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Introduction: B-cell lymphoma, a malignant proliferative disease originating
from lymphoid tissue, poses a grave threat to human health. CD20 has
emerged as a promising target for lymphoma treatment. However, due to the
significant heterogeneity of B-cell lymphomas, conventional CD20 monoclonal
antibodies show limited penetration, severely impeding the progress of B-cell
lymphoma therapies.

Methods: In contrast, single-domain antibody molecules derived from
cartilaginous fish have a molecular weight as small as 12 kDa, granting them
robust penetration capabilities and making them the smallest known molecules
of efficiently targeting specific antigens.

Results: As a result, these molecules hold tremendous potential as candidate
drugs for lymphoma treatment. In this study, the whitespotted bamboo shark
(Chiloscyllium plagiosum) was immunized with recombinant human CD20 to
generate specific single-domain antibodies (sdAbs) targeting CD20. By utilizing
phage display technology, the variable new antigen receptors (VNARs) were
successfully screened and identified, and play an important role in the inhibition
of Raji lymphoblastoma.

Discussion: The sdAbs obtained through this research represent promising
candidates for B-cell lymphoma treatment, displaying significant potential for
clinical applications and offering a new direction for the development of targeted
therapies against lymphoma.
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1 Introduction

B-cell lymphoma accounts for more than 80% of all lymphomas
and can manifest in various locations within the human body (King
and Myatt, 2014). Research has consistently demonstrated that over
95% of B-cell lymphomas exhibit abnormally high expression of
CD20, characterized by a dense distribution on the cell surface
(Pavlasova and Mraz, 2020). CD20, also known as B-lymphocyte
surface antigen Bl, is a non-glycosylated protein predominantly
found on the surface of B-lymphocytes. Its expression begins during
early B-cell development and persists throughout the mature B-cell
stage, but it diminishes after differentiation into plasma cells.
Importantly, CD20 is not expressed in hematopoietic stem cells
or other normal tissues (D’Amico et al., 2019; Engelhard, 2016).
Comprising 297 amino acids, the molecular weight of the CD20
protein varies depending on the degree of phosphorylation, ranging
from 33 to 37 kDa. It is a member of the MS4A (membrane-
spanning 4-domains subfamily A) protein family (Tedder
et al., 1989).

The primary role of CD20 lies in regulating B-lymphocyte
proliferation and differentiation. When antibodies bind to CD20,
they generate signals that control cell growth and induce apoptosis
in various cells, including tumor cells, thereby promoting tumor cell
death. In its natural state, CD20 does not form heterooligomers
(Zuccolo et al., 2013) but exists as homodimers and homotetramers
on the cell surface, engaging in signal transduction alongside other
cell surfaces and cytoplasmic proteins (Bubien, 1993; Polyak et al.,
2008). Furthermore, CD20 exhibits minimal internalization upon
antibody binding and remains largely associated with B cells
without being shed from their surface (Cragg et al., 2005). Due to
the absence of CD20 expression in hematopoietic stem cells, plasma
cells, and certain immature B cells, even if anti-CD20 monoclonal
antibodies eliminate tumor cells and potentially B cells, the host
immune function would be maintained as the number of B cells can
be promptly replenished (Maloney et al., 1994). Consequently,
CD20 represents an ideal target for antibodies and has been
clinically validated as a treatment target for B-cell malignancies
and autoimmune diseases (Marshall et al., 2017). However, the
biological functions of CD20 in B cells and its physiological ligands
remain unclear, warranting further research in this area (Pavlasova
and Mraz, 2020).

The CD20 protein comprises four hydrophobic transmembrane
domains and possesses an intracellular domain and two
extracellular loops, large and small, with both the N- and C-
termini located in the cytoplasm (Teeling et al., 2006; Anbouhi
etal,, 2012). The large extracellular loop, situated between the third
and fourth transmembrane domains, serves as the target binding
domain for the majority of anti-CD20 monoclonal antibodies. One
such specific monoclonal antibody, rituximab (RTX), binds to a site
consisting of residues 163-187 on CD20 (Teeling et al., 2006; Deans
et al,, 2002). Within the large extracellular loop of CD20, a critical
antigenic determinant cluster (170ANPS173) exists, where residues
A170 and P172 play a crucial role in forming the antibody-binding
epitope. These residues are essential for the interaction between
CD20 and the antibodies.
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Raji cells, a widely utilized leukemia cell line with high CD20
expression derived from patients diagnosed with Burkitt
lymphoma, serve as a vital instrument for investigating leukemia
and associated disorders. These cells are frequently utilized as a
model to explore the biology of B lymphoma, gene expression, drug
responsiveness, and the creation of innovative treatment
approaches. Raji cells can sustain propagation in laboratory
settings and display morphological features akin to lymphoblasts.

In 1995, Greenberg et al. (1995) discovered a novel
immunoglobulin antigen receptor in the nurse shark
(Ginglymostoma cirratum) called “immunoglobulin new antigen
receptor” (IgNAR), which bears structural similarities to camel
heavy chain antibodies. Unlike conventional antibodies, IgNAR is
devoid of light chains and is composed of five constant domains
(C1-C5) and one variable domain (V region) in each chain
(Zielonka et al.,, 2015). IgNAR binds antigens specifically through
its single heavy-chain variable region. Using molecular biology
techniques, researchers successfully cloned and recombinantly
expressed novel antibodies derived from IgNARs, namely variable
new antigen receptors (VNARs), while retaining their antigen-
binding activity (Kovaleva et al., 2014). Among cartilaginous fish
heavy chain antibodies, VNARs represent the smallest functional
antigen-binding fragments. Despite having a molecular weight of
only 12 kDa, recombinant VNAR molecules exhibit stability and
binding activity comparable to full-length antibodies. As a result,
VNARs currently stand as the smallest known molecules capable of
effectively targeting specific antigens found in nature (Zielonka
et al, 2015; De Silva et al, 2019). Unlike mammalian variable
domains, VNAR domains possess just two complementarity-
determining regions, namely CDR1 and CDR3 (Zielonka et al,
2015). The diversity of VNARSs primarily arises from CDR3, which
is exceptionally long, structurally complex, and plays a pivotal role
in antigen binding (Feige et al., 2014). VNARs exhibit excellent
unique properties, including stable quality, low production cost,
ease of preservation, and long half-life (Jiang et al., 2023). Thus, they
are particularly suitable for clinical applications (Qin et al., 2023)
such as immunoassays, molecular imaging (Traenkle and
Rothbauer, 2017), diagnosis, and treatment of tumors. The
previous study shows that single-domain antibodies (sdAbs)
binding to internalizing receptors such as HER2 can enhance
tumor retention of radioiodine (Feng et al, 2021). VNARs are
currently being explored through modifications and adaptations,
including combining with immunofluorescence, with a view to
meeting the requirements of cancer-based imaging tools.

In the present study, the whitespotted bamboo shark was used
as the experimental animal (Wei et al, 2021), and CD20 (NCBI
Reference Sequence: NP_068769.2) was selected as the immunogen.
Employing phage display technology, we conducted a screening to
identify anti-CD20 VNAR single-domain antibodies. Subsequent
investigations will focus on exploring the biological activities of
these sdAbs, which demonstrate specific binding to CD20. Given
their ability to selectively bind to CD20 and exert biological effects,
these sdAbs hold promising clinical applications in lymphoma
treatment, providing a novel direction for the development of
targeted drugs against lymphoma.
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2 Materials and methods
2.1 Human CD20 expression

The gene sequences of the CD20 between the third and fourth
transmembrane regions from humans were retrieved from the
National Center for Biotechnology Information (NCBI) databases.
The whole gene was synthesized and cloned into the pET-41b(+)
vector, with the GST and His tags fused at the 5 end (Nanjing
GenScript Biotechnology Corporation). The plasmids were
transformed into E.coli BL21 (DE3) cells for protein expression
and the single colonies that were regarded as correct were selected
and cultured in LB media with 50 ug/mL Kan.

When OD600 reached 0.4-0.6, the culture underwent 1 mM
IPTG induction and was cultivated for 4 hours for soluble protein
production at 37 °C. Induced and naive bacteria pellets were
respectively spun down at 4,000 rpm for 20 min at 4°C,
resuspended in 4ml PBS, and broken by ultrasound. Protein
extracts were collected by centrifugation at 12,000 rpm for 20
min at 4°C. The CD20 protein extracts containing GST-tag were
filtered using a 0.22 um filter membrane and were purified by GST-
tag Purification Resin (Beyotime). Endotoxins were removed from
the purified protein using a high-capacity endotoxin removal spin
column (Thermofisher), and following the endotoxin removal
procedure, the EU concentration of the purified protein samples
was diminished to less than 5 EU/mL. The dissolved protein was
detected by Western blot and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

2.2 Shark experiments

Healthy male bamboo sharks (Chiloscyllium plagiosum) with
body lengths of 50-60 cm and body weights of approximately 600 g
were purchased from the coastal area of Zhangzhou City, Fujian
Province, China, kept in Zhejiang, and used as the experimental
animals. The animals were given blood or immunized following a
sufficient period of acclimatization (approximately 1 or 2 weeks) so
that the sharks could determine the size of the tank and not hit the
tank with their heads during swimming. During the immunization
period of this study, the animals were reared in a laboratory marine
fish culture system with a salinity of 1.018-1.025 and a temperature
of 22-25°C and fed 2-3 shrimps per week regularly. The sharks were
sedated with MS-222 prior to any procedure. As a result, the
swimming speed of the shark gradually slowed and the gill
movement gradually decreased, and when the shark was not able
to turn over after turning it to be belly up, the shark was shown to be
successfully anesthetized.

The bamboo sharks were immunized with A/CD20 protein as an
antigen at each injection time in the immunization program.
ISA201 adjuvant (SEPPIC) was used as an immunopotentiator
and prepared as an antigen emulsion. The sharks were
immunized on a monthly basis for 6 months, and 100 ug of
antigen was injected with ISA201 adjuvant in each immunization.
Multiple injection spots were used to avoid tissue damage and
infection. Negative whole blood was collected before the study and 1
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month after all immunizations. Furthermore, 500 UL of blood was
taken 2 weeks after each immunization and placed in a refrigerator
at 4°C overnight. On the second day, the upper layer of serum was
sucked out carefully, centrifuged at 1000 rpm and 4°C for 15 min,
and stored in an empty EP tube before storage at -80 °C. After
immunization, the shark was dissected and the spleen was removed
and stored at -80 °C. All the sharks were maintained under specific
pathogen-free conditions and used in accordance with the animal
experimental guidelines set by the Institutional Animal Care and
Use Committee. This study was approved by the Institutional
Animal Care and Use Committee of Zhejiang Sci-Tech
University, Protocol no. 202001066.

2.3 Evaluation of immune effect

The changes in antibody levels in shark serum after
immunization were detected using an ELISA. 96-well plates were
coated with CD20 with respective concentrations of 2 ug/mL and
incubated overnight at 4°C. After washing in 0.05% PBST and
blocking by 1% BSA, serum, diluted to 1:100, 1:200, 1:400, and
1:800, was added to each immune tube and incubated for 1 h at
37°C. After washing three times, rabbit polyclonal antibody against
VNAR prepared by our laboratory, diluted to 1:2000, was added to
each immune tube and incubated for 1 h at 37°C. Goat anti-rabbit
lgG (Sangon Biotech, Shanghai) was then diluted to 1:5000 and
incubated for 1 h at 37°C. After the final wash, the samples were
further incubated in the dark with a freshly prepared TMB Single-
Component Substrate solution (Solarbio, Beijing) for 15 min at 37°
C to develop the signals. After the stop solution (2M H,SO,4) was
added, the plates were read at 450 nm on a plate reader.

2.4 VNAR library construction

Using the TRIzol method, total mRNA was extracted from the
spleen after the bamboo sharks were immunized and the concentration
was measured using optical density at 260 nm. The VNAR fragments
were obtained after polymerase chain reaction (PCR) amplification of
the cDNA using specific primers (Tables 1 and 2). The PCR products
corresponding to VNAR genes were analyzed using 1% agarose gel
electrophoresis. The PCR products were then digested with the Sfil
restriction enzyme, and inserted into the phagemid p3RdV with T4
ligase. Using electroporation, recombinant plasmids were transformed
into MC1061F cells and plated onto 2 x YT-Agar plates (1.6%
tryptone, 1% yeast extract, 0.5% NaCl, 1.5% agar, 1% glucose)
containing 15 pg/mL tetracycline and 100 pg/mL carbenicillin and
cultured at 37°C overnight.

2.5 Selection of CD20-Specific VNAR using
phage ELISA elutriation

Three rounds of panning were performed. The 96-well plates

coated with 5 mL of CD20 with respective concentrations of 5 pg/
mL (round 1), 2 pg/mL (round 2), and 1 ug/mL (round 3) were
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incubated overnight at 4°C. After washing and blocking with 3%
BSA (round 1), a 0.05g/mL casein-blocking solution (round 2), and
a 2% no protein blocking solution (round 3), 100 pL of the amplified
phage display library (2x10"* pfu/mL) was added to each well and
incubated for 1 h at room temperature. In rounds 2 and 3, the
amplified phage display library was added with one-third of the
bound phages collected after the previous round of panning. The
unbound phages were removed by washing six times with 0.1%
PBST (round 1), 0.25% PBST (round 2), and 0.5% PBST (round 3).
The number of washes was increased to eight times for subsequent
rounds of panning. Phagemid particles were eluted, neutralized to
pH=7, and reinfected with MC1061F cells. After 30 min of
incubation on a shaker, the cells were plated onto 2 x YT plates
containing 1% glucose, 15 ug/mL tetracycline, and 100 pg/mL
carbenicillin and cultured at 37 °C overnight. The negative
control was a non-related phage, and the positive control was an
anti-CD20 antibody. The screening procedures were not repeated to
prevent additional false positive signals.

CD20-specific VNARs were demonstrated and screened using a
monoclonal ELISA and a phage ELISA. The antigen coating and
blocking solutions are referred to in section 2.3. A total of 88
MCI1061F clones were randomly selected, and the phage
supernatants containing the VNAR fragments were obtained
using the phage display technique. Thus, 100 uL phage
supernatant was added to each plate and the binding ability was
detected using an HRP-conjugated mouse anti-flag antibody.
Meanwhile, the phage library and specific binding phage particles
obtained by three rounds of panning with 4-fold gradient dilution
were added to the phage ELISA plate, and the binding ability was
detected by an HRP-conjugated mouse anti-M13 antibody.

The positive clones were identified using a monoclonal ELISA,
and the bacterial solution was sent for sequencing. According to the
sequencing results, CD20-specific VNAR sequences were screened
out. A microplate reader AMP-100 was purchased from Hangzhou
Allsheng Instruments Co., Ltd. (Hangzhou, China). The read-out
range was 0~4.000 Abs and linearity was [0.000~3.000
Abs] R%>0.995.

2.6 Soluble CD20-specific VNAR
production and purification

According to the DNA sequencing results, CD20-specific
VNAR sequences with His tags in the N-terminal and C-terminal

TABLE 1 Nested PCR first-round primers.

10.3389/fmars.2024.1498223

were cloned into pET-28a (+) and were transformed into E. coli
BL21 (DE3) cells. The VNARs that could not be soluble expressed
were also cloned into pET-41b(+) and transformed into E. coli BL21
(DE3) cells. Soluble VNARs containing His-tags were purified from
the cell lysate by Ni-NTA resin, and soluble VNARs containing
GST-tags were purified from the cell lysate by GST resin. The
proteins produced and purified are shown in Table 1.

2.7 Detection of VNAR Affinity by ELISA

The VNAR was serially dilution from 3.5 uM to 0.01 fM in the
ELISA coating buffer. CD20 was used as a specific binding molecule
and for the antigen coating and blocking solution, please refer to
section 2.3. Furthermore, 100 uL of commercial anti-CD20
antibody at 31.25 ng/ml was added to each plate, and binding
ability was detected using an HRP-labeled Goat Anti-Mouse IgG (H
+L) antibody diluted to 1:1000.

2.8 Cytotoxicity detection

Raji cells were centrifuged at 1,000 rpm for 3 min to collect cells.
Then, 1 mL RPMI-1640 was added to the sediment and
resuspended for adequate dissolution, and cell counts were
performed. Subsequently, 96-well plates were coated with 5x10°
Raji cells/well and cultured overnight in a 5% CO, incubator at
37°C. The purified VNARSs were added to the 96-well plate so that
the final concentrations were 5 UM, 500 nM, and 50 nM, 100 pL/
well. The negative control was a non-correlated VNAR with a final
concentration of 5 UM, and 1xXPBS was added to the blank control.
Ten PLCCK-8 were added to each plate after 48 h of culturing in the
cell incubator. After that, the 96-well plates were cultured in the cell
incubator for 3 h, and the plates were read at 450 nm on a
plate reader.

2.9 Detection of VNAR binding capacity to
lymphoma surface CD20

Raji cells were centrifuged at 1,000 rpm for 5 min to collect cells.
After washing two times with PBS, 500 UL PBS was added to the
sediment and resuspended for adequate dissolution. Then, 50 UL
cell drops were taken and added to adhesive slides and settled for 2

Primer ID Sequences (5 to 3)

GTTATTACTCGCGGCCCAACCGGCCATGGCCCTTTCRKKCCTTTCAACCWGGTTACCAAATG

IgNAR-F9
IgNAR-F10 GYGCAGAAACAATGAATATTTTCT (Wei et al,, 2021)

IgNAR-R5 GGTGATGGTGCTGGCCGCGGTGGCCACTAGTGAAATCCRTTTGCYCTCTGTTCTTC
IgNAR-R7 GGTGATGGTGCTGGCCGCGGTGGCCACTAGTCCTCTCTGTTCTTCRGTTGCAGAGT
IgNAR-R8 GGATAGTAYCCGSTRATSAGACA (Wei et al, 2021)
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TABLE 2 Nested PCR second-round primers.

Primer ID Sequences (5’ to 3)

10.3389/fmars.2024.1498223

IgNAR-F2 GTTATTACTCGCGGCCCAACCGGCCATGGCCACAAGAGTAACTCAAACACC
IgNAR-F3 GTTATTACTCGCGGCCCAACCGGCCATGGCCGCATGGGTAGACCAAACACC
IgNAR-F5 GTTATTACTCGCGGCCCAACCGGCCATGGCCGCWYGRGTGGACCAAACACC
IgNAR-F6 GTTATTACTCGCGGCCCAACCGGCCATGGCCACAAGRGTARMYCAAACACC
IgNAR-F7 GTTATTACTCGCGGCCCAACCGGCCATGGCCGCTCGAGTGGAYCAAACACC
IgNAR-F8 GTTATTACTCGCGGCCCAACCGGCCATGGCCRCAWGGGTRGACCAAACACC
IgNAR-F10 GTTATTACTCGCGGCCCAACCGGCCATGGCCTCAAGGATTGATCAAAAACCGAGA
IgNAR-F11 GATGTGCAGCTGCAGGAGGGGTTGAACAAACACCGACA (Wei et al., 2021)
IgNAR-R6 GGTGATGGTGCTGGCCGCGGTGGCCACTAGTTTTCACGGTCAGTCCGGTGCCAGTT
IgNAR-R8 GGTGATGGTGCTGGCCGCGGTGGCCACTAGTCACAGTCAGAATGGTGCCGCC
IgNAR-R9 GGTGATGGTGCTGGCCGCGGTGGCCACTAGTCACAGTCAGAAYGGTGCCRCT
IgNAR-R10 GGTGATGGTGCTGGCCGCGGTGGCCACTAGTCACTGCCAGAAAAGTGCCTCT
IgNAR-R11 CTAGTGCGGCCGCAATCCATTTGCCCTCTGTTCT (Wei et al., 2021)

h. After the liquid on the slides was discarded, 50 uL 4%
paraformaldehyde fixing solution was added and incubated at
room temperature for 20 min. The adhesive slides were washed
four times with PBS for 5 min each time. After blocking with 5%
BSA for 1 h and washing with PBS four times, 50 uL of 50 ug/mL
VNAR was added and incubated at 4°C overnight. Furthermore, 50
UL His-tag mouse monoclonal antibody diluted to 1:200 was added
and incubated for 1 h at room temperature. After washing with PBS,
50 UL Alexa Fluor 488-labeled goat anti-mouse IgG (H+L) diluted
to 1:500 was added and incubated for 1 h at room temperature away
from light. After washing with PBS and ddH,O, DiL dye with a
working concentration of 5 UM was added and dyed at 37°C for 20
min. After washing with PBS, the samples were placed under an
inverted fluorescent microscope to view the results. A TE2000-U
inverted microscope was purchased from the Nikon Corporation
Healthcare Business Unit (Shanghai, China). The filter
magnification is 100x and the wavelength is 488 nm.

2.10 Statistical analysis

For all the results, data were analyzed using GraphPad Prism 8
and the one-way ANOVA statistical method.

3 Results

3.1 Preparation of hCD20 and
immunization of Chiloscyllium plagiosum

To obtain anti-CD20 VNAR single-domain antibodies, we used
the purified extracellular truncated peptide of CD20, encompassing
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the domain positioned between the third and fourth
transmembrane regions, as the antigen, expressed via the E. coli
expression system (Figure 1A). The purification and identity of the
CD20 protein derived from the bamboo shark were further
confirmed through Western blot analysis (Figure 1B).
Subsequently, the antibody titers in the serum of bamboo sharks
immunized with recombinant CD20 were assayed using an
enzyme-linked immunosorbent assay (ELISA) (Figure 1C). The
results indicated a gradual increase in serum antibody levels with an
escalating number of immunizations, yielding a robust immune
response. Additionally, glutathione S-transferase (GST) and
histidine (His) tags were incorporated into the recombinant
antigen to enhance its immunogenicity and protein expression,
while ensuring no interference with the protein’s functional
activity (Figure 1D).

3.2 The screening of the specific anti-
CD20 VNARs

Total RNA was extracted from the spleen after immunization
of the bamboo shark with the CD20 protein. The VNAR encoding
gene fragments were then amplified by nested PCR with
approximately 500-600 bp fragments (Roundl) and 200-400 bp
fragments (Round2) purified with gel extraction, which were then
inserted into p3RdV vectors and electroporated into MC1061F
cells. After obtaining the anti-CD20 VNAR phage-displayed
library, the library capacity and the insert ratio were then
determined. The correct insert ratio was approximately 100%
through the colony PCR assay, and the library capacity reached
approximately 2.7 x 10° colony-forming units (CFU). Three
rounds of panning were performed and CD20-specific VNARs
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FIGURE 1

Preparation of the CD20 antigen and evaluation of the immunization effect of bamboo shark. (A) Sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of CD20 purification using GST-tag Purification Resin. (B) The identification of purified CD20 protein from the
bamboo shark was validated by Western blot. (C) ELISA was used to detect the changes in antibody levels in the shark serum after different
immunization times. (D) The schematic depiction illustrates the closed region of hCD20 (NP_068769.2). Specifically, the antigen fragment was
cloned, encompassing amino acid residues ranging from the 140N to the 189L positions, utilizing a GST-His tag for facilitated purification and
detection. This cloned fragment was subsequently expressed in E. coli via the pET-41b(+) vector. **, p < 0.01; ***, p < 0.001; ns, not significant.

were demonstrated and screened by a phage ELISA (Figure 2A)
and a monoclonal ELISA (Figure 2B). The results of the phage
ELISA showed that the phages that could bind CD20 were
gradually enriched through three rounds of panning. At the
same time, combined with the color rendering of the negative
sieve plate, the results of the monoclonal ELISA showed that the
number of positive clones gradually increased with the increase in
panning times, and the number of positive clones in the third

round of panning was much more than that in the first and second
rounds, further proving that the specific sequences were gradually
enriched with the three rounds of panning. Overall, these results
indicated that a CD20-specific, phage-displayed VNAR library
was successfully established. The positive clones were sequenced,
and the five VNAR sequences with the most frequent occurrences
were selected for subsequent experiments; the results are shown
in Figure 2C.
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CD20-G3 : SRIDCKPRTITKETGESLTINCVLKGSRYAFCNAYWYF Y RISDLRVEDSGTY. IGNYVGGGTILTV : 109

CD20-F11 : SRIDCKPTTTTKEAGESLTINCVLKGSMCALGSTYWYF'

ESFSLRISDLRVEDSGTY. QLGC-YTPGSYS--YEGGGTILTV : 107

SRIDCKPrTATKEtGESLTINCVLE  yAl tyWY TK dATK 63

FIGURE 2

GGRYSeT N SkSFSLRESDLRVED3GLYHC a YeGGGTELTV

Anti-CD20 VNARs were selected by phage display panning. (A) The enrichment between specific VNARs and CD20 was detected by phage ELISA in
three rounds of panning. (B) Independent clones (randomly picked from 1sp, 2sp, 3sp) were tested for their ability to bind to CD20 by ELISA. (C)
Amino acid sequence alignment of anti-CD20 VNARs. CDR denotes a complementarity-determining region; HV denotes a hypervariable region.
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3.3 CDR3 regions of the candidate VNARs
that bind to CD20

The molecular docking ability with CD20 of the five candidate
VNARs was simulated using ZDOCK (Figure 3). The results
showed that the CDR3 region of the five candidate VNAR
sequences could bind to dimerized CD20, and the binding site
was located in the large extracellular ring region of CD20.

3.4 Recombinant expression of the
screened VNARs

To determine the VNAR single-domain antibody binding and
blocking activity, the five candidate anti-CD20 VNARs, F9, G3, C9,
E3, and F11, were produced in an E. coli BL21(DE3) strain. Ni-NTA
resin was used to purify the F9 and G3 VNAR proteins from the E.

*«( DCDTSWDL
GYYEGGH

FIGURE 3

10.3389/fmars.2024.1498223

coli supernatants (Figure 4A). GST-tag purification resin was used
to purify the C9, E3, and F11 VNAR proteins which were fused and
expressed with a 26 kDa GST-tag (Figure 4B). SDS-PAGE analysis
showed good quality with more than 90% purity after purification.

3.5 The affinity of the targeted VNARSs

To measure the affinity of the screened VNARs with CD20, a
double antibody sandwich ELISA experiment was performed. The
experimental results showed a good concentration gradient-
dependent effect as the readings were 2.1 times higher than
negative (Figure 5A, Supplementary Figure S2). The five VNARs
and CD20 had good binding activity in vitro, among which F9 had
the best binding activity. A non-related VNAR was used as the
control group in the ELISA. The EC50 of the screened VNARs was
calculated using the curve fitting method (Figure 5B).

Surface representation of the five VNARs and CD20 (PDB ID: 6VJA) on CD20. (A) CD20-C9 (purple) and CD20 extracellular macrocyclic regions
(pink) on the dimeric CD20 (green). (B) CD20-E3 (purple). (C) CD20-F9 (purple). (D) CD20-F11 (purple). (E) CD20-G3 (purple). The CDR3 region

sequence in the VNARs is indicated by a red box.

M 1

%
55 ¢
40
35
25

kDa

10

FIGURE 4

(5]

SDS-PAGE analysis of the five candidate VNARs' purity using GST-tag Purification Resin. (A) SDS-PAGE analysis of two candidate VNARs' purity using
Ni-NTA resin. (B) SDS-PAGE analysis of three candidate VNARs' purity using GST-tag Purification Resin. (The target VNARs were fused and expressed

with a 26 kDa GST-tag).
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The affinity between VNARs and CD20 was detected using a double-antibody sandwich ELISA. (A) In vitro binding affinities of recombinant anti-

CD20 VNARs at various concentration gradients to CD20. (B) The EC50 of

3.6 The screened VNARs inhibited the
activity of Raji cells

In order to detect the anti-Raji lymphocyte activity of the
VNARSs, the survival rate of Raji cells with different concentrations
of the recombinant VNARs was measured using the CCK-8 method
(Figure 6). As shown in Figure 6, F9, F11, and G3 all showed great
inhibition and an obvious concentration gradient effect. However, C9
and E3 were similar to the non-correlated VNAR, and the inhibition
effect was not strong. F9, F11 and G3 were selected for
subsequent experiments.

A

=

each screened VNAR.

3.7 The screened VNARs can directly bind
to the Raji cells with high CD20 expression

The ability of the VNARs to bind to Raji cells with
high CD20 expression was demonstrated using a cellular
immunofluorescence assay (Figure 7). The cell membranes were
stained with Dil dye and gave off red fluorescence. Purified
VNAR-Alexa Fluor 488 combined with Raji cells produced
green fluorescence. The experimental results show that all three
VNARs could recognize and bind to CD20 on the surface of the
cell membrane.

Non-related VNAR CD20-C9
ns ns
P | e |
~ 150 s ~ 150 s = 150
g I 1 El contol S — EE control P EE control
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FIGURE 6

Results of the cytotoxicity assays. (A—F) Survival of Raji lymphoma cells treated with different concentrations of the recombinant VNARs. **, p < 0.01;

*** p < 0.001; ns, not significant.
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FIGURE 7

The targeted binding activities of the screened VNARs. The targeted binding activities of the screened VNARs were detected by cellular
immunofluorescence. (A—C) The binding analysis of purified CD20-F9-Alexa Fluor 488 to Raji cells. (D—F) The binding analysis of purified CD20-F11-
Alexa Fluor 488 to Raji cells. (G-1) The binding analysis of purified CD20-G3-Alexa Fluor 488 to Raiji cells. The membranes were red when DiL
stained and purified VNAR-Alexa Fluor 488 was green when bound to Raji cells

4 Discussion

CD20 has emerged as an ideal target for B-cell lymphoma
therapy, attracting significant attention due to its clinical
significance as a validated target for B-cell malignancies and
autoimmune diseases. The large extracellular loop, positioned
between the third and fourth transmembrane domains, is the
binding domain for numerous anti-CD20 monoclonal antibodies,
including RTX and ocrelizumab (Klein et al., 2021). However, the
full-length recombinant CD20 protein often tends to misfold and
aggregate when expressed in bacterial or cellular hosts (Anbouhi
etal, 2012). To address this challenge and ensure correct secondary
conformation, the recombinant expression of the CD20 large
extracellular loop is frequently employed as the antigen.
Nonetheless, due to its small size (only 5.5 kDa), the clonal
sequences between the third and fourth transmembrane regions
of hCD20 necessitate fusion with a protein (commonly using fusion
partner proteins) to enhance its antigenicity (Figure 1D). In this
study, the pET-41b(+) vector with a GST fusion tag was used due to
advantages such as facilitating simple purification, not interfering
with protein activity, and promoting soluble protein expression
(Frangioni and Neel, 1993). The expression of CD20

Frontiers in Marine Science

(NP_068769.2) with the GST fusion tag yielded proper expression
levels in the supernatant. Importantly, the antigen expressed and
purified in the supernatant retained the original antigenic epitopes,
enabling the generation of antibodies that specifically bind to these
epitopes following immunization.

Prior studies have demonstrated that attaining the desired
immune response in Chiloscyllium plagiosum may take
approximately 4-6 months (Kovaleva et al., 2014). Building on
preliminary findings from our laboratory, we observed that the
optimal immune effects could be achieved after 4 months of
immunization, involving a total of four immunizations with a 1-
month interval between each immunization. The experimental
results from this study were in line with previous findings,
indicating a significant increase in the titer of IgNAR in the
serum after the third and fourth immunizations, with the
immune process concluding after the sixth immunization. As a
result, the specific shark anti-serum with high IgNAR abundance
was successfully obtained.

The variable regions of sdAbs are highly soluble, stable, and
devoid of glycosylation and complex modifications, which facilitates
their easy cloning and expression in prokaryotic expression systems
(Muyldermans, 2013). Prokaryotic expression allows for the
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efficient and cost-effective production of sdAbs in large quantities,
with a straightforward process that enables the rapid generation of
specific single-domain antibodies. The antigen-binding affinity tests
of the recombinant VNARs revealed a clear concentration gradient
effect, and all five VNARs exhibited robust in vitro binding activity
to CD20. Anti-CD20 VNAR specificity was highly active and only
exhibited a specific affinity for cells expressing CD20
(Supplementary Figure S1). Even when diluted to 0.05 puM, the
VNARs still maintained their binding activity. Further, cell
experiments demonstrated that among these VNARs, only CD20-
F9, CD20-F11, and CD20-G3 exhibited significant inhibitory effects
on Raji lymphoma cells, and subsequent immunofluorescence
experiments confirmed the specific binding of these three VNARs
to the CD20 protein on the surface of Raji lymphoma cells. By
comparing our results with those of existing studies (Lara et al.,
2022), we found that two VNARs, CD20-F11 and CD20-G3,
selected in our study could significantly inhibit Raji cells at a
concentration as low as 0.05 uM (750 ng/mL), which is nearly 7
times lower than the lowest inhibitory concentration of various
isotypes of rituximab for Raji cells. Moreover, the inhibitory effect of
the CD20-specific VNARs was independent of complement-
dependent cytotoxicity (CDC), thereby potentially broadening the
therapeutic application spectrum of such agents in targeting CD20-
positive cellular entities. These compelling results indicated that the
screening in this study identified three VNARs, namely CD20-F9,
CD20-F11, and CD20-G3, as possessing anti-human CD20 activity,
and their mechanisms of action hold promise as directions for
further investigation. CD20 is a promising therapeutic target for B-
lymphoblastoma, exhibiting remarkable clinical efficacy. However,
several limitations still need to be addressed. Notably, drug
resistance poses a significant challenge, as some patients may
develop resistance to anti-CD20 antibodies, leading to decreased
treatment efficacy or recurrence of the disease. Moreover, there is a
scarcity of therapeutic options for CD20-negative tumors, along
with potential adverse effects, limitations associated with high-dose
chemotherapy, and constraints due to antibody-dependent
cytotoxicity (ADCC). It is imperative to continue monitoring the
possible limitations and side effects of CD20-targeted therapies in
practical applications and to pursue the development of novel
therapeutic approaches and medications actively.

At present, VNAR technology exhibits a diverse array of
applications across various fields. Shark-derived VNARs are
emerging as a promising and non-toxic alternative to ochratoxin
A, as evidenced by recent research conducted by Xie et al. (2024).
Jiao et al. (2024) further demonstrated the substantial potential of
VNARs in detecting tropomyosin in food samples through the
application of lateral flow immunochromatographic assays. In the
context of disease treatment, sensitive detection of cancer
biomarkers plays a pivotal role in facilitating timely diagnosis and
effective treatment interventions. By constructing phage libraries of
VNAR anti-fetal protein and identifying VNAR with high detection
accuracy, (Wang et al,, 2024) have validated the robust
immunodiagnostic potential of VNAR. Additionally, Liu et al.
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have shown that VNAR could serve as a valuable candidate for
the prevention and treatment of SARS-CoV-2 infections.

As of now, research on VNAR-based drugs remains in the
preclinical stage. However, considering their unique physiological
and biochemical properties, the development of VNAR drugs for
targeted therapy holds tremendous potential and serves as a crucial
research focus in B-cell lymphoma treatment. The insights and
experimental groundwork provided by this study lay the
foundation for subsequent clinical research and the potential
application of single-domain antibodies in the treatment of clinical
anti-lymphoma.
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