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Abstract
CD20 is a receptor expressed on B cells with anonymous functions. The receptor is the target of some food and drug admin-
istration (FDA) approved monoclonal antibodies (mAb), such as Rituximab and Obinutuzumab. Blocking CD20 using the 
aforementioned mAbs has improved Non-Hodgkin Lymphoma (NHL) therapy. All commercial mAbs on the market were 
raised in non-human animal models. Antibody humanization is inevitable to mitigate immune response. In order to keep the 
affinity of antibody intact, humanizations are only applied to frameworks which do not eliminate immune response to foreign 
CDRs sequences. To address this issue, human monoclonal antibody deemed imperative. Herein, we report the isolation and 
characterization of a fully human single-chain variable fragment (scFv) against the large loop of CD20 from naïve human 
antibody library. After three rounds of phage display, a library of enriched anti-CD20 scFv was obtained. The polyclonal phage 
ELISA demonstrated that after each round of phage display, the population of anti-CD20 scFv became dominant. The scFv, 
G7, with the most robust interaction with CD20 was selected for further characterization. The specificity of G7 scFv was evalu-
ated by ELISA, western blot, and flow cytometry. Detecting CD20 in western blot showed that G7 binds to a linear epitope on 
CD20 large loop. Next, G7 scFv was also bound to Raji cell (CD20+) while no interaction was recorded with K562 cell line 
(CD20—). This data attested that the epitope recognized by G7 scFv is accessible on the cell membrane. The affinity of G7 
scFv was estimated to be 63.41 ± 3.9 nM. Next, the sensitivity was evaluated to be 2 ng/ml. Finally, G7 scFv tertiary structure 
was modeled using Graylab software. The 3D structure illustrated two domains of variable heavy (VH) and variable light (VL) 
connected through a linker. Afterward, G7 scFv and CD20 were applied to in-silico docking using ClusPro to illustrate the 
interaction of G7 with the large loop of CD20. As the selected scFv from the human antibody library is devoid of interspecies 
immunogenic amino acids sequences, no humanization or any other modifications are required prior to clinical applications.
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Introduction

One of the most notable markers of B cell malignancies is 
CD20. This receptor is non-glycosylated expressed in all stages 
of B cell development, except pro-B cell [1]. This receptor is a 
member of MS4A (membrane-spanning 4-domain family A) 
protein family. CD20 spans the cell membrane four times with 

two extracellular domains [2]. The extracellular domains are 
composed of one small and one large loop. Both loops can be 
targeted by monoclonal antibodies in oncotherapy [3, 4]. The 
function of CD20 is not clear yet. There are some studies indi-
cating that CD20 is co-localized with B cell receptor (BCR) 
in lipid raft, hence it might play a role in BCR signaling [5, 6]. 
Even though the expression level of CD20 is highly variable 
in distinct B-cell malignancies or even between intra-clonal 
populations, this receptor is an FDA-approved marker for mAb 
therapy, which has been proved to be very effective approach 
in treating CD20 + Non-Hodgkin Lymphoma (NHL) [7, 8].

Currently, there are some Food and Drug Adminis-
tration (FDA)-approved mAb blocking CD20, including 
Rituximab [9], Ofatumumab [10], Ublituximab [11], 
Obinutuzumab [12], and more. The majority of which 
bind to the large loop of CD20. MAbs utilize four mech-
anisms to fight cancer: neutralizing an oncoprotein, 
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Complement-Dependent Cytotoxicity (CDC) [13, 14], 
Antibody-Dependent Cellular Phagocytosis (ADCP), and 
Antibody-Dependent Cellular Cytotoxicity (ADCC) [15, 
16]. The targeted therapies against CD20 are not limited 
to antibodies. Recently, CD20 found to be an potential 
receptor in nanomedicine [17] and cancer immunotherapy 
[18]. For instance, there are some CAR-T and NK cells 
under investigation for CD20+ lymphoma (7, 8). All of 
which, make a most of antibody fragment, called scFv, as 
a targeting moiety [19]. In order to abrogate any possible 
immune response against scFv, this antibody fragment 
must be either fully human or humanized [20, 21].

Traditionally, mAb used to be generated in mice, such 
as anti-CD3 Muromomab. However, murine-derived mAbs 
raised human anti-mouse antibody (HAMA) responses in 
some patients [17]. To address this issue, mAbs were engi-
neered to incorporate more human sequences to alleviate 
side effects, which resulted in Chimeric and Humanized 
mAb. Nevertheless, none of the approaches eradicated 
immune response against the foreign amino acid sequences. 
Therefore, the fully human antibody has recently been 
developed to root out any possible moderate to severe side 
effects in patients [22]. There are three approaches to gen-
erate human antibodies [23]. First, the antigen of interest 
is injected into a humanized murine, a genetically modi-
fied mice that carry human antibody gene. This approach 
was utilized to generate panitumumab [24]. Second, the 
phage display is applied to a human CDRs library in order 
to isolate the strongest binders. Next, the optimal CDRs 
are grafted into human antibody scaffold. This technique 
was applied to generate adalimumab. Finally, the phage 
display can be applied to human naïve antibody library 
to find the best binders. Fully human antibodies have no 
immunogenicity due to lack of foreign sequence [25].

In this study, we isolated and characterized fully human 
anti-CD20 scFv from naive human antibody repertoire 
(Fig. 1). Generation of antibodies using a naive antibody 
library is an approach when the classical immunization is 
not applicable. After rounds of phage display, a library of 
highly specific scFv binding to CD20 was procured. The 
specificity, sensitivity, and affinity of selected scFv were 
evaluated. Next, the isolated scFv was characterized using 
ELISA and flow cytometry. The selected antibody pre-
sented very tight and specific binding to CD20 receptor.

Materials and methods

Production and characterization of CD20

In this manuscript, the phage display was performed using 
commercial CD20-GST protein purchased from Abnova. 
Next, in order to find the binders with the highest binding, 

monoclonal phage ELISA was performed using lab-made 
CD20, hereof called rCD20.

Expression and purification of rCD20

The extracellular domain of CD20 is composed of two 
loops, the small and large loop. Most commercial antibod-
ies, such as Rituximab, interact with the large loop. Hence, 
this domain of CD20 was selected for protein purification 
to be used in panning.

For protein expression, first, residues between 141 
and 188 of CD20 gene (NM_021950) were selected for 
gene synthesis. The nucleotide sequence was codon-opti-
mized, synthesized, and cloned into PGH, a cloning vec-
tor, by Genray Company. For further sub-cloning to the 
expression vector, the gene was flanked by BamHI and 
XhoI restriction sites. The gene was inserted into pET28a 
(Novagen, USA) between the restriction sites, as men-
tioned earlier. Finally, the recombinant CD20 sequence 
was corroborated by sequencing.

The recombinant CD20-pET28a plasmid was chemi-
cally transformed to BL21 Star™ (DE3) (MilliporeSigma, 
USA). Briefly, BL21 Star™ (DE3) was culture in 20 ml 
of antibiotic free LB. Next day, 250 ml of fresh LB was 
inoculated 1:100 using pre-culture. After optical density of 
600 nm (OD 600 nm) was reach between 0.5 and 0.8, bacte-
ria were harvested using centrifugation at 5000 xg, 10 min, 
4 °C. The bacteria were washed twice with 50 mM CaCl2. 
Afterward, 1 ng purified plasmid was added to the compe-
tent bacteria and incubated on ice for 30 min. Heat shock 
treatment (45 s at 42 °C and 5 min on ice) was performed, 
and then 800 µl of fresh LB wash added and incubated at 
37 °C while shaking. Finally, 100 µl of bacterial culture 
was streaked on a pre-warmed LB agar supplemented with 
50 µg/ml Kanamycin (MilliporeSigma, USA).

Next, transformants were selected for colony selection 
to obtain the highest expressing colony. First, each colony 
was inoculated into 5 ml Luria–Bertani (LB) supplemented 
with 50 µg/ml Kanamycin and cultured at 37 °C over-
night. The next day, a fresh 5 ml LB was inoculated with 
a 1:100 ratio of pre-culture and incubated at 37 °C until 
OD600nm of 0.6 was obtained. The expression was induced 
by 0.5 mM Isopropyl β- d-1-thiogalactopyranoside (IPTG) 
(MilliporeSigma, USA) and continued for 5 h at 37 °C. To 
run SDS-PAGE, 1 ml of each culture was collected and 
centrifuged at 10,000 xg for 10 min. Afterward, the pellet 
was lysed with 100 µl of 8 M urea (MilliporeSigma, USA) 
for 30 min at room temperature (RT). After adding 100 µl 
of 2 × protein sample buffer (Bio-Rad, USA) and heating 
for 20 min at 95 °C, 10 µl of each sample was loaded onto 
15% SDS-PAGE gel. The colony with the highest level of 
expression was selected for large-scale protein production.
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Large‑scale expression and purification

First, 500 ml of LB supplemented with 50 µg/ml Kanamy-
cin was inoculated 1:100 with pre-culture. After OD600nm 
of 0.6 was reached, 0.5 mM IPTG was added to induce 
protein expression, which continued for 18 h at 30 °C. Fol-
lowing harvesting the bacterial by centrifugation, 10 ml 
lysis buffer (500 mM NaCl, 20 mM NaH2PO4, 8 M Urea, 
and pH 8) was added to lyse the cells. After 2 h at RT, cell 
lysate was sonicated for 20 min on ice. To remove cell 
debris, cell lysate was centrifuged at 20,000 xg for 1 h at 
4 °C. Then the supernatant was loaded onto Ni–NTA col-
umn (Qiagen, Hilden, Germany). To remove impurities, 
the column was washed using 5 ml of lysis buffer. Finally, 
protein was eluted using 5 ml of pH gradient (500 mM 
NaCl, 20 mM NaH2PO4, 6 M Urea, and pH 8, 6.5, 5.2, 4.5, 
3.5). All the eluates were loaded onto 15% gel SDS-PAGE 
to find the best one.

Characterization of CD20

After purification of rCD20, the protein was validated by 
ELISA using a commercial anti-CD20 antibody, Obinutuzumab 
(Kindly provided by Tehran University Hospital). First, 200 ng 
of rCD20 was coated into a 96-well plate overnight at 4 °C. The 
next day, after washing once, the plate was blocked using 200 µl 
of 4% skimmed milk. Next, 100 µl of different Obinutuzumab 
dilutions 1:50, 1:125, 1:250, 1:500, 1:1000, and 1:2000, was 
added and incubated at 37 °C for 1 h. Then, after washing trice 
with PBS-T (PBS, 0.05% Tween 20), 100 µl of Goat anti-human 
IgG HRP conjugated (1:3000) (SouthernBiotech, AL, USA) 
was added and incubated at 37 °C for 1 h. Finally, after wash-
ing six times, 100 µl of 3,3′,5,5′-Tetramethylbenzidine (TMB) 
(MilliporeSigma, USA) solution was added and incubated in 
darkness for 10–20 min. Following stopping the reaction by 
100 µl of 2 N HCl, the plate was read by Labsystems multiskan 
RS-232C (Finland, Vantaa) at 405/650 nm.

Fig. 1   A schematic figure of all steps to isolate fully human scFv that 
specifically bind to CD20 large loop. The library of human naïve anti-
body library was kindly provided by Dr. Yamabhai (School of Bio-
technology, Suranaree University of Technology, Thailand). Briefly, 
PMBCs were isolated from human blood using Ficoll gradient of 
density method. Next, VH and VL genes were amplified by PCR 
and assembled through SOE PCR using G4S linker. Afterward, the 
scFv genes were cloned into pMOD1 phagemid using SfiI and NotI 
restriction sites. Here in this manuscript, we used the Yama I scFv 
library to isolate a high affinity and specific scFv targeting CD20 

large loop. Next, the isolated scFv were subjected to characterization 
using ELISA, western blot, and flow cytometry. Affinity estimation 
unveiled the affinity in nanomolar range. Finally, the 3D structure of 
top candidate was modeled using GrayLab server and docking was 
performed, using ClusPro server, to illustrate the interaction of G7 
scFv to CD20. scFv, single-chain variable fragment; PMBC, periph-
eral blood mononuclear cell; SOE, splicing by overlapping extension; 
PCR, polymerase chain reaction; ELISA; enzyme-linked immuno-
sorbent assay
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Phage display and panning

Propagation of the recombinant phages

In this step, the anti-CD20 scFvs were enriched using three 
steps of phage display. A naïve human library used in this 
study (hereof called Yama I library) was kindly provided by 
Dr. Yamabhai (School of Biotechnology, Suranaree University 
of Technology, Thailand) [26]. Briefly, the variable domains 
of light and heavy chains were fused through a (G4S)3 linker 
using splicing by overhang extension polymerase chain reac-
tion (SOE PCR) and then cloned into pMOD1 phagemid using 
SfiI and NotI restriction sites upstream of GIII gene (Fig. 1). 
First, the naive human antibody library was propagated in 
ER2738 (New England Biolab, MA, USA) E. coli. For pre-
culture, 5 ml 2xYT media supplemented with 2% Glucose and 
100 µg/ml Ampicillin was inoculated with 20 µl of antibody 
library. The culture was incubated at 37 °C overnight. The 
next day, 50 µl of pre-culture was inoculated into 5 ml 2xYT 
media supplemented with 2% Glucose and 100 µg/ml Ampi-
cillin and cultured at 37 °C until OD600nm of 0.4 was obtained. 
Then, 1010 helper phage, M13KO7 (New England Biolab, 
MA, USA), was added to the culture and incubated at 37 °C 
for 30 min without and 60 min with shaking. Next, to remove 
glucose, bacterial culture was centrifuged, the supernatant 
was discarded, and the bacterial pellet was resuspended in 
fresh 2xYT media supplemented with 100 µg/ml Ampicillin 
and 50 µg/ml Kanamycin without Glucose. The culture was 
incubated at 37 °C overnight to release recombinant phages. 
The next day, the culture was centrifuged down at 8,000 xg for 
10 min at 4 °C. Next, the supernatant was transferred into a 
sterile tube and incubated at 4 °C for 30 min. Next, PEG-NaCl 
was added to the supernatant and incubated on ice for 3 h. 
Afterward, the recombinant phages were harvested by centrif-
ugation at 21,000 xg for 30 min at 4 °C. Phages were washed 
twice using DPBS to remove cell debris. The recombinant 
phages were used in polyclonal phage panning to enrich the 
library against CD20.

Panning

After recombinant phage propagation, the scFv library 
was enriched against CD20 via on-column panning. In 
this experiment, GST-CD20 (Abnova, USA) was used as a 
bait protein to capture anti-CD20 scFv. The library under-
went three negative and positive selection cycles to isolate 
highly specific scFv with the maximum affinity.

Negative selection  Eight wells of ELISA plated were 
coated with 200  ng/ml of lab-made GST protein [27]. 
After blocking using 4% skimmed milk for 1 h at 37 °C, 
around 1011 phages were added to the plate and incubated 
for 1  h at 37  °C. In this step, the phages with high- to-

medium affinity to GST tag were eliminated. The superna-
tant, harboring the phages, was used in positive selection.

Positive selection  First, 200 ng GST-CD20 was mixed with 
1011 propagated phage and incubated at 37 °C for 30 min 
while shaking. In this step, all the phages against CD20 
were bound to CD20-GST protein. Meanwhile, ER2738 E. 
coli was cultured in 20 ml of 2xYT until the OD600nm of 
0.4 was obtained. Then, the bacteria were stored at 4  °C 
until needed. To capture and isolate the phages of inter-
est, the mentioned scFv-GST-CD20 complex was passed 
through a pre-packed GSTrap FF Column (Cytiva Life 
Sciences, MA, USA). This column is an affinity column to 
purify GST-tagged protein. Using this column, the phages 
bound to GST-CD20 were trapped in the column, and all 
other phages were washed out using 20  ml of PBS. The 
entrapped phages were eluted using 3 ml of elution buffer 
(50 mM Tris–Cl, 150 mM NaCl, 0.1 mM EDTA, 10 mM 
reduced glutathione, pH8.0). The eluate was added to 5 ml 
of ER2738 E. coli at OD600nm of 0.4 in 2xYT media without 
shaking for 30 min at 37 °C. Next, the infected ER2738 was 
cultured in 50 ml of LB supplemented 100 µg/ml Ampicil-
lin at 37 °C overnight to propagate the library.

Polyclonal phage ELISA

To check the enrichment of anti-CD20 scFv before and after 
each panning, polyclonal phage ELISA was performed. 
First, either Bovine Serum Albumin (BSA) or 200 ng/well 
rCD20 was coated in an ELISA plate (SPL Life Sciences, 
South Korea). Next, the coated plated was blocked using 
4% skimmed milk (MilliporeSigma, USA) for 1 h at 37 °C. 
Around, 1010 recombinant phages were added to each well 
and incubated at 37 °C for 1 h. Following three washing steps 
by PBS-T, the secondary antibody, anti-M13 HRP conjugated 
(LSbio, USA). 1:5000 dilution, was added and incubated for 
another hour at 37 °C. The excess antibodies were removed 
by washing six times. Then, 100 µl of TMB was added, and 
the reaction was terminated by adding 100 µl of stopping 
solution (2 N HCl). The plate was read at 405/650 nm.

Monoclonal phage ELISA

To find the scFv with the highest affinity and specificity, 100 
colonies were selected for monoclonal phage ELISA. After the 
third round of panning, 200 colonies were randomly selected 
for colony PCR using M13 primers (Table 1). Next, 100 posi-
tive colonies were selected and cultured in 0.5 ml LB media 
supplemented with 100 µg/ml Ampicillin and cultured at 37 °C 
overnight. The next day, 3 µl of preculture was inoculated to 
200 µl 2xYT media supplemented with 100 µg/ml Ampicillin 
and cultured at 37 °C for 2 h. Then, 109 of helper phage was 
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added and incubated for 30 min at 37 °C without shaking. Next, 
50 µg/ml Kanamycin was added to each well and incubated at 
37 °C overnight. The next day, the plate was centrifuged, and the 
supernatant was transferred into a new 96-well plate for ELISA.

ELISA was performed according to Sect. 2.1.7. Briefly, 
200 µg/ml of rCD20 was coated. The next day, the plate was 
blocked by 4% skimmed milk. After washing the plate trice, 
100 µl of monoclonal phage was added to each well. Next, 
the plate was washed six times to remove nonspecific or low-
affinity binders. Afterward, 100 µl of secondary antibody, anti 
M13 antibody HRP conjugated, was added. After washing, 
100 µl of TMB was added, and the reaction was stopped after 
10 min using 2 N HCl. The plate was read at 405/650 nm.

Cloning, expression, and purification anti‑CD20 scFv

The sequence of selected scFv was sub-cloned into pET30a 
(Novagen, USA) for overexpression. pET expression vectors 
take advantage of the powerful T7 promoter. The gene of scFv 
was PCR amplified and cloned between BamHI and XhoI 
(New England Biolab, USA) restriction sites. The product of 
the ligation reaction was chemically transformed into BL21 
Star™ (DE3).

The scFv was expressed in 100 ml LB media supplemented 
with 50 µg/ml Kanamycin. After adding IPTG at OD600nm of 
1, expression continued overnight at 25 °C. The next day, the 
bacteria were harvested by centrifugation at 10,000 xg for 
10 min at 4 °C. First, the pellet was washed twice with basal 
purification buffer (500 mM NaCl, 20 mM NaH2PO4, pH 8) 
supplemented with 0.05% Tween 20. Next, the pellet was 
resuspended in 6 M urea and sonicated on ice for 8 min (5 s on, 
3 s off, 70% amplitude). Next, the cell lysate was loaded onto 
Ni–NTA column. Afterward, the column was washed twice 
with 30 ml of 50 mM imidazole without urea to remove impu-
rities. Then, the protein was eluted using 400 mM imidazole. 
The purified protein was analyzed by 12% SDS-PAGE. Finally, 
the purified protein was buffer exchanged, and the concentra-
tion was measured by the Bradford reagent (Bio-Rad, USA).

Characterization of anti‑CD20 scFv

The selected scFv, G7, was scrutinized by ELISA, western 
blot, and flow cytometry to evaluate specificity and affinity. 
By Beatty et al. method, the affinity of scFv was calculated. 
Using flow cytometry, the binding of G7 scFv to native CD20 
on Raji cells (ATCC, VA, USA) was analyzed and compared 

to commercialized mAb, Rituximab. The generated scFv can 
also be used in western blot to detect CD20 receptor.

Affinity estimation

The affinity of G7 scFv was measured by ELISA as 
described by Beatty et al. In this experiment, two concen-
trations of CD20, 10 and 20 ng/ml, were coated in ELISA 
plate overnight at 4 °C. The next day, the plate was washed 
using PBS-T followed by blocking using 4% skimmed milk 
for 2 h at RT. Next, four different concentrations of G7 scFv 
142.86, 71.42, 35.71, and 17.85 nM, was added and incu-
bated at 37 °C. After washing six times, 100 µl anti-c-myc 
HRP-conjugated antibody (R&DBiosystems, MN, USA) 
(1:10,000 dilution) was added and incubated at 37 °C for 
1 h. After washing six times, 100 µl TMB was added, and the 
reaction was stopped after 15 min using 2 N HCl. The plate 
was read at 405/650 nm. The affinity was calculated as the 
concentration that 50% of maximum binding was obtained. 
To analyze the data, the maximum binding (142.86 nM) was 
assumed as 100% binding. The rest of the binding percent-
age was calculated based on the maximum binding. The data 
were analyzed using GraphPad Prism version 7.

Western blot

This experiment examined if G7 scFv can also be used as a 
primary antibody to detect CD20 in western blot. First, 10 µg 
of rCD20, K562 (ATCC, VA, USA), and Raji cell lysates were 
applied to 12% SDS-PAGE. Next, the resolved proteins were 
transferred to PVDF membrane and blocked using 5% skim 
milk for 2 h at RT. Then, 5 µg/ml of scFv was added to the 
membrane and incubated at 4 °C overnight. The next day, after 
washing thrice using 0.05% PBS-T, the S-tag antibody HRP 
conjugated (Abcam, USA) was added and incubated at RT 
for 1 h and washed thrice. Finally, the ECL (Invitrogen, USA) 
substrate was added to the membrane and imaged by a CCD 
camera.

Flow cytometry

In this experiment, the ability of selected scFv to bind to the 
native CD20 on Raji cells was measured. The Rituximab, a 
commercial anti-CD20 monoclonal antibody, was used as 
a positive control. First, cells were detached using 0.25% 
Trypsin–EDTA and counted using Hemocytometer. Then, 
for each antibody staining, 1 × 106 cells were washed twice 
with 1% PBS-BSA. All the antibody staining were performed 
for 1 h at RT in darkness. Cells were washed twice after 
each antibody staining. Next, cells were stained with 100 nM 
either Rituximab (Kindly provided by Tehran University 

Table 1   M13 primers

M13 Primers Forward 5′-CAG​GAA​ACA​GCT​ATGAC-3′
Reverse 5′-TGT​AAA​ACG​ACG​GCC​AGT​-3′
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Hospital) or scFv. Afterward, the secondary antibody was 
added to each tube, anti-Human (Abcam, USA) and anti-his 
tag (Abcam, USA) FITC conjugated for Rituximab and scFv 
stained samples, respectively. Next, one sample of each cell 
line was stained with Isotype as a negative control. Finally, 
the cells were analyzed by FACS-Calibur flow cytometer and 
CellQuest software (Becton Dickinson, San Jose, CA, USA).

Sensitivity

The sensitivity of antibody means the minimum concentra-
tion of paratope that can be detected. Here we used ELISA 
to assess the sensitivity of G7 scFv. First, 400 ng of G7 scFv 
was blocked with different concentrations of CD20, from 
0 ng/ml to 65 ng/ml in microtubes at RT for 60 min. Mean-
while, a 96-well ELISA plate coated with CD20 was blocked 
using 2% skimmed milk. Next, blocked G7 scFv was applied 
to ELISA as the primary antibody. After six steps of wash-
ing, the secondary antibody, S-tag antibody HRP conjugated 
(Abcam, USA), was added and incubated at RT for 60 min. 
After washing and TMB, the reaction was stopped using 2 N 
HCl, and the plate was read at 405/650 nm.

Bioinformatic analysis

The 3-dementional protein structure of CD20 was modeled 
by I-TASSER server (http://​zhang.​bioin​forma​tics.​ku.​edu/I-​
TASSER). The structure of G7 scFv was predicted by Swiss 
Model and Rosie Graylab software (https://​rosie.​grayl​ab.​jhu.​
edu/). The complementarity determining regions (CDRs) of 
selected scFv was specified via ImmunoGenetics (IMGT)/V-
Quest database [28]. The 3D model of G7 scFv was refined 
using GalaxyRefine structure refinement server (http://​gal-
axy.​seokl​ab.​org/​cgi-​bin/​submit.​cgi?​type=​REFINE) to bal-
ance any possible error that might have occurred [29]. The 
docking of G7 scFv to CD20 was performed by ClusPro 
(https://​clusp​ro.​bu.​edu/​login.​php), in which the predicted 
scFv and CD20 were employed in docking [30]. The result 
was examined and visualized using PyMOL Molecular 
Graphics System, Version 2.3.2 Schrödinger, LLC [31].

Results

Production and characterization of CD20 large loop

The tertiary structure of CD20 presents a membrane bound 
receptor with two extracellular loops strikingly different in 
size. The majority of the therapeutic mAbs target the large 
loop [32–34] (Fig. 2A). Thus, we expressed and purified 
CD20 large loop for panning step to isolate the scFvs that 
only interact with this region. A membrane protein can 
be either isolated from the membrane or produced as a 

recombinant protein using eukaryotic or prokaryotic expres-
sion system. As CD20 spans the membrane four times, it is 
challenging to solubilize and stabilize the protein. In 2019, 
Agez et al. showed that CD20 can be purified from SUDHL4 
and RAMOS cell lines using the calixarene-based detergent 
approach [35]. The complication is that this approach require 
laborious optimization steps to prevent protein aggregation 
[36, 37]. Recently, a group of scientists applied RIEDL tag 
system, a pentapeptide composed of Arg79, Ile80, Asp81, 
Glu82, and Leu83, for CD20 purification from the cell mem-
brane [38], but the production yield was very meager. The 
other option was to produce the protein using mammalian 
cell line [39]. The CD20 large loop has only one disulfide 
bond with no other post-translational modification or N-gly-
cosylation consensus sequence. Hence, we used prokaryotic 
protein expression which is straightforward and cost effec-
tive. So as to reach the maximum expression, the larger loop, 
encompasses 47 residues (Fig. 2A), was codon-optimized 
for E. coli and subcloned into pET28a. The large loop of 
CD20 is 5.6 kDa, but including all pET28a tags, it became 
around 10.5 kDa with an isoelectric point (pI) of 8.72. The 
SDS-PAGE analysis showed a band around 12 kDa, which 
was > 95% pure (Fig. 2B). The total yield of the protein was 
750 µg/L of the original culture.

Following the purification of rCD20, an ELISA test was 
performed using Obinutuzumab to validate the sequence 
[40]. According to ELISA result, Obinutuzumab interacted 
with rCD20 in different dilutions, from 1:50 to 1:2000 
(Fig. 2C). Thus, the result verified that CD20 large loop 
was selected and produced as expected and encompassed 
all the epitopes.

A fully functional anti‑CD20 scFv was selected 
from Naïve human immune repertoire by phage 
display

Antibody phage display is a well-established procedure 
to isolate high affinity and specific antibodies [41] target-
ing the protein of interest. This library named Yama I and 
used to isolate scFvs targeting CD20 large loop. Although 
animal immunization is mandatory to raise antibodies 
with nanomolar affinity, some studies report isolation of 
high-affinity scFvs from a naïve antibody library. In 2020, 
Yuan et al. reported the isolation of three specific scFvs 
against Covid-19 spike protein from a human naïve anti-
body library [22]. To evaluate the specificity of isolated 
scFv, they used three closely related proteins, the spike 
protein of SARS-COV-1, MERS-COV, and SARS-COV-2 
(Covid-19) in ELISA. The result showed that the isolated 
scFv was highly specific to the Covid-19 spike protein.

In this study, phage display was performed using the 
gifted library to isolate anti-CD20 scFvs. To obtain a CD20 

http://zhang.bioinformatics.ku.edu/I-TASSER
http://zhang.bioinformatics.ku.edu/I-TASSER
https://rosie.graylab.jhu.edu/
https://rosie.graylab.jhu.edu/
http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
https://cluspro.bu.edu/login.php
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specific library, three round of bio-panning was performed 
using GST-CD20 as a bait protein. In this experiment, on-
column bio-panning was performed by which GST-CD20 
was passed through a GST HiTrap column. One of the 
advantages of on-column panning, also called chromato-
panning, over the traditional approach using ELISA plate 
is that all the surface area of the bait molecule is acces-
sible for binding for interacting with recombinant phages 
[42]. Hence, the diversity of the final round of panning in 
on-column panning is higher than in traditional approaches 
[43]. Next, the phage library was passed through the column 
to bind to CD20 and eluted. As shown in Fig. 3A, the poly-
clonal phage ELISA showed that a higher affinity library was 
obtained after each round of panning. After the first round, 
the optical densities at 450 nm (OD450nm) of library binding 
to Bovine Serum Albumin (BSA) and CD20 were almost 

equal. But after the third round, the OD450nm of CD20 bind-
ers was three times higher than BSA. This result presented 
that the third round of panning libraries was enriched in 
high-affinity CD20 binders. The polyclonal phage ELISA 
showed that the ratio of binder over non-binders was ele-
vated after each round of panning. As shown in Fig. 3B, an 
equal number of phages, 1011, was applied to each panning, 
and the output was significantly lower, which means none 
or low-affinity binders were eliminated, and a more refined 
repertoire was acquired. Scrutinizing 96 colonies using 
monoclonal phage ELISA revealed that all selected colo-
nies were CD20 binders. In this step, the number of phages 
of each colony was not quantified to select the scFv with 
the highest OD and decent expression and solubility. We 
assumed that the samples with the higher number of phages 
may carry scFvs with decent protein expression. Hence, 

Fig. 2   The large loop of CD20 
(rCD20) was produced in the 
lab to be used in library screen-
ings. A a schematic view of 
CD20 receptor including four 
transmembrane domains and 
two extracellular loops, small 
and large. The large loop is 
the main target of most FDA-
approved monoclonal antibodies 
against CD20. This loop is only 
composed of 47 residues, 141–
188. B The SDS-PAGE analysis 
presented a purified rCD20 with 
maximum purity. As shown 
here, no impurity was detected 
after staining with Coomassie 
Brilliant Blue R-250 with the 
sensitivity of staining 20-30 ng 
protein/band. C To authenticate 
the purified protein, ELISA was 
performed using a commercial 
monoclonal antibody, Obinutu-
zumab. The results showed that 
Obinutuzumab can detect the 
sequence at different dilutions. 
Therefore, as a commercial 
antibody validated the purified 
protein, we used this protein for 
library screening
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quantifying the number of phages at this point impose the 
possibility of selecting the scFvs with highest affinity but 
poor protein expression. This result showed that the number 
of binders becomes dominant after each round of panning, 

but the library’s diversity becomes thin. The OD of selected 
scFvs varied from 0.2 to 1.5 (Fig. 3C). Then the colonies 
were ranked based on the highest OD, and the top 5 were 
selected for further study.

Fig. 3   The phage display was 
performed to enrich the library 
of CD20 binders. A the poly-
clonal phage ELISA after each 
round of phage display revealed 
a higher OD than a negative 
control, BSA. This clearly 
showed that the non-specific 
scFvs were eliminated from 
the library after each round, 
and the repertoire was enriched 
with high-affinity scFv against 
CD20. B The number of input 
and output phages also attested 
to library enrichment. 1011 
recombinant phages were used 
for each phage display round, 
but the output was significantly 
lower than the initial input. C 
after three rounds of phage dis-
play, 96 colonies were randomly 
selected for monoclonal phage 
ELISA. The results showed 
that almost all the scFv were 
specific for CD20. These results 
successfully showed that the 
repertoire is utterly enriched in 
anti-CD20 scFv
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Fig. 4   The top CD20 binders were selected and characterized. A the 
top anti-CD20 scFvs were selected using monoclonal phage ELISA. 
The result showed that G7 scFv was statistically superior to other 
scFvs. B G7 scFv was cloned into pET30a and expressed in BL21 
Star™ (DE3). As shown in SDS-PAGE, G7 scFv was more than 95% 
pure. C next, the affinity of G7 scFv was estimated according to the 
method developed by Beatty et al. The affinity was calculated around 

63.41 ± 3.9 nM. D the binding of G7 scFv was also studied in west-
ern blot using rCD20 (lane 1), K562 (lane 2) and Raji (lane 3) cell 
lysate. The result proved that G7 scFv could bind to denatured CD20 
in western blot. As the protein used in western blot was denatured, it 
unveiled that G7 scFv detects a linear epitope. E finally, the sensitiv-
ity of G7 scFv in detecting CD20 was calculated to be 2 ng/ml
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Characterization of G7 scFv

Next, to find the top binder among the selected scFv G7, G8, 
F7, D8, and B7, were selected for another round of monoclo-
nal phage ELISA using equal number phages. As illustrated 
in Fig. 4A, G7 presented the highest OD450nm compared to 
other top candidates. Hence, this scFv was selected for fur-
ther characterizations. The selected anti-CD20 scFv, G7, was 
subcloned into pET30a expression vector and transformed 
into BL21 Star™ (DE3) for overexpression. Some studies 
showed that scFv expression in E. coli leads to inclusion 
body and protein aggregation [44]. Aguiar et al. generated 
an scFv against FGF2. They tested a prokaryotic expres-
sion system for protein production, pET26b in BL21 Star™ 
(DE3), but almost all the expressed proteins were stuck in 
the inclusion body. Hence, they changed to mammalian 
expression system, pCDNA3.1 in HEK293 [45]. Our results 
showed that only 50% of G7 scFv was accumulated inside 
bacteria, and the rest was in soluble fraction. Furthermore, 
no protein aggregation was observed after purification. It 
showed that G7 scFv is highly soluble and compatible with 
the prokaryotic expression system. As the majority of scFvs 
are stabilized by at least one intramolecular disulfide bond, 
selecting an appropriate expression system is a crucial step 
for production, otherwise free cysteines in protein may hap-
hazardly establish intermolecular disulfide bonds and cause 
aggregation. There are some options to express a disulfide-
bonded protein in a prokaryotic expression system, such as 
Origami [46], Shuffle [47], and Periplasmic space [48, 49]. 
Some papers repost that scFv disulfide bond is not necessary 
for the functional protein. Javadian et al. showed that scFv 
could be expressed in different strains of E. coli, including 
BL21 Star™ (DE3), Shuffle, and Origami, in a fully func-
tional and soluble configuration [50]. Moreover, as periplas-
mic is a tiny space between the cytoplasm and cell wall, the 
expression yield is lower than cytoplasmic expression [51]. 
Since our result showed a fully functional and soluble scFv 
in BL21 Star™ (DE3), we pursued this system to obtain 
the maximum yield. The yield of G7 was 1.2 ± 0.3 mg/L 
of the culture. Using the purification protocol mentioned 
above, > 95% purity was obtained according to SDS-PAGE 
gel stained with Coomassie Brilliant Blue R250 (Fig. 4B).

Next, we used an enzyme-linked immunoadsorbent assay 
(EIA) to determine the affinity of selected scFv to CD20. 
The method was initially developed by Beatty et al. [52, 53] 
has been corroborated by many different studies [54–56]. 
Here we calculated Ka, the concentration at which the 
antibody of interest occupies 50% of epitopes. The higher 
the Ka, the higher the affinity. As suggested by Beatty el 
al., CD20 was coated in two different concentrations to 
achieve maximum precision (Fig. 4C). The calculated affin-
ity based on the approach developed by Beatty et al. was 
63.41 ± 3.9 nM. While nanomolar affinity antibodies are 
always preferred, some papers revealed the antibodies with 
moderate affinity showed a superior tumor penetration and 
distribution compared to high-affinity ones [57, 58].

Next, we used the purified G7 scFv in western blot to 
detect CD20, using rCD20 (Fig. 4D, line 1), K562 (Fig. 4D, 
line 2) and Raji (Fig. 4D, line 3) cell lysates. The result 
showed that the selected scFv could bind to denature CD20. 
This result proved that G7 detects a linear epitope on the 
larger loop of CD20. No band was detected in K562 cell 
lysate as this cell line was CD20─. Finally, we studied the 
sensitivity of G7 scFv in detecting CD20. In this approach, 
400 ng of purified scFv was incubated with different con-
centrations of rCD20. Then, the blocked scFvs were used 
in ELISA to bind coated rCD20. The maximum signal, 
100%, was obtained when G7 scFv was blocked with 0 ng of 
rCD20, and the lowest signal was obtained for 65 ng rCD20. 
As 10% of signal dropped when G7 scFv was incubated with 
2 ng/ml of rCD20, the sensitivity was calculated 2 ng/ml of 
rCD20. This result demonstrates that G7 scFv can detect as 
low as 2 ng/ml of CD20.

The binding efficiency of G7 scFv to CD20.+ cell line

Here, we used ELISA to study the specificity of G7 scFv 
in binding to non-related and closely related proteins. As 
shown in Fig. 5A, the selected scFv showed maximum bind-
ing to rCD20 and commercial CD20, while insignificant 
interaction was recorded with CD19 (Abcam, USA) as a 
closely related receptor on B cells. As both rCD20 and the 
commercial one contained his tag, we also included com-
mercial 10X his tag peptide to show no interaction between 
G7 scFv and his tag. The result shows the baseline OD for 
10X his tag stained with G7 scFv. Furthermore, as the com-
mercial CD20 used in the phage display was fused to GST 
tag, we also included the commercial GST tag in this study 
to ensure no interaction with GST moiety. Furthermore, the 
result also showed that G7 scFv had no interaction with non-
related proteins including, skimmed milk, BSA, and casein.

Flow cytometry was performed further to characterize the 
binding of G7 scFv to CD20. The advantage of flow cytom-
etry over ELISA is that CD20 expressed on CD20+ cells is 

Fig. 5   The specificity of G7 scFv was studied by ELISA and flow 
cytometry. A the ELISA result proved that G7 specifically interacted 
with the large loop of CD20, while no interaction was recorded for 
GST and 10 × his tags. B–G to show the specificity of anti-CD20 
scFv, Raji (CD20+) and K562 (CD20—) cell lines were stained with 
Rituximab and G7 scFv. The flow cytometry histograms proved that 
G7 scFv was specifically bound to CD20+ cell line while the base-
line interaction was observed with CD20— cell line. H the bar chart 
illustrating the mean fluorescence intensity (MFI) of each sample. As 
shown here, the MFI of Raji cells stained with G7 scFv and Rituxi-
mab were statistically higher that isotype (p-value 0.0005)

◂
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in native conformation. In this experiment, Rituximab was 
used as a positive control, which interact with CD20 large 
loop. Two cell lines were selected, Raji (CD20+) and K562 
(CD20—) cell lines. As shown in Fig. 5B and E, the gating 
was applied based on isotype to eliminate any background 
and non-specific binding of the secondary antibody. Next, 
G7 scFv showed specific binding to Raji cell and shifted 
the histogram between 101 and 102, and 71.9% of the cells 
were positive Fig. 5F, while only 5.95% of K562 cells were 
positive Fig. 5C. This clearly shows that the binding of G7 
scFv is highly specific. Binding to 5.95% of K562 cells 

was not due to the non-specific binding of G7 scFv to other 
receptors because using Rituximab also revealed a simi-
lar result, 17.2% positive K562 cells (Fig. 4D). Although 
K562 cell line is considered a CD20—, it might express a 
very shallow level of this receptor. Staining Raji cells with 
Rituximab showed a significant shift toward 103, almost two 
folds more than G7 scFv, and 93.4% cells became positive 
Fig. 5G. Furthermore, the analysis of the mean fluorescence 
intensity of cells stained with antibody showed that G7 scFv 
and Rituximab caused a significant (pvalue 0.0005) shift of 
the histogram to the right side, while two aforementioned 

Fig. 6   The tertiary structure 
of G7 scFv and its docking to 
CD20 receptor. A sequence of 
heavy and light chain of G7 
scFv. B the 3D structure of G7 
scFv was modeled so as to visu-
alize the structure of the protein. 
As shown here, the structure 
of G7 scFv is close to the 
structure of all scFvs, includ-
ing VH and VL. The 3D model 
clearly shows that each variable 
domain is composed of several 
anti-parallel β-strands upheld 
by some protruded loops. C 
the interaction of G7 scFv and 
CD20 was modeled by ClusPro 
server. The model illustrated 
that scFv (red) interact with 
CD20 (blue). H-CDR, variable 
heavy chain CDR L-CDR, vari-
able light chain CDR



Medical Oncology (2022) 39: 177	

1 3

Page 13 of 14  177

antibodies did not boost the MFI in K562 compared to iso-
type (Fig. 5H).

In‑silico analysis of G7 scFv unveiled tertiary 
structure and interaction with CD20

After in-vitro characterization of G7 scFv in depth, we 
studied the tertiary structure of G7 and its interaction with 
CD20 molecule. As scFv is composed of one VH and on 
VL domain, it has totally six complementary determining 
regions (CDRs) and eight frameworks (Fig. 6A). The 3D 
structure of G7 scFv presented a root-mean-square deviation 
(RMSD) of 0.284 ångström (Å), which revealed insignifi-
cant structure modification compared to the native model 
(Fig. 6B). This structure clearly revealed antiparallel β-sheet 
connected through some loops. Furthermore, the interac-
tion of G7 scFv with CD20 was modeled using Z-Dock. As 
illustrated in Fig. 6C, G7 can engaged to large loop of CD20.

Conclusion

Herein, we report isolation and characterization of high-
affinity scFv targeting large loop of CD20 through phage 
display using human naïve antibody repertoire. Human anti-
body lacks any foreign amino acid sequences that may lead 
to immunogenicity. The interaction of G7 scFv to CD20 
was characterized by ELISA, western blot, and flow cytom-
etry. Next, the affinity of G7 scFv was calculated around 
63.41 ± 3.9 nM and sensitivity of 2 ng/ml. These results 
collectively illustrated a high-affinity interaction between 
G7 scFv and CD20. As the G7 scFv was isolated from the 
human antibody library, no further humanization step is 
required. scFv are miniaturized antibody fragments that can 
be applied to a wide range of clinical applications such as 
BiTE (bispecific T-cell engager), BiKE (bispecific NK-cell 
engager), chimeric antigen receptor (CAR) T and NK cells, 
nanomedicine, and many more. As mentioned above, G7 
scFv can directly be used in clinics without further modi-
fication. Nonetheless, some experiments are yet to be done 
regarding pharmacokinetics and pharmacodynamics, toler-
ability, and therapeutic index of G7 scFv. Furthermore, the 
serum half-life of this molecule must be determined to opti-
mize this molecule for tumor immuno-imaging.
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