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Abstract

Background: Since the initial outbreak, the SARS-CoV-2 virus has continued to circu-
late and mutate, resulting in the emergence of new viral sublineages. Due to the lack of
effective protection and therapeutic measures against these new variants, the virus is
able to further evolve and diversify. This study aimed to screen a phage antibody library
to identify monoclonal antibodies in single-chain variable fragment (scFv) format that
target the Receptor Binding Domain (RBD) of different SARS-CoV-2 strains. The newly
discovered scFv has the potential for use as a diagnostic or therapeutic option against
SARS-CoV-2.

Methods: The RBD protein was produced, purified, and used as an antigen during bio-
panning. Six rounds of panning enriched RBD-specific phages and the binding affinity
of binders were monitored by polyclonal phage ELISA. Subsequently, monoclonal
phage ELISA was employed to identify specific binders. After sequence confirmation,
the reactivity of the isolated anti-RBD scFv was evaluated. Additionally, bioinformatics
tools determined the interaction between selected scFv and SARS-CoV-2 strains.
Results: The ELISA analysis demonstrated that the expressed RBD retains its structural
integrity and effectively interacts with antibodies present in the sera of COVID-19 pa-
tients. Through screening a phage display library, a strong-binding scFv for RBD was
discovered, which can effectively neutralize SARS-CoV-2 and its novel variants.
Conclusion: The findings of this study have led to the discovery of a novel scFv that ef-
fectively neutralizes SARS-CoV-2 strains, offering immense potential for research and
therapy purposes.
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Introduction

The global health landscape was profoundly impact-
ed by the unprecedented COVID-19 pandemic, caused
by the highly contagious SARS-CoV-2 virus *. Current-
ly, the SARS-CoV-2 Spike protein is undergoing con-
tinuous mutations, leading to the emergence of novel
variants known as Variants Of Interest (VOIs) and Var-
iants Under Monitoring (VUMSs) such as XBB and
BA.2 lineages 2. These variants are responsible for
breakthrough infections in vaccinated individuals and
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can reduce the effectiveness of therapeutic interven-
tions. Additionally, it is anticipated that SARS-CoV-2
will remain in circulation for a prolonged period, much
like other viruses that have caused pandemics in the
past. Therefore, the development of alternative thera-
peutics for treating patients with severe clinical symp-
toms remains a priority 34,

SARS-CoV-2, a member of the Coronaviridae fami-
ly, is an enveloped virus classified under the betacoro-
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navirus genus. The positive-sense single-stranded RNA
[(+) ssRNA] genome of the virus encodes four struc-
tural proteins (Spike, Membrane, Nucleocapsid, and
Envelope protein) 5. Among the structural proteins,
spike glycoprotein, which is found on the viral enve-
lope, plays a dominant role in viral entry. The trans-
membrane Spike (S) protein is composed of two subu-
nits, S1 and S2, with distinct functions. S1 is responsi-
ble for receptor binding, while S2 facilitates the fusion
of viral and cellular membranes 8. The Receptor-
Binding Domain (RBD) located within the S1 subunit
mediates binding to the Angiotensin-Converting En-
zyme 2 (ACE2) receptor. Following the ACE2-RBD
interaction, conformational changes in the S2 subunit
leads to viral entry 7.

Some people, including those receiving chemother-
apy, those with hematologic malignancies and immun-
ocompromised individuals, may not benefit from
COVID-19 vaccines &°. Additionally, there are limited
options for COVID-19 treatment. Thus, a novel thera-
peutic approach is needed to manage the disease and
improve patient survival rates. Recently, several thera-
peutic strategies have been developed, including in-
flammatory modulators, antiviral drugs, stem cell ther-
apies, convalescent plasma treatments, and, lastly, an-
tibody therapies 1°. Among these strategies, antibodies
are the most promising approach for disease prevention
and treatment, given their success in previous research
11-13 Monoclonal antibodies (mAbs) such as Etese-
vimab and Bamlanivimab have been authorized for
emergency use in the treatment of COVID-19. These
antibodies are designed to block the interaction be-
tween the viral spike protein and the ACE2 receptor,
effectively neutralizing the virus 4. However, the rapid
emergence of SARS-CoV-2 variants with mutations in
the spike protein has raised concerns about the long-
term efficacy of these mAbs, as some variants have
shown reduced susceptibility to neutralization *°.

The discovery and development of antibodies can be
achieved using a variety of approaches. One method is
phage display libraries, which have been widely used
to screen for human antibodies . Phage display tech-
nology involves fusing millions of peptide sequences
with phage proteins and displaying them on the phage
surface. Phenotype-genotype linkages, as well as spe-
cific screening for target antigens based on binding
affinity, are essential aspects of this approach 7. Since
phage display screening is performed in vitro, thera-
peutic antibodies can be isolated in various settings 8.
In phage libraries, the predominant antibody formats
utilized are antigen-binding fragments (Fabs) and sin-
gle-chain variable fragments (scFvs). Fabs consist of
both variable domains (VL and VH) and constant do-
mains (CL and CH1), whereas scFvs consist solely of
the VH and VL domains that are linked through a flex-
ible linker %°,

The development of antibodies against SARS-CoV-2
has been extensively studied. Most neutralizing anti-

bodies derived from COVID-19 patients target the
RBD of the S protein, demonstrating its high immuno-
genicity 2°. In this study, the Human Single Fold scFv
Library (Tomlinson 1) against the RBD of the SARS-
CoV-2 S protein was screened in order to isolate a hu-
man anti-RBD scFv as a candidate for further devel-
opment in the ongoing search for effective therapeutic
antibodies against SARS-CoV-2.

Materials and Methods
Phage library and bacterial strains
The Medical Research Council (MRC) in Cam-
bridge provided the semisynthetic human scFv phage
libraries | & J (Tomlinson 1& J), KM13 helper phage,
and Escherichia coli (E. coli) (TG1) strain. Novagen
supplied E. coli BL21(DE3).

Complementary DNA (cDNA) synthesis

RNA samples of the SARS-COV-2 virus were ex-
tracted from samples of hospitalized patients and sent
to the laboratory. The extracted RNA was utilized for
cDNA synthesis by SinaClone cDNA synthesis Kit
(Cat. No.: RT5201) as described by the manufacturer
protocol. Finally, the quality of the cDNA was assessed
using a Nanodrop spectrophotometer (260/280 nm).

Polymerase chain reaction (PCR) and DNA sequencing

Polymerase Chain Reaction (PCR) was carried out
to amplify the RBD sequence of the SARS-CoV-2 S
protein. The reaction was performed on the cDNA and
the primer sets contained Nde | and Xho | restriction
sites (forward: ATACATATGAGAGGTGATGAAGT
C; reverse: GTGCTCGAGTTAAACAGTTGCTGGT).
The purification of the RBD PCR product was carried
out by using the GEL/PCR Purification Kit (FA-
VORGEN, Cat. No.: FAGCKO001) subsequent to its
separation on a 1% agarose gel. To analyze the results
of the PCR amplification and DNA extraction, the aga-
rose gel was visualized using exposure to UV radia-
tion. Also, DNA sequencing was accomplished to con-
firm the final RBD sequence.

Expression, purification, and refolding of the receptor-
binding domain of SARS-CoV-2 spike glycoprotein

The E. coli (DH5a) colonies harboring pET28a (+)
vector were cultured in LB medium and used for plas-
mid extraction by Plasmid Extraction Kit (FAVORG-
EN, Cat. No.: FAPDE 001-1). The pET28a (+) plasmid
and the sequence coding for RBD were treated with
Ndel and Xhol restriction enzymes at 37°C for 1 hr,
run on 1% agarose gel, and the target bands were puri-
fied by GEL/PCR Purification and Plasmid Extraction
Kit. Then, the RBD fragment was ligated into pET28a
(+) using T4 DNA ligase (Thermofisher, Cat. No.
ELO0011) based on the manufacturer protocol. The re-
combinant construct was introduced into the competent
E. coli (BL21) and cultured in LB medium containing
kanamycin. Subsequently, the culture was induced with
a concentration of 0.5 mM IPTG at OD600=0.5 for 16
hr at 30°C to produce a high yield of recombinant
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RBD. Finally, the expression was analyzed using 15%
SDS-page.

For purification, the culture was centrifuged at 9000
rpm for 30 min. The pellet was sonicated on an ice bath
using Tris-Na2HPO4 buffer (pH=8.0). Finally, the pel-
let containing RBD was harvested by centrifugation at
9000 rpm for 30 min. The recombinant RBD was puri-
fied from the insoluble fraction by the Ni-NTA column
according to QIAGEN protocol. To facilitate the re-
folding of the RBD expressed in E. coli, 0.9 mM GSSG
and 1.8 mM GSH were used in the refolding buffer for
dialysis along with 10 mM DTT, 400 mM L-arginine,
and 8 M urea (pH=10). The DTT concentration was
gradually reduced while maintaining the arginine con-
centration. Urea was also removed step by step. Final-
ly, the quality of purified RBD was assessed using
SDS-PAGE.

RBD ELISA assay

The integrity of RBD protein was assessed by indi-
rect ELISA. The positive and negative sera of COVID-
19 patients were selected from PCR-confirmed samples
and 1gG-IgM antibody levels. The positive and nega-
tive samples were combined separately to prepare posi-
tive and negative pools. The 96-well plate was coated
with 5 pg/ml RBD and blocked with PBS-T contained
3% BSA. Then positive and negative serum pools
(with 1:25, 1:50, 1:100, and 1:200 dilutions) were
poured into the wells and incubated at RT for 1 hr.
After washing, HRP-conjugated anti-human 1gG was
added and binding antibodies were visualized by TMB
substrate solution.

Phage display library amplification and panning

For library amplification, the Tomlinson | library
was cultured in pre-warmed 2xTY media with 100 pg/
ml ampicillin and 1% glucose. The culturing process
continued until the OD 600 reached 0.4. Following a
30-min period of incubation at a temperature of 37°C,
the culture was inoculated in 2xTY medium, which
was enriched with 0.1% glucose, 50 pg/ml kanamycin,
and 100 pg/ml ampicillin. The culture was then allow-
ed to incubate overnight at 30°C. The next day, PEG/
NaCl was added to the centrifuged culture and finally,
phages were resuspended in Phosphate Buffered Saline
(PBS).

The biopanning procedure and following assays was
performed according to the MRC protocol and based
on our previous studies 2?2 for six rounds against the
RBD protein. Briefly, the process involved coating a
Maxisorb 96-well plate with RBD protein (Table 1) at

4°C overnight, followed by blocking with 2% Marvel
skimmed milk powder in PBS (MPBS) at Room Tem-
perature (RT) for 2 hr. After three washes with PBS, a
solution containing 1012 to 1013 pfu of phages, diluted
in 2% MPBS was added to the plate. The plate was
then incubated at RT for a duration of 2 hr. To elimi-
nate non-specific phages, the plate was washed with
PBS-0.1% Tween: 10 times during round 1, 20 times
for rounds 2-3, and 30 times for subsequent rounds.
The bound phages were eluted by adding 100 pl of
trypsin-PBS (10 pl of 10 mg/ml trypsin in 90 ul PBS)
to each well. A total of 250 ul of eluted phages was
added to 1.75 ml of E. coli TG1 (OD 600 of 0.4). After
a 30-min incubation in a water bath at 37°C, 100 pl of
the TG1 culture was resuspended in 2xTY. The resus-
pended culture was poured onto a TYE plate contain-
ing 1% glucose and 100 pg/ml ampicillin, and the plate
was left to grow overnight at 37°C. For subsequent
rounds of phage selection, 7 ml of 2xTY medium was
added to the overnight culture, and the bacteria were
scraped using a glass spreader. Finally, 50 pl of the
scraped bacteria was used to purify the phage obtained
from each round using PEG/NaCl, as mentioned above.

Polyclonal phage ELISA

Following each cycle of panning, the phage popula-
tions were screened for binding to the RBD using a
polyclonal phage ELISA to determine the specificity of
the acquired binders and to confirm the completion of
the biopanning process. For this purpose, 96-well ELI-
SA plates were coated with 10 pg/ml RBD protein and
blocked by 3% BSA. After blocking, 10 ul PEG-
precipitated phages of each round were added into
wells containing 100 ul of 3% Bovine Serum Albumin
(BSA). After washing three times with 0.1% Tween
20-PBS, HRP-conjugated anti-M13 antibody diluted in
3% BSA at 1:5000 was added and phages-RBD inter-
actions were detected using TMB as the substrate solu-
tion. Absorbance at 450 nm was read as binding sig-
nals.

PCR screening of the selected colonies

Based on the polyclonal phage ELISA results over
64 colonies from round 5 were selected and the exist-
ence of full-length scFvs was verified by conducting
PCR screening on each individual clone using primer
sets for VH and Vk (Table 2).

Monoclonal phage ELISA

The identification of monoclonal phage antibodies
was achieved through a screening process utilizing
ELISA on selected colonies from round 5. These colo-

Table 1. The concentration of RBD, the frequency of washing, and the type of blocking buffers used in each biopanning

round
Rounds 1 2 3 4 5 6
Protein (pg/ml) 40 40 30 20 10 10
Washing numbers 10 20 20 30 30 30
Blocking buffers %2 MPBS %3 BSA %2 MPBS %3 BSA %2 MPBS %3 BSA

BSA: Bovine Serum Albumin; MPBS: Marvel Skimmed Milk Powder in PBS.
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Table 2. Primer sequences for VH and V« fragments

pHEN seq: CTATGCGGCCCCATTCA

VS DPK9 FR1 seq: CATCTGTAGGAGACAGAGTC

VH linker seq new: CGACCCGCCACCGCC GCT G LMB3: CAGGAAACAGCTATGAC
LMB3: CAGGAAACAGCTATGAC

Vk and VH

pHEN seq: CTATGCGGCCCCATTCA

nies were subsequently transferred into 96-well plates
containing 2xTY medium, enriched with 100 pg/ml
ampicillin and 1% glucose. After 2 hr of incubation, 25
ul of 2xTY medium containing 10° helper phage, 1%
glucose, and 100 pg/ml ampicillin was added into the
wells, incubated for 60 min, and centrifuged. Then, the
cells were resuspended in 200 pl of 2xTY, which was
enriched with 50 pg/ml kanamycin and 100 pg/ml am-
picillin. Following overnight incubation at 30°C, the
culture was subjected to centrifugation, and a 50 pl
sample of the supernatant was used in phage ELISA, as
previously explained.
Generation of antibody fragments

Final selected colonies were induced in TG-1 to ex-
press soluble scFv fragment. Individual colonies were
cultured in 2xTY containing 1% glucose and 100
pg/ml ampicillin in 96-well plates at 37°C. A small
volume (2 pl) of the cultured colonies was then trans-
ferred into a second plate containing 2xTY medium
enriched with 0.1% glucose and 100 pg/ml ampicillin.
After incubating for 3 hr at 37°C, 2xTY medium con-
taining 0.5 mM IPTG and 100 pg/ml ampicillin was
poured onto the plate. The plate was then incubated
overnight at 30°C. The culture supernatant obtained
from this incubation was used for phage ELISA, as
described previously, and the binding detection was
performed using HRP (horseradish peroxidase)-Protein
L.
Antibodies sequence analysis

Selected colonies with high binding affinity and
specificity were sequenced using Vk and VH primers
(Table 2).
Selected scFv subcloning, expression and purification

To increase the expression yield, the plasmid was
extracted from a positive clone, which had higher reac-
tivity in ELISA. Then, after dilution at a ratio of 1 to
10, PCR reaction was performed. After purification as
previously described, the PCR product was used for
cloning. Specific primers for this reaction were de-
signed with restriction sites for Ndel and BamHI en-
zymes. Subsequently, the PCR product and pET28a
vector were individually digested in separate micro-
tubes using Ndel and BamHI enzymes at 37°C for 4 hr.
To construct the recombinant vector, the PCR product
obtained from the double digestion was ligated into the
digested PET28a using T4 DNA ligase (Thermofisher
co.). The recombinant construct was transferred into E.
coli (DH5a) and cultured in LB medium containing
kanamycin. Finally, positive clones containing the re-
combinant vector were confirmed by PCR reaction.

To assess expression of the selected scFv of E. coli
BL21 (DE3), pLysS cells were prepared by calcium
chloride method and the recombinant vector was trans-
ferred to them by heat shock method and cultured in
the LB medium containing kanamycin 2. The positive
clones containing recombinant scFv were induced with
1 mM IPTG at 30°C overnight and the expression was
checked using SDS-PAGE.

After optimizing the conditions for antibody expres-
sion and determining that the antibody was insoluble,
the sediment obtained from sonication was resolved in
the lysing buffer (Na;HPO4 100 mM, Tris 10 mM) and
8 M urea. The final volume of the solution was 8 ml.
Then, the protein purification was performed using Ni-
NTA column according to QIAGEN protocol. Finally,
the dissolved scFv molecules were refolded through
dialysis to eliminate urea and imidazole, employing a
solution containing 10 mM DTT and 200 mM arginine
at pH=10.5. The quality of the purification was as-
sessed using SDS-PAGE.

Investigation of anti-RBD activity using Indirect ELISA

For this purpose, ELISA was used to assess the ini-
tial binding of the recombinant scFv antibody to the
SARS-CoV-2 RBD. The ELISA wells were coated
with RBD at a concentration of 40 ug/ml. After wash-
ing and blocking, the scFv antibody was added to the
wells at different dilutions and left to incubate at RT
for one hr. Then, the wells were washed using PBS-T
buffer, which was repeated five times. Then, L-HRP
was added at a dilution ratio of 1:2000, and the wells
were left to incubate at RT for an hr. Finally, the reac-
tion was visualized by adding TMB substrate, and the
absorbance was subsequently quantified at a wave-
length of 450 nm utilizing an ELISA reader.
scFv—RBD docking

The ClusPro web server (https://cluspro.bu.edu/pub-
lications.php) was utilized for conducting protein-pro-
tein docking, given its position as one of the top 10
protein docking servers. This server uses a specially
crafted pairwise interaction potential designed for anti-
body-antigen complexes, following the principles of
statistical mechanics and the "inverse Boltzmann" prin-
ciple 2. Additionally, it uses a pairwise interaction
potential known as Decoys as the Reference State
(DARS), which generates an extensive set of docked
conformations that exhibit strong shape complementa-
rity, irrespective of atom types, and relies on the inter-
action frequency derived from these DARS confor-
mations. Consequently, it integrated DARS into the
energy function employed in their docking program,
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PIPER %, Initially, the SwissModel web server (https:
/Iswissmodel.expasy.org/) was utilized to construct the
3D model of isolated scFv, and subsequently, a Rama-
chandran plot (https://swift.cmbi.umcn.nl/servers/ntml/
ramaplot.html) was generated to validate its structural
conformity. To prepare the input for the docking analy-
sis, the modeled "scFv" was used as the receptor, and
the following PDB IDs were used as antigens: 8WRL
%, 7ZF7 %", TEKF %, 8DF5 %, 8BCZ %, 7TEKC %, 7TNO
81 and 7CH5 32, These correspond to the XBB.1.5 and
BA.2 lineages, which are currently circulating VOls, as
well as the alpha, beta, delta, gamma, and omicron
variants (previously known as variants of concern), and
the wild type, respectively. To achieve this goal, the
process was initiated by eliminating all water mole-
cules from all structures. Subsequently, hydrogen at-
oms were introduced and energy minimization was
performed using UCSF Chimera %,

Results
Construction of the recombinant PET28a vector

To produce a large amount of antigen for the bio-
panning process, the cDNA sequence of SARS-CoV-2
RBD protein was synthesized by RT-PCR and cloned
into pET-28a vector. After purifying and inserting the
RBD fragment into the PET28a vector, the recombi-
nant construct was verified by PCR using RBD and
vector-specific primers (Supplementary data 1). Final-
ly, the RBD insertion into PET-28a were confirmed by
sequencing of RBD fragment as follows:
>matched sequence
AGAGGTGATGAAGTCAGA-
CAAATCGCTCCAGGGCAAACTGGAAA-
GATTGCTGATTATAATTATAAATTAC-
CAGATGATTTTACAGGCTGCGTTATAGCTT-
GGAATTCTAACAATCTTGATTCTAAGGTT-
GGTGGTAATTATAATTACCTGTATA-
GATTGTTTAGGAAGTCTAATCTCAAACCTTTT-
GAGAGAGA-
TATTTCAACTGAAATCTATCAGGCCGGTAG-
CACACCTTGTAATGGTGTTGAAGGTTTTAATT-
GTTACTTTCCTTTACAATCAT-
ACGGTTTCCAACCCACTAATGGTGTTGGTTAC-
CAACCATACAGAGTAGTAGTACTTTCTTTT-
GAACTTCTACATGCACCAGCAACTGTT
Expression and purification of the receptor-binding domain
(RBD)

The recombinant vector was transformed into com-
petent E. coli (BL21) and cultured in LB medium sup-
plemented with kanamycin to select positive clones for
induction. By adding 0.5 mM IPTG, the expression of
RBD was induced. The recombinant RBD was purified
on NI-NTA column, and refolded by dialysis. The
SDS-PAGE results showed well integrity of the puri-
fied RBD protein and the total yield of the purified
RBD was estimated to be about 1000 pg/ml (Figure 1).
RBD indirect ELISA

To assess the purity and integrity of RBD protein,
an indirect ELISA using COVID-19 positive and nega-

A B

IgG E4 E3 E2 E1

-

25 KD—> S

uo—T -n

before after sup pellet IgG

1

IgG: mmunoglobulin G; E: elution; sup: supernatant.

Figure 1. SDS-PAGE analysis of the expressed and purified RBD
protein. A) The expression was induced by a concentration of 0.5
mM IPTG and the insoluble RBD had the expected size of about 14
Kda. Order of lanes from left to right: before induction, after 16 hr of
induction, the amount of expression in soluble state, the amount of
expression in insoluble state, and 1gG marker. B) RBD protein was
purified by Ni-NTA chromatography. Order of samples from right to
left: Elusions E1, E2, E3, E4 and IgG as marker.

RBD ELISA
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Figure 2. The results of ELISA for analyzing the reactivity of recom-
binant RBD and serum antibodies derived from both COVID-19
patients and healthy individuals. ELISA wells were coated with the 5
ug/ml of RBD, followed by blocking with 3% BSA. The results
demonstrated a substantial binding of serum antibodies from infected
individuals to the RBD antigen (OD=0.8), while the healthy samples
exhibited a relatively lower reaction (OD=0.25). Thus, the integrity
of the purified RBD was confirmed. The samples include 1:25 to
1:200 dilutions of positive (infected) samples and 1:50 to 1:200
dilutions of negative (healthy) samples. Error bars represent standard
deviation. Statistical comparisons between groups were performed
using a two-tailed t-test. (** p<0.01).

tive serum samples was performed. Figure 2 shows the
reactivity of COVID-19 sera to the purified RBD pro-
tein, indicating high integrity and purity of the recom-
binant RBD protein.

Analysis of biopanning progress and polyclonal phage
ELISA

Six rounds of panning were performed using Tom-
linson | Library with approximately 10*3 CFU of phag-
es on a 96 well ELISA plate coated with RBD protein.
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Table 3. The ratio of output to input (enrichment) for particular phage
binders obtained from each cycle of panning

Roun_ds of Input Output Enrichment
panning (output/input)
1 10% 1*10° 10*

2 10 1.3*101 1.3*10

8 10% 1.4*108 14

4 10 3.2%10%® 3.2

5 10% 8.1*10% 8.1

6 10% 5*10%° 5*10°

To increase the specificity of the selected phage, the
RBD concentration was decreased gradually during the
panning process (from 40 pg/ml in round 1 to 10 pg/ml
in round 6). The enrichment of eluted RBD-specific
phages was determined by phage quantitation follow-
ing each round of selection. In the first round, the pop-
ulation of specific phage binders was low. However,
after the second round, the titers of specific phages in-
creased with the maximum enrichment observed in the
fifth round (Table 3). A polyclonal phage ELISA was
carried out to monitor binding affinity and specificity
of RBD binders obtained from each round of panning.
As illustrated in figure 3 the signals were remarkably
low in the first round. However, the population of
phage-scFvs gradually increased from the unpanned
libraries towards fifth round. In the sixth round, the
signal of diluted phages dramatically decreased, indi-
cating the end of panning.
Identification of anti-RBD scFvs using monoclonal phage
ELISA

A total of 100 colonies were randomly selected from
the 5™ round. Out of these, 20 clones were detected
through ELISA. Among them, one clone with high
reactivity with RBD (Figure 4) was selected for further
analysis.

47 Polyclonal phage ELISA

3

OD (450 nm)
P

14

\_Q nQ \Q r\Q \B DY '1Q A 90 \Q 29 o

Ay \\ 5\ b\ )
TS “‘%‘@{i S ““60 o&‘}’o@ S

Rounds of panning

Figure 3. Analysis of the binding of phage clones to RBD from 6
cycles of biopanning using polyclonal ELISA. The results show the
enrichment and presence of specific RBD phages in round 5. There-
fore, single clones from this round were selected for further analysis.

o Monoclonal phage ELISA

T

OD (450 nm)

12345678 91011121314151617181920
Clones

Figure 4. Monoclonal phage ELISA results. Upon analysis of phage
clones selected from round 5 by monoclonal phage ELISA, clone
number 10 exhibited a very strong reaction with RBD (OD=2.8).
Therefore, it was selected for further evaluation.

©
v
=
=
O

Clone 15

Figure 5. The results of PCR related to some full-length scFv frag-
ments. scFvs with complete light and heavy chains showed a length
of about 750 bp and were considered as positive clones.

Sequencing of positive ScFvs

In order to verify the presence of full length scFvs,
DNA was extracted from selected clones and used for
PCR amplification using LMB3 and pHEN primers.
Results indicated positive clones with the expected size
(about 750 bp), which indicates the existence of both
VL and VH fragments (Figure 5). Using http://www.
imgt.org/3Dstructure-DB/cgi/DomainGapAlign.cgi, the
CDR regions of the selected ScFv was determined as
shown in table 4.

Evaluation of the reactivity of isolated scFv by ELISA

The pET-28a harboring the selected scFv sequence
was transformed into competent E. coli BL21 (DE3)
cells. The transformed bacteria were cultured and in-
duced using 1 mM IPTG. The expressed scFv was puri-
fied by a Ni-NTA column. The expression and purity
of the scFv were confirmed using SDS-PAGE analysis,
which showed a molecular weight of approximately 25

Avicenna Journal of Medical Biotechnology, Vol. 17, No. 1, January-March 2025



70

A Novel RBD-Specific scFv Against SARS-CoV-2

Table 4. The CDR regions of heavy and light chains variable regions
of the discovered scFv

CDRs VH VL
CDR1 GFTFSSYA QSISSY
CDR2 IDNSGNYT TAS
CDR3 AKNSAYFDY QQAGYSPTT

N

25 kDa—» ‘-— — 25 kDa
-

B

E: Elutions; IgG: mmunoglobulin G.

Figure 6. scFv expression and purification analysis in E. coli BL21
(D3) strain. The expression induced by 0.5 mM IPTG. The scFv, with
an estimated molecular weight of 25 KD, can be detected in the
samples after induction, as well as in elution fractions 1 to 4. Order
from left to right: 1gG marker, flow-through, elution E1, E2, E3, E4,
before induction of expression, 6 hr after induction and 16 hr after
induction.

KD (Figure 6). The specificity and reactivity of serially
diluted scFv against RBD were assessed by indirect
ELISA and results indicated that the selected scFv
could detect the RBD protein with strong-binding (Fig-
ure 7).

scFv-RBDs docking analysis

The Ramachandran plot confirmed that the modeled
scFv exhibited permissible phi and psi angles (Figure
8). The top-performing models have been chosen using
the ClusPro algorithm, which employs a dedicated
scoring function and clustering technique to evaluate
the quality of receptor-ligand arrangements. Conse-
quently, the mean scores for the best clusters were as
follows for the wild type, XBB.1.5, BA.2, Alpha, Beta,
Delta, Gamma, and Omicron variants: -264.4, -317.3,
-357.3, -282.6, -264.1, -292.8, -332.5, and -268.3, re-
spectively. According to the binding energy values, it
is evident that the scFv and RBD in all models exhibit
strong binding affinities. Additionally, the hydrogen
bonds observed between the scFv and RBDs demon-
strated robust interactions among the docked models
(Table 5). From a comparative standpoint, even though
all binding energies were elevated, it was evident that
the wild-type, alpha, gamma, and BA.2 variants exhib

2.0+ Selcted scFv ELISA
doskokk
N I 1
S 1.54
o=
w
<t
8
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= ns
2
2 i _ |—|
= 0.5
0.0 0 N
o® o o
S a\\“ e}\‘%\v“ RO
ERONRNANCIN \b

scFv dilutions

Figure 7. The specificity of scFv against RBD in different dilutions.
The identified scFv revealed high reactivity with RBD (OD=1.527).
Error bars represent standard deviation. Statistical significance was
determined using one-way ANOVA followed by Dunnett's multiple
comparisons test. A range of p-values from ****p<(.0001 (1:5,1:10
dilutions), ***p<0.001 (1:20 dilution), **p<0.01 (1:40,1:80 dilu-
tions) indicate significant differences between the blank as control
and dilutions (1:5-1:80). No significant differences were observed
between blank and 1:160 dilutions.

Figure 8. Ramachandran Plot of scFv.

ited a greater abundance of robust interactions in con-
trast to the beta, delta, omicron, and XBB.1.5 variants.
These results suggest that the discovered scFv has the
potential to neutralize not only the wild-type virus but
also the currently circulating VOIs and previous Vari-
ants of Concern (VOCs). All of the interactions are
available in supplementary data 2, 3 and, 4.

Discussion
Many researchers have attempted to find a cure for
COVID-19 disease since its outbreak in early 2019.
Monoclonal antibodies (mAbs) are approved as a ver-
satile tool for treating infectious diseases, especially in
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Table 5. Details regarding hydrogen bonds in all docking models

Receptor (scFv)  Antigen (RBD) Number of H-bonds

scFv Wild 20
scFv Alpha 19
ScFv Beta 9
scFv Delta 12
ScFv Gamma 26
scFv Omicron 6
scFv XBB.1.5 10
ScFv BA.2 20

high-risk patients 3. Specific human mAbs can be used
as a safer alternative to attenuated or inactivated vac-
cines or immunoglobulin preparations for treating in-
fectious diseases such as COVID-19 %%, Recombinant
mADb fragments, particularly single-chain variable frag-
ment (scFv), have emerged as potential alternatives to
mADbs. scFvs that can retain the specificity of whole
mADbs are less expensive, and safer than mAbs. These
stable fragments can be expressed in prokaryotic ex-
pression systems and engineered using phage display
technology %7,

Therapeutic antibodies are able to target almost all
proteins encoded by the SARS-CoV-2. Neutralizing
antibodies (NAbs), in particular, can target the RBD of
the spike glycoprotein. The RBD has been shown to be
responsible for viral entry through binding to the ACE2
receptor in the human host and has become a promis-
ing target for NAbs 33, Currently approved mAbs,
such as Etesevimab and Bamlanivimab, target the
SARS-CoV-2 spike protein and have demonstrated
efficacy in treating COVID-19. However, the contin-
ued emergence of viral variants, along with circulating
mutations in the SARS-CoV-2 spike protein that can
escape these approved mADbs, necessitates the explora-
tion of new therapeutic antibodies *. The present study
focuses on isolating a novel human single-chain varia-
ble fragment antibody against SARS-CoV-2 RBD for
potential therapeutic use. While neutralization activity
has not yet been assessed, this scFv shows promise for
further therapeutic exploration in future studies.

Prior research has indicated that the RBD is signifi-
cantly exposed to the immune system, whereas the S2
segment remains hidden, resulting in its lower immu-
nogenicity. Therefore, the S1 subunit of the S protein is
considered a vital antigen for triggering immune re-
sponses. The efficacy of mAb that specifically target
the RBD has been demonstrated in neutralizing SARS-
CoV %, In addition, immunization with the sequence of
SARS-CoV-2 S protein generated neutralizing antibod-
ies (NADbs) that mainly targeted the RBD “L. This im-
plies that the removal of RBD-specific antibodies from
SARS-CoV-2 patient serum may result in the loss of
most neutralizing function. As a result, in this study,

RBD recombinant protein was used as an antigen to
identify novel RBD-specific scFv against SARS-CoV-2.
Here a strong-binding scfv mAb targeting the SARS-
CoV-2 recombinant RBD using phage display technol-
ogy is identified. For high expression yield of the RBD
recombinant protein, RBD was expressed in E. coli
expression system 2. Furthermore, to ensure that RBD
maintained its native conformation a refolding system
containing arginine, GSH and GSSG was used that was
in accordance with He, Yunxia et al, who used the sim-
ilar buffer for refolding of the recombinant RBD ex-
pressed in E. coli (BL21). The integrity and reactivity
of the recombinant RBD was characterized using indi-
rect ELISA and there was only a reaction between re-
combinant RBD and sera from COVID-19 patients, but
not between recombinant RBD and sera from healthy
non-infected individuals. Rahbar et al demonstrated
that RBD expressed by E. coli and purified using Ni-
NTA chromatography could react with antibodies pre-
sent in the serum of immunized mice and individuals
who had recovered from Covid-19 “%. In the same con-
text, Gao et al have indicated that the RBD sequence
expressed in E. coli is capable of binding to the human
ACE2 receptor and can be used for diagnosis and ther-
apeutic purposes %,

In this study, six rounds of biopanning were per-
formed to eliminate non-specific clones along with the
enrichment of specific clones. The results of the phage
output titer in the screening rounds showed efficient
enrichment towards an 80,000-fold increase in speci-
ficity against the S protein RBD. Among the six rounds
of screening, finally a clone named 8-4 has correct
fragments of light and heavy chains and promising-
binding for RBD was identified from the fifth round.
Phage display libraries have been successfully used to
isolate scFv fragments against two previous Corona-
viruses, SARS-CoV and MERS-CoV. In addition to
binding to live viruses, these fragments exhibited a
potent neutralizing effect through preventing viral en-
try 4547,

In this regard, in recent years, several mAb frag-
ments in scFv format against the RBD of SARS-CoV-2
virus were identified 4850, Recent work by Delphine et
al used phage display technology to isolate human
scFv antibody fragments targeting the RBD of the
SARS-CoV-2 spike protein. These scFvs exhibited
binding to the spike protein of the SARS-CoV-2 Delta
variant, although they did not bind to the Omicron var-
iant. In comparison, present study also utilized phage
display to isolate scFv antibodies against the SARS-
CoV-2 RBD. Nevertheless, the robust binding of the
present study scFv to the RBD observed in ELISA ex-
periments suggests that candidates may hold similar
therapeutic potential. Furthermore, according to the
bioinformatics analysis, the present selected antibody
is capable of recognizing the Wuhan strain as well as
previous VOCs, VOIs, and VUMs of SARS-CoV-2.
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In this study, bioinformatics tools were used to in-
vestigate the specificity and affinity of the discovered
antibody against different SARS-CoV-2 variants. After
confirming the modeled scFv by Ramachandran plot,
the docking steps were performed using the Cluspro
web server, and the antibody-antigen interactions were
determined by LigPlot software. The use of these tools
has been previously applied to the investigation of the
interaction between Pseudomonas aeruginosa exotoxin
A and a novel human scFv %% as well as the interac-
tion between the ESAT-6 antigen of Mycobacterium
tuberculosis and two selected scFvs %2,

This study has several limitations that should be ad-
dressed in future research. First, while strong binding
of the scFv to the SARS-CoV-2 RBD using ELISA
was demonstrated, more rigorous binding affinity de-
termination methods such as Surface Plasmon Reso-
nance (SPR) or the Beatty assay was not conducted, to
calculate the dissociation constant (kd) and kinetic pa-
rameters. Without these data, the precise affinity of the
scFv remains undetermined. Second, although the scFv
shows potential for therapeutic application, neutraliza-
tion assays, such as RBD-ACE2 binding inhibition or
live-virus neutralization assays, were not performed.
These assays are critical for confirming the scFv’s abil-
ity to inhibit viral entry and validate its functional neu-
tralization potential. Future studies will focus on ad-
dressing these limitations, conducting additional func-
tional assays to validate the therapeutic potential of the
ScFv.

Conclusion

In this study, a novel scFv with binding activity for
the SARS-CoV-2 RBD, as demonstrated through ELI-
SA binding assays was identified. Also, bioinformatics
analysis confirmed that the antibody is effective
against both the Wuhan strain, previous VOCs, VOIs
and VUM s strains of SARS-CoV-2. While these results
suggest potential neutralizing activity, further studies
are necessary to confirm its functional efficacy.
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1000 pp
750 bp
~635
~520 25 500 hp
~490 hp
~415 pp

T7R: T7 reverse primer; T7F: T7 forward primer, RBDR: receptor binding domain
reverse primer, RBDF: receptor binding domain forward primer

Supplementary data 1. The verification of the RBD sequence insertion into the vector. The amplified sequence by vector-specific primers (T7R-T7F)
was heavier than amplified sequence using RBD and vector primers (T7R-RBDF and T7F-RBDR) and RBD-specific primers (RBDF-RBDR).
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Supplementary data 2. Important interactions between scFv and wild, alpha and beta variants. A) Wild and scFv. B) Alpha and scFv. C) Gamma
and scFv.
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Supplementary data 4. Important interactions between scFv and currently circulating variant of interest. A) BA.2 and scFv. B) XBB.1.5 and scFv.
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