstein, 1975). The cells were cultured in RPMI 1640 (Gibco, USA) 
supplemented with 20% fetal bovine serum (FBS) (Capricorn Scientific, 
origin Australia), hipoxantine, aminopterine and thymidine (HAT) se
lection medium additive (Sigma Hybri-Max, USA) and were distributed 
in 96-well culture plates. The plates were incubated at 37 ◦C in a 5% CO2 
atmosphere. The culture supernatants of the hybrid cell colonies were 
tested for anti-RBD-S antibodies secretion by the specific ELISA 
described above. Hybridomas from ELISA positive wells were collected 
and repetitively cloned by limiting dilution method at a rate of one cell/ 
well. 

Table 1 
Recombinant RBD antigens used in this research.  

Antigens Host cell S protein fragment from Tags 

RBDr1 HEK293T Arg328 – Leu533 6xHis 
RBDr2 Pichia Pastoris Asn331 – Ser 529 6xHis 
RBDr3 HEK293T Asn331 – Ser 529 6xHis 
RBDr4 HEK293T Arg328 – Leu533 human IgG- Fc 
RBDr5 CHO Arg319 – Phe541 6xHis  
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2.5. Determination of MAbs isotypes 

Identification of MAbs class and subclass was carried out using a 
mouse monoclonal antibody isotyping kit (Sigma, Germany) according 
to the manufacturer’s recommendations. Plates were coated with 100 
μL/well of 10 μg/mL of RBDr1 diluted in 0.01 M carbonate-bicarbonate 
buffer solution, pH 9.6 and incubated 2 h at 37 ◦C. 

2.6. Production and purification of MAbs 

The selected hybridoma cell lines were washed in RPMI-1640 me
dium (Gibco, USA), centrifuged at 180 ×g for 10 min at RT and resus
pended in RPMI-1640 medium, until a concentration of 2 × 106 cells/ 
mL. The cell suspension was injected intraperitoneally to BALB/c mice, 
1 mL per mouse. Ten days before the injection, the mice peritoneum was 
stimulated with paraffinic mineral oil. Seven days after, the ascites fluid 
was extracted by puncture of the peritoneum and clarified by centrifu
gation at 1125 ×g for 30 min at RT. 

The ascites fluid was filtered through 0.45 μm glass wool, precipi
tated with 50% (w/v) of ammonium sulfate and centrifuged 30 min at 
6000 ×g. The pellet was resuspended in 1.5 M glycine, 3 M NaCl, pH 8.9, 
and loaded onto an nProtein A Sepharose Fast Flow matrix (Cytiva, 
USA). Elution was carried out with 0.1 M citrate buffer, pH 6.0. The 
chromatographic profile was checked by measuring the absorbance at 
280 nm. The eluate was neutralized with 2 M Tris-HCl and dialyzed in 
20 mM Tris-HCl, 150 mM NaCl, pH 7.0, during 16 h, and then filtered 
through 0.2 μm membrane. A final concentration of 0.02% (v/v) of 
thimerosal was added as preservative. Purified samples were evaluated 
by densitometric analysis of SDS-PAGE 12.5%. 

2.7. Affinity constants of the anti- RBD-S monoclonal antibodies 

To measure the affinity constant of eight MAbs generated against the 
recombinant SARS-CoV-2 Spike Protein receptor binding domain 
(RBDr1) the methodology of Beatty et al. was followed(Beatty et al., 
1987), by the indirect antibody capture ELISA used for hybridoma 
screening described above, with modifications. Eight plates were 
divided into four sections of two rows each one and coated from bottom 
to top with concentrations of 1.25, 2.5, 5 and 10 μg/mL of RBDr1. Each 
antibody was tested on a separate plate by performing 1:4 serial di
lutions from the third column to the 12th, the concentrations were be
tween 10 μg/mL and 38 pg/mL. First and second columns of all plates 
were reserved as blanks of the assay. The affinity constant (Kaff) was 
calculated by the formula: 

Kaff =
(n − 1)

2
(
n[Ab]1 − [Ab]2

)

where n represents the ratio between the highest and the lowest antigen 
concentration for each of the six possible comparisons between the four 
antigen concentrations used. In a comparison between two antigen 
concentrations, [Ab]1 represents the molar antibody concentration 
calculated for A-50 (half of maximum A492nm), corresponding to the 
lower antigen concentration. [Ab]2 represents the molar antibody con
centration calculated for A-50 measured at 492 nm, corresponding to the 
highest antigen concentration. The calculation of [Ab]1 and [Ab]2 was 
carried out by interpolating the value of A-50 in the curve of A492nm vs. 
antibody concentration, fitting the curve to a five-parameters logistic 
regression by GraphPad Prism version 8.0.2 for Windows, GraphPad 
Software, San Diego, California USA. 

The Kaff value in L/mol for each antibody represents the mean ± the 
standard deviation (SD) of the six calculated Kaff values. 

2.8. Evaluation of the specificity of the MAbs against the RBDr2 protein 

In this procedure, the indirect ELISA described above was applied, 

with the difference that it includes a step of inhibition in solution of the 
MAbs with the recombinant antigens RBDr1 and RBDr2 for 1 h at RT. The 
antigen was added in each inhibition mixture in molar concentrations 
greater than 100 times the concentration of the MAbs. Inhibition was 
calculated as follows: 

Inhibition (%) =

(

1 −
A492nm(inhibited samples)

A492nm(non − inhibited samples)

)

× 100 

The A492nm values were the mean of triplicate measurements. 

2.9. Additivity test by ELISA 

The additivity test described by Friguet and colleagues (with ad
justments in the cut point calculation procedure) was applied in order to 
evaluate whether two MAbs recognize different antigenic sites (Friguet 
et al., 1983). This test was performed using the previously described 
indirect ELISA with small modifications. The plates were coated with 
100 μL/well of 0.7 μg/mL of RBDr1. Each pair of MAbs was added at 
saturating concentration for this coating (10 μg/mL). The additivity 
index (AI) of a pair of antibodies was defined as follows: 

AI(%) =

(
2A1+2

A1 + A2
− 1

)

× 100 

where A1, A2 and A1 +2 are the A492nm reached in the ELISA with 
the first MAb alone, the second MAb alone, and the two MAbs together, 
respectively. If the two antibodies randomly bind to the same site then 
A1 +2 must be equal to the mean value of A1 and A2 and the additivity 
index should theoretically equal to 0%. Conversely, if the two antibodies 
bind independently to different sites, A1 +2 must be the sum of A1 and A2 
and AI should be theoretically equal to 100%. To establish an objective 
cut point of AI values that indicate that two antibodies recognize 
different antigenic sites, the AI of the same antibody (AIzero) was 
calculated. To this aim, it was established that A1 and A2 represent the 
experimental absorbance values of the same antibody at two different 
wells on the ELISA plate and A1 +2 represents the experimental absor
bance value of the same antibody at double saturating concentration. 
The cut point (CP) was defined as: 

CP(%) = (mean of AIzero)+ t0.05,df × SD 

where the AIzero mean and the SD of the seven MAbs tested are used, 
t0.05,df is the one-tail critical value determined from t-distribution cor
responding to a 5% false-additivity rate and “df” are the degrees of 
freedom that depend on the numbers of MAbs analyzed. 

2.10. Sandwich ELISA for RBDr2 antigen quantification 

Costar® 3590 high binding polystyrene 96-well microtiter plates 
were coated with 100 μL/well of MAb CBSSRBD-S.8, at 5 μg/mL in 0.1 M 
carbonate-bicarbonate buffer, pH 9.6, for two hours at 37 ◦C. The plates 
were then washed tree times with PBST. These washing conditions were 
applied in all steps of the ELISA, except after blocking. Then 380 μL/well 
of blocking solution (3% (w/v) nonfat dried milk powder in PBS) was 
added to the plates and incubated for 1 h at 37 ◦C. After one washing, 
100 μL/well of RBDr2 as antigen were added in concentrations from 
0.12 ng/mL to 30 ng/mL diluted in 2% (w/v) nonfat dried milk powder 
in PBS. The plate was incubated 1 h at 37 ◦C and next a wash step was 
performed. The MAb CBSSRBD-S.1 and MAb CBSSRBD-S.7 were previ
ously conjugated to horseradish peroxidase by the method proposed by 
(Wilson and Nakane, 1978). The CBSSRBD-S.1-HRP and CBSSRBD-S.7- 
HRP were diluted 1: 1600 or 1: 8000, respectively in PBS with 1% (w/ 
v) nonfat dried milk powder. This step was performed using 100 μL/well 
of each respective (HRP)-labeled MAb and incubated for 1 h at 37 ◦C. 
Finally, plates were washed and incubated in the dark with 100 μL/well 
orto-phenylenediamine (0.5 mg/mL, dissolved in 0.0243 M citric acid, 
0.0514 M disodium hydrogen phosphate and 0.015% (w/v) hydrogen 
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peroxide) for 20 min at RT. The reaction was stopped with 100 μL/well 
2 M sulfuric acid and the A492nm was measured by the ELISA plate 
reader. Nonfat dried milk powder in PBS solution at 2% (w/v) was used 
as assay blank. 

The assay was repeated during six non-consecutive days by two an
alysts (three assays per analyst). The interassay precision and accuracy 
of the back-calculated values for each standard concentration were used 
to determine the limits of quantification. The evaluation of precision 
was performed using the percentage of coefficient of variation (CV), 
calculated as CV = (SD/mean concentration) × 100. The evaluation of 
accuracy was performed using the relative error, calculated as error (%) 
= (calculated mean concentration - nominal concentration) × 100/ 
nominal concentration. The lower limit of quantification was defined as 
the minimum value of the standard curve whose precision and accuracy 
was ≤20%. Correspondingly, the maximum value of the standard curve 
whose precision and accuracy was ≤15% was defined as the upper limit 
of quantification. This ELISA was also used for the quantification of the 
four other recombinant RBD-S antigens (Table 1). The ELISA standard 
curves were fitted to five-parameter logistic regression by GraphPad 
Prism software version 8.0.2 for Windows. 

2.11. hFc-ACE-2 and RBDr4-HRP binding inhibition by the monoclonal 
antibodies 

Costar® 3590 high binding polystyrene 96-well microtiter plates 
were coated with 50 μL/well of hFc-ACE-2 recombinant protein 
expressed in HEK293T (supplied by the Center for Molecular Immu
nology, Cuba), at 5 μg/mL in PBS, pH 7.4, during three hours at 37 ◦C. 
After one washing with 0.1% (v/v) of Tween-20 in distilled water, the 
plates were blocked with 2% (w/v) nonfat dried milk powder in PBS for 
1 h at 37 ◦C. The MAbs in concentrations of 5, 10, 50, 100, 500 and 1000 
ng/mL as well as the test controls were pre-incubated for 1 h at 37 ◦C 
with RBDr4-HRP, conjugated according to Wilson and Nakane protocol 
(Wilson and Nakane, 1978) diluted 1:100000 with 0,2% (w/v) skim 
milk powder in PBS. A high titer SARS-CoV-2 convalescent serum was 
used as positive control. Human AB Serum (Cat. No.H4522, Sigma, USA) 
was employed as negative control. 

After pre-incubation period, 50 μL of sample-conjugate mixtures 
were added to hFc-ACE-2 blocked plate and incubated during 1 h at 
37 ◦C. The plate was washed four times with 0.1% (v/v) of Tween 20 in 
distilled water and incubated in the dark for 10 min at RT with 50 μL/ 
well of 3,3′,5,5′-tetramethylbenzidine at 10 μg/mL, dissolved in 
phosphate-citrate buffer (0.2 M phosphate, 0.1 M citrate, pH 5.0) and 
0.006% (v/v) hydrogen peroxide. The reaction was stopped with 50 μL 
of 2 M sulfuric acid. The absorbance was measured at 450 nm, using the 
ELISA plate reader. 

Inhibition of the MAbs to the binding of RBDr4-HRP and hFc-ACE-2 
was calculated as follows: 

Inhibition(%) =

(

1 −
A450 Inh
A450 Max

)

× 100  

where A450 Inh means A450nm of RBDr4-HRP preincubated with the 
MAb and A450 Max means the A450nm of the non-inhibited RBDr4- 
HRP. The strength of inhibition of the MAbs was estimated by the half- 
maximum inhibitory concentration (IC50). The IC50 was calculated by 
fitting the data to a five-parameter logistic regression with GraphPad 
Prism software version 8.0.2 for Windows. 

2.12. Microneutralization of live SARS-CoV-2 virus in Vero E6 cell line 

The neutralization antibody capability of the MAbs CBSSRBD-S.8 
and CBSSRBD-S.11 were evaluated by a traditional virus micro
neutralization assay according to (Limonta-Fernández et al., 2021) using 
the SARS-CoV-2 strains D614G, and the variants of concern Alpha 
(lineage B.1.1.7), Beta (lineage B.1.351) and Delta (lineage B.1.617.2). 

The MAbs were tested against the D614G strain in a concentration range 
of 0.109 nM to 41.7 nM. The viral neutralization percentage (VN) of 
MAbs was measured as A540nm sample x 100/ A540nm control. 
A540nm sample represents a directly proportional signal to MAbs 
neutralizing activity and A540nm control represents a signal of intact 
cells (no virus added). The viral neutralizing at 50% of maximum VN 
(VN50) was calculated by fitting the curve to a five-parameter logistic 
regression using GraphPad Prism software version 8.0.2 for Windows. 

3. Results and discussion 

3.1. Mice serum titration 

The highest antibody titers reached in serum from immunized mice 
was in order of 1:8900 at day 37 after the first immunization. These 
results were comparable with those obtained by Zakhartchouk et al. in a 
different SARS-CoV spike protein immunizations schedule (Zakhartch
ouk et al., 2007), furthermore other authors reported a sub-optimal 
immunogenicity of RBD from SARS-CoV-2 (Mandolesi et al., 2020; 
Tan et al., 2021). Therefore, the best tittered mouse was splenectomized 
and its splenocytes properly processed for the fusion with the myeloma 
cells. 

3.2. Generation of stably hybridoma cell lines and purification of MAbs 

Hybridomas obtained after fusion, were seeded in seventeen 96 wells 
plates. A total of 1632 wells were seeded. Ten days after the fusion 1510 
wells were observed with hybrid cells growth that survived to the HAT 
supplemented selection medium, which represents a 92.5% of fusion 
efficiency. 

The ELISA screening of the cell culture supernatant allowed detect
ing twenty two wells as putative positive for secretion of specific MAbs 
against RBD–S, but only eight stable hybridomas cells line were ob
tained. Each one of them was three times cloned by limiting dilution 
method to ensure that cells that produce the antibody of interest were 
single-cell cloned and, consequently, the secretion of this antibody can 
be stably maintained. The hybridomas clones and its respective secreted 
MAbs were named (Table 2) and isotyped as IgG1. These results 
confirmed that the immunization schedule, as well as the concentration 
of the antigen used was suitable for obtaining high fusion efficiency and 
to develop a successful generation of hybridomas. 

The selected hybridoma cell lines were inoculated in BALB/c mice 
for ascites production. Ascites tumors were obtained in 100% of inoc
ulated animals. MAbs purification from ascites was carried out by Pro
tein A Sepharose affinity chromatography. Final yields obtained were 
between 1.0 and 2.5 mg of purified MAbs per mL of ascitic fluid. The 
purity of MAbs was greater than 99%. 

3.3. Affinity constants of the anti-RBD MAbs 

Four of the eight antibodies evaluated have affinity constant in the 
order of 108L/mol. The MAbs CBSSRBD-S.7 and CBSSRBD-S.8 

Table 2 
Affinity constants of MAbs against RBDr1.  

Monoclonal antibodies Kaff (L/mol) 

CBSSRBD-S.1 3,34 ± 2,76 × 107 

CBSSRBD-S.2 8,10 ± 4,92 × 106 

CBSSRBD-S.3 4,40 ± 1,60 × 106 

CBSSRBD-S.4 1,15 ± 0,39 × 108 

CBSSRBD-S.5 2,77 ± 2,18 × 107 

CBSSRBD-S.6 1,04 ± 0,60 × 108 

CBSSRBD-S.7 1,59 ± 0,26 × 108 

CBSSRBD-S.8 1,57 ± 0,60 × 108 

Values for each antibody represent the mean ± SD of the six calcu
lated Kaff. 
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antibodies showed the highest affinity with very similar values 
(Table 2). 

3.4. Evaluation of the specificity of the MAbs against the RBDr2 

The specificity of the MAbs generated against the RBDr1 antigen was 
evaluated by an inhibition assay with the RBDr1 and RBDr2 antigens. 
Even when the MAbs were generated against the RBDr1 protein, their 
specificity against this antigen was evaluated as a control for the func
tionality of the assay. 

As expected, MAbs were highly inhibited by the antigen against 
which they were generated (RBDr1), except CBSSRBD-S.2 and CBSSRBD- 
S.3, which only inhibited 78.79% and 76.79%, respectively. This result 
was consistent with the fact that they were the lowest affinity antibodies 
(Table 2). Furthermore, both were the only MAbs that recognized RBDr1 
under denaturing Western blot conditions (data not shown). This could 
suggest that these antibodies target a linear epitope partially occluded in 
a fully folded RBD molecule. The inhibition percentages with RBDr2 
were equally high evidencing specific antigen-antibody recognition in 
solution, except with the MAbs CBSSRBD-S.2 and the CBSSRBD-S.3 
(Table 3). In this case, the recognition site for these MAbs could be 
absent in RBDr2, the shortest molecule of the antigens tested. This idea 
could be supported by the fact of no signal detection in Western blot 
(data not shown). These highly specific antibodies could be useful for 
the development of assays that require the recognition of both recom
binant and natural antigens. 

3.5. ELISA additivity test 

The epitope competition between two antibodies was analyzed by an 
additivity ELISA. This assay requires the antigen to be saturated for each 
antibody tested. In order to ensure accuracy in determining the AI, it was 
established that coating the plate with 0.7 μg/mL of RBDr1 and adding 
the MAbs in saturating concentrations (10 μg/mL) guaranteed A492nm 
values between 0.400 and 0.500 for each antibody alone on the ELISA 
plate. The AI values of each pair of MAbs are shown in Table 4. The AI 
data arranged on the diagonal and indicated in bold correspond to the 
AIzero. An arbitrary cut point is generally used in this kind of analysis e.g. 
(Haggarty et al., 1986; Liu et al., 2010; Zai et al., 2018) but this could 
affect the classification of antibodies in terms of the recognition of 
antigenic sites. Therefore, this work establishes a procedure to deter
mine the cut point taking into account the distribution of random errors 

of the assay signal (A492nm). The use of the AIzero (additivity index of 
the same antibody) is the closest consideration to the AI obtained be
tween two antibodies that compete for the same epitope. The cut point 
for AI in this trial was 41%, calculated from the formula described above 
and using t 0.05, 6 df = 1.943, SD = 16.06% and the mean of the IAzero =

9.79%. 
The AI of all possible combinations of the CBSSRBD-S.1, CBSSRBD- 

S.4, CBSSRBD-S.6 and MAbs CBSSRBD-S.7 (Table 4) showed that the 
binding of each pair of MAbs was not additive suggesting that these 
MAbs recognize the same epitope or very close epitopes, such that the 
binding to the antigen of one MAb causes a steric hindrance to the 
binding of the other Mab, or that the binding of one MAb leads to a 
conformational change in the antigen preventing the binding of the 
second MAb. In contrast, the AIs of the MAbs CBSSRBD-S.2, CBSSRBD- 
S.3 and CBSSRBD-S.8 showed they are additive among them and with 
the MAbs CBSSRBD-S.1, CBSSRBD-S.4, CBSSRBD-S.6 and CBSSRBD-S.7. 
This result suggested that the generated MAbs recognize at least four 
different epitopes of RBDr1. A first epitope is recognized by the MAbs 
CBSSRBD-S.1, CBSSRBD-S.4, CBSSRBD-S.6 and CBSSRBD-S.7, a second 
epitope by MAb CBSSRBD-S.2, a third epitope by the MAb CBSSRBD-S.3 
and a fourth epitope by the MAb CBSSRBD-S.8. The AI data presented, in 
correlation with their affinity values (Kaff), allow the optimal selection of 
a pair of MAbs for the development of a sandwich type immunoassay for 
the quantification of recombinant antigens of RBD-S in their production 
processes and/or for pharmacokinetic studies of recombinant antigens 
in pre-clinical and clinical trials. 

3.6. Sandwich ELISA for the quantification of RBD antigen 

Since the MAbs CBSSRBD-S.8 and CBSSRBD-S.7 are the antibodies 
with the highest affinity (Table 2) and recognize different epitopes 
(Table 4), they were selected to develop a sandwich ELISA that aimed to 
be used for quantification of RBD-S recombinant antigens in their pro
duction processes, as well as in the pharmacokinetic studies of RBD 
based vaccine candidates against SARS-CoV-2. As other authors have 
recommended (DeSilva et al., 2003) for standard curve fitting in im
munoassays, five-parameter logistic regression was the best fit obtained 
for this RBDr2 standard curve (Fig. 1A). All points on the antigen curve 
were back-calculated with interassay precision and accuracy less than 
9.91% and 4.85%, respectively. Standard curves are considered suitable 
at accuracy and precision ≤15% for each point, except at the lower limit 
of quantification, which could be ≤20% (DeSilva et al., 2003). The range 
of quantification of standard curve was 0.121 ng/mL to 7.50 ng/mL. Due 
to the nature or format of many immunoassays, the quantification range 
of the standard curve can be very narrow, sometimes less than an order 
of magnitude (DeSilva et al., 2003). The lower limit of quantification 
obtained with this combination of MAbs was 0.121 ng/mL. If it were 
possible to quantify this antigen at the minimum required dilution rec
ommended for immunoassays, between 1/20 and 1/100 (Mire-Sluis 
et al., 2004) then this ELISA could be suitable for the detection of RBDr2 
in concentrations between 2.42 and 12.1 ng/mL of cell culture super
natant or serum. 

In order to broaden the quantification range of RBDr2 the MAb 
CBSSRBD-S.1 was conjugated to horseradish peroxidase. The MAb 
CBSSRBD-S.1 recognizes a different epitope than the CBSSRBD-S.8 
(Table 4) and has lower affinity than the CBSSRBD-S.7 (Table 2). With 
the new combination of MAbs (Fig. 1B), the five-parameter logistic 
regression was also the best fitted standard curve. All points on the 
antigen curve were back-calculated with interassay precision and ac
curacy of less than 9.05% and 15.92%, respectively. This new pair also 
allows a sensitive antigen determination, but with a wider quantification 
range for standard curve (0.272 ng/mL to 29.8 ng/mL). Taking into 
account the same minimum required dilution considerations with this 
antibody combination, this ELISA would be used for the detection of 
RBDr2 in concentrations between 5.44 and 27.2 ng/mL of cell culture 
supernatant or serum. 

Table 3 
Assessment of the specificity of MAbs against recombinant antigens RBDr1 and 
RBDr2.  

Sample A492nm (non-inhibited 
samples) 

Inhibition (%) 

RBDr1 RBDr2 RBDr1 RBDr2 

CBSSRBD- 
S.1 

0.815 0.002 0.004 99.75 99.51 

CBSSRBD- 
S.2 

0.264 0.056 0.278 78.79 − 5.43 

CBSSRBD- 
S.3 

0.457 0.106 0.428 76.79 6.20 

CBSSRBD- 
S.4 

0.975 0.004 0.007 99.56 99.25 

CBSSRBD- 
S.5 

0.795 0.001 0.007 99.83 99.16 

CBSSRBD- 
S.6 

0.916 0.004 0.002 99.60 99.75 

CBSSRBD- 
S.7 

0.759 0.016 0.126 97.89 83.44 

CBSSRBD- 
S.8 

0.604 0.002 0.001 99.61 99.89 

Inhibition (%) = [1- A492nm (inhibited samples)/A492nm (non-inhibited 
samples)] × 100. The absorbance values are the mean of triplicate measure
ments with SD within 20% of the means. 
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The CBSSRBD-S.8 and CBSSRBD-S.7-HRP sandwich also recognize 
four other antigen variants (Table 5). Given that RBDr2 is the shortest 
and most glycosylated variant, this result was predictable. 

3.7. RBDr4-HRP and hFc-ACE-2 binding inhibition by the anti-RBD 
monoclonal antibodies 

A SARS-CoV-2 surrogate virus neutralization test (sVNT) that detects 
neutralizing antibodies targeting to RBD-S was performed. RBDr4 was 
selected to be conjugated to HRP considering that is human-Fc tagged 
and its large tag could avoid a possible interference of the enzyme 
conjugation in the RBD binding to the ACE-2 receptor. In addition, 
RBDr4 is a human recombinant protein with a folding and glycosylation 
profile similar to the viral protein. 

Two of the above analyzed MAbs strongly inhibited the binding of 
RBDr4-HRP and hFc-ACE-2 in the sVNT (Fig. 2). The IC50 calculated for 
the CBSSRBD-S.6 and CBSSRBD-S.8 MAbs was 2216.7pM and 122.7pM, 
respectively. These two MAbs have similar affinity constants (Table 2) 
and recognize different epitopes (Table 4). The greater binding strength 
of CBSSRBD-S.8 to RBDr4-HRP would be explained if this MAb recog
nizes an epitope more involved to the binding between the antigen and 
its receptor (RBDr4-HRP and hFc-ACE-2). On the other hand, even when 
the MAbs CBSSRBD-S.6, CBSSRBD-S.1, CBSSRBD-S.4 and CBSSRBD-S.7 
have non-additive AI values, suggesting very close epitopes, only the 
CBSSRBD-S.6 inhibits the binding of RBD to ACE-2. The MAbs CBSSRBD- 
S.4 and CBSSRBD-S.7 that have similar affinities to CBSSRBD-S.6 could 
bind to epitopes not involved in ligand-receptor interaction. In the case 
of CBSSRBD-S.1, its affinity one order of magnitude less could cause 
non-appreciable neutralizing effect in this test, even if it recognized the 
same epitope as CBSSRBD-S.6. Recently, a new MAb (CBSSRBD-S.11), 
obtained in our lab from a longer immunization schedule, showed the 
highest affinity (3.20 ± 0.25x108L/mol) and recognized a different 
epitope to others MAbs. CBSSRBD-S.11 additivity index versus 
CBSSRBD-S.1, CBSSRBD-S.2, CBSSRBD-S.3, CBSSRBD-S.4, CBSSRBD- 
S.6, CBSSRBD-S.7 and CBSSRBD-S.8 was 80.79%, 41.31%, 52.42%, 
67.25%, 80.07%, 57.72% and 95.67%, respectively (assay cut point of 

Table 4 
Additivity index (%) of the seven MAbs.  

MAbs CBSSRBD-S.1 CBSSRBD-S.2 CBSSRBD-S.3 CBSSRBD-S.4 CBSSRBD-S.6 CBSSRBD-S.7 CBSSRBD-S.8 

CBSSRBD-S.1 ¡8.05 88.27 47.15 13.90 4.46 − 16.09 73.61 
CBSSRBD-S.2  34.93 62.73 56.18 56.32 75.06 100.53 
CBSSRBD-S.3   18.83 61.04 57.09 59.86 75.09 
CBSSRBD-S.4    ¡3.13 14.14 − 1.35 67.66 
CBSSRBD-S.6     1.83 2.59 56.16 
CBSSRBD-S.7      0.34 78.90 
CBSSRBD-S.8       23.80 

Data represent the AI calculated from triplicate absorbance values at 492 nm. The coefficient of variation of the absorbance values was less than 20%. The AI data 
arranged on the diagonal and highlighted in bold type, correspond to the AIzero. The mean of the AIzero was 9.79% and the SD was 16.06%. The cut point calculated, at 
95% confidence, was AI≥41% (see formula defined above, for a t0.05, 6df value of 1.943). If the two antibodies bind randomly at the same site the AI will be ˂ 41%. If the 
two antibodies bind independently at distinct sites AI will be ≥41%. 

Fig. 1. Five-parameter logistic fit for the sandwich ELISA standard curves. 
These were obtained by coating the plate with the MAb CBSSRBDS-8 and using 
the MAb CBSSRBD-S.7-HRP (A) or the MAb CBSSRBD-S.1-HRP (B) as conjugate. 
RBDr2 was used as standard for both curves. The adjacent tables show the 
respective coefficients of variation (CV) and mean error of the six ELISAs per
formed with each pair of antibodies as a measure of the precision and accuracy 
of the back-calculated concentration at each point. 

Table 5 
Quantification of the RBD-S recombinant antigen variants, evaluated with an 
ELISA sandwich combining the MAbs CBSSRBD-S.8 and CBSSRBD-S.7-HRP.  

Antigens Quantification range (ng/mL) Error (%) 

RBDr1 0.460–30.0 ≤ 0.75 
RBDr2 0.121–7.50 ≤ 3.25 
RBDr3 0.460–30.0 ≤ 5.81 
RBDr4 1.88–60.0 ≤ 3.56 
RBDr5 0.030–19.5 ≤ 9.95 

The range of quantification was based on the lower and upper limits of quan
tification, calculated from three independent trials. The error (%) represents the 
maximum error obtained between all points of the curve, as a measure of the 
accuracy of the back-calculated concentration by a five parameters logistic 
regression. 

Fig. 2. Monoclonal antibody-mediated blockage of RBDr4-HRP and hFc-ACE-2 
binding. Inhibition (%) = (1- A450Inh / A450Max) × 100, where A450Inh 
means the MAbs inhibition to the binding of RBDr4-HRP and hFc-ACE-2 and 
A450Max means the A450nm of the conjugate without preincubation with 
antibodies. Data are the mean of duplicate measurements ± SD. 
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39.18%).The IC50 of 85.5pM obtained with CBSSRBD-S.11was higher 
than those reported by Tan et al. (2020), who determined the inhibition 
of two MAbs in mice with IC50 of 316.2pM and 197.2pM. Consequently, 
CBSSRBD-S.11 showed the highest inhibition of the binding of RBDr4- 
HRP and hFc-ACE-2. 

The three neutralizing MAbs obtained were used for the develop
ment and validation of a sVNT by the Analytical Laboratory of the 
Biomedical Research Division of the Center for Genetic Engineering and 
Biotechnology, Havana, Cuba (unpublished results). This assay is being 
used to evaluate clinical trial patients with Cuban vaccines. Routine 
sVNT uses these neutralizing antibodies as a positive control. Moreover, 
these neutralizing MAbs could be valuables as biological reagents in 
researches about structural basis for RBD/ACE-2 binding mechanism, 
and even in preclinical therapeutic modeling. 

3.8. Microneutralization of intact SARS-CoV-2 virus in Vero E6 cell line 

Taking into account the results obtained in the inhibition of the 
binding of RBD to the ACE-2 receptor by the MAbs CBSSRBD-S.8 and 
CBSSRBD-S.11, an experiment of neutralization of the infection of the 
intact virus to Vero E6 cells was carried out. As shown in Fig. 3, the 
neutralizing capability of CBSSRBD-S.11 (VN50 = 0.552 nM) was 
confirmed over CBSSRBD-S.8 (VN50 = 4.85 nM) when D614G strain was 
used to infect Vero cells. Also CBSSRBD-S.11 neutralized the SARS-CoV- 
2 strains Alpha (lineage B.1.1.7) and Beta (lineage B.1.351): VN50 =

0.707 nM and VN50 = 0.132 nM, respectively, but not Delta (lineage 
B.1.617.2), at least in the assayed concentration range (0.0208 nM to 
1.33 nM). We do not rule out that at higher concentrations of the 
CBSSRBD-S.11 antibody, neutralization for Delta strain occurs. In this 
range, CBSSRBD-S.8 did not show neutralizing activity against none of 
the strains of concern analyzed. 

The potential therapeutic use of those MAbs that showed important 
neutralizing capacity has not scape to our attention. Even when MAbs 
have not been yet established as a relevant therapeutic tool for infected 
patients, the fact that high titer anti-RBD neutralizing antibody response 
has been considered as a correlate of immunity in vaccine development, 
suggests that the role of MAbs as therapeutics must be further explored. 
MAbs characteristics such as epitope specificity and neutralizing ca
pacity, as well as the correct stratifications of patients in relation to time 
of infection or virus variants, could be important variables to assess in 
the road to find a place for therapeutics MAbs in COVID-19. It is well 
known that murine MAbs can generate undesirable immunogenic re
sponses in humans that restrict their use as therapeutics. Humanized 
murine technology has been applied to derive neutralizing MAbs 
directed to the RBD-S protein (Chen et al., 2020; Wu et al., 2020). In that 
sense, the specificity and affinity for RBD-S of our neutralizing MAbs 
suggest that they could be humanized in order to test their therapeutic 
potential. Taking into account that these MAbs recognize different epi
topes, the combination of them in therapy could be useful to reduce the 
events of antibody-resistant strains and avoid treatment failure, as 
explained Taylor et al. (2021). 

4. Conclusions 

Five of the murine antibodies obtained against the RBD protein of 
SARS-CoV-2 have affinities in the order of 108L/mol. Six of them show a 
specific recognition of different recombinant RBDs in solution. A novel 
procedure for determining the additivity index cut point demonstrates 
that these anti-RBD antibodies recognize at least five different epitopes. 
Two MAbs reveal significant neutralization against SARS-CoV-2 in an 
ACE2-RBD binding inhibition assay and a neutralizing assay with intact 
SARS-CoV-2 virus. The high affinity MAbs, CBSSRBD-S.8 and CBSSRBD- 
S.7, recognize different epitopes and are therefore recommended for the 
development of a sandwich ELISA to quantify recombinant RBD-S an
tigens in biofabrication processes, in pharmacokinetic studies of pre
clinical and clinical trials, as well as other SARS-CoV-2 research projects. 
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