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Abstract
COVID-19, caused by SARS-CoV-2, is currently spreading around the world and causing many casualties. Antibodies against 
such emerging infectious diseases are one of the important tools for basic viral research and the development of diagnostic 
and therapeutic agents. CR3022 is a monoclonal antibody against the receptor binding domain (RBD) of the spike protein 
(S protein) of SARS-CoV found in SARS patients, but it was also shown to have strong affinity for that of SARS-CoV-2. In 
this study, we produced large amounts of three formats of CR3022 antibodies (scFv, Fab and IgG) with high purity using a 
silkworm-baculovirus expression vector system. Furthermore, SPR measurements showed that the affinity of those silkworm-
produced IgG antibodies to S protein was almost the same as that produced in mammalian expression system. These results 
indicate that the silkworm-baculovirus expression system is an excellent expression system for emerging infectious diseases 
that require urgent demand for diagnostic agents and therapeutic agents.

Keywords Silkworm-baculovirus expression vector system · CR3022 antibody · scFv · Fab · IgG · SARS-CoV-2 · Spike 
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Introduction

In December 2019, coronavirus disease 2019 (COVID-19) 
caused by the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) broke out in Wuhan, China and 

rapidly spread around the world [1]. In May 2020, the 
WHO recognized it as a pandemic, more than 106 million 
people infected and 2.3 million people dead as of February 
10, 2020 [2]. In 2002 and 2012, two other human corona-
viruses, SARS-CoV [3] and MERS-CoV [4], have spread 
wide area. These three coronaviruses belong to beta-cor-
onaviruses, probably originated from bats, and have viral 
envelope with spike glycoprotein (S protein) [5–7]. The S 
protein is the major viral antigen and binds the host receptors 
and mediates virus-host membrane fusion when the virus 
invades the host cells [8, 9]. The structure and function of 
the SARS-CoV-2 S protein have been analyzed in detail by 
the previous studies [10] and revealed that its receptor bind-
ing domain (RBD) adopts receptor binding sensitive (open 
or up) or insensitive (close or down) conformations within S 
protein [11–13]. Both SARS-CoV-2 and SARS-CoV mainly 
use human ACE2 membrane protein as a receptor [9] and 
their amino acid sequences of RBD are highly conserved 
73% [14].

The monoclonal antibody CR3022, a neutralizing anti-
body targeting the RBD domain of SARS-CoV, was iso-
lated by screening using a phage display library constructed 
from blood of a convalescent SARS patient from Singapore 
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[15, 16]. Interestingly, the previous studies have shown that 
CR3022 is capable of binding to the RBD of SARS-CoV-2 
in which 24 of the CR3022 buried region (28 residues) are 
conserved between SARS-CoV and SARS-CoV-2 [17]. 
Recent report also demonstrated that CR3022 neutralizes 
SARS-CoV-2 through a neutralization mechanism that is 
not detectable in some assays [18], although other studies 
showed that CR3022 does not neutralize SARS-CoV-2 prob-
ably due to a single mutation, A384P, among the four uncon-
served residues [17, 19]. These studies suggest that CR3022 
could be useful for therapeutic regent against COVID-19, 
especially in combination with other neutralizing antibod-
ies. Structural and biochemical analyses revealed that the 
binding epitope of CR3022 does not overlap with that of a 
neutralizing antibody isolated from a SARS-CoV-2 patient, 
thus the multiple antibodies are able to bind to the S protein 
without competition [20, 21].

In therapeutic and serological applications of antibodies, 
in addition to IgG, which has high detection sensitivity and 
high affinity for antigens due to its avidity effect, scFv and 
Fab are used because of their simple structure, high produc-
tivity, and small molecular weight, which makes it easy to 
control chemical modification of proteins and fusion with 
large enzymes [22, 23]. Post-translational modifications are 
important for antibodies to have biological functions, espe-
cially glycosylation, and it has been reported that the lack of 
glycosylation actually lowers the affinity of antibodies to Fcγ 
receptors [24]. The E. coli expression system is simple and 
capable of expressing a large amount of protein, but not suit-
able for IgG production due to lack of the post-translational 
modifications such as disulfide bonds and glycosylation. 
Hence, the IgG is typically produced by transfecting expres-
sion plasmids into mammalian cells, such as CHO cells or 
HEK293 cells [25, 26]. However, the selection of stable cell 
lines expressing high amount of IgG is time-consuming, and 
transfection of large amount of plasmid is expensive when 
the commercially available kits are used. The baculovirus 
expression vector system (BEVS) using cultured insect cells 
is suitable for expressing eukaryotic proteins because of its 
post-translational modification is similar to that for mam-
malian cells. The BEVS using silkworm (silkworm-BEVS) 
is a more efficient system than that using the insect cells 
for expressing heterologous proteins. It is easy to scale up 
without evaluating growth conditions; simply increasing the 
number of silkworms rearing. In fact, our laboratory has 
successfully used the silkworm-BEVS to produce a variety 
of useful proteins [27–29].

In this study, we proposed that silkworm-BEVS is effec-
tive for rapid delivery of therapeutic and diagnostic agents 
against emerging infectious diseases, using the production of 
recombinant CR3022 antibody as an example. We produced 
more than 1 mg of CR3022 in different formats, scFv, Fab, 
and IgG, from silkworm serum and evaluated its binding 

affinity to the S protein of SARS-CoV-2. The results showed 
that silkworm-BEVS was effective in producing high quality 
and functional CR3022 antibodies.

Materials and Methods

Cell Culture and Silkworm Strain

Insect culture cells, BmN (Bombyx mori-derived cells) 
cells (Funakoshi Inc.), were cultured at 27 °C using IPL-41 
insect medium (Sigma, St. Louis, MO) containing 10% Fatal 
Bovine Serum (Gibco, Grand Island, NY). The f38 strain 
of silkworm used in this study was provided by the Genetic 
Resources Development Center, Faculty of Agriculture, 
Kyushu University supported by the National BioResource 
Project (NBRP). Silkworm larvae were reared by fresh mul-
berry leaves at 25 to 27 °C.

Construction of Recombinant Baculovirus

The single chain variable fragments (scFv) of CR3022 heavy 
chain (Hc) (GenBank: ABA54613.1) and light chain (Lc) 
(GenBank: ABA54614.1) linked by a flexible peptide linker 
(GGGGS × 3) was chemically synthesized (Integrated DNA 
Technologies Inc.). To construct gateway-based entry clones, 
the coding region of scFvs  (VHVL,  VLVH) were amplified by 
polymerase chain reaction (PCR) with KOD-Plus-Neo DNA 
polymerase (TOYOBO, Tokyo, Japan) using the primer 
sets (VHVL-F, R and VLVH-F, R, Table 1). The SalI and 
XhoI-digested amplicons were inserted into the modified 
pENTR11 (XhoI-digested pENTRL21c-TEV-H8S amplicon; 
our laboratory stocks) vector by Ligation High (TOYOBO, 
Tokyo, Japan). As described in our previous report [27], the 
lobster L21 sequence (L21) was used to enhance transla-
tion, the silkworm 30 K-signal peptide (30 K) to secrete 
CR3022 antibodies into silkworm sera, and the C-terminal 
His8-STREP double tag is used to facilitate purification. The 
resulting constructs were designated pENTR11-L21-30K-
VH(G4S)VL-TEV-H8S and pENTR11-L21-30K-VL(G4S)
VH-TEV-H8S, respectively. To generate the Fab (HFab and 
Lc) expression vectors,  CH1 and  CL region were obtained 
by PCR using the CH1-G-R, F and CL-G-R, F primer sets 
(Table 1) from the vector of our previous study [30], and 
then these regions were connected to  VH and  VL gene by 
the Gibson assembly method [31], respectively. Regarding 
the Hc of IgG (HFab-Fc) expression vector, the Fc region 
was connected to the HFab by PCR using Fc-G-F and Fc-
G-R primers in the same manner as above. The resulting 
constructs were designated pENTR11-L21-30K-HFab-TEV-
H8S, pENTR11-L21-30K-Lc-TEV-H8S, and pENTR11-
L21-30K-Hc-TEV-H8S respectively. As illustrated in 
Fig. 1b, the resulting constructs were then transferred to the 
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modified pDEST8/v-cath-EGFP vector (Invitrogen, Carls-
bad, CA, our laboratory stock) by the Gateway LR reaction 
to generate baculovirus transfer plasmid following the manu-
facturer’s protocol. The five recombinant baculoviruses were 
created using BmNPV/T3 bacmid DNA according to the 
previous study [32]. The bacmid DNA was then transfected 
into the BmN cell using Avalanche®-Everyday transfec-
tion reagent (EZ Biosystems, College Park, MD, USA) to 
produce the recombinant virus particles. The culture super-
natant was harvested as the P1 virus on the 5th day after 
cell transfection. The high-titer virus (P3) stock (~ 1 ×  107 
plaque-forming unit/ml) was prepared through a serial infec-
tion of baculovirus in cultured cells. All viruses for silk-
worm infections were kept at 4 °C in the dark until use.

Expression of Recombinant scFv, Fab and IgG 
in Silkworm Hemolymph

The recombinant baculovirus expressing the scFv (~ 1 ×  105 
plaque-forming unit per larvae) were injected into the 5th 
instar silkworm larvae (day 3). In the case of Fab and IgG, 
the two recombinant baculoviruses, expressing HFab and Lc 
or Hc and Lc, respectively, in different ratio were infected 
to BmN cells and all samples were prepared based on the 
method according to the previous study [27]. After optimiz-
ing the co-infection ratio of two recombinant baculoviruses 
using BmN cells, the recombinant baculoviruses expressing 
HFab and Lc or Hc and Lc were injected into the 5th instar 
silkworm larvae (day 3) at a ratio of 3:1. Silkworm hemo-
lymph was collected into a tube containing 20 mM 1-phenyl-
2-thiourea at 4 dpi and centrifuged at 9000 rpm for 10 min 
at 4 °C to remove insoluble matter. The supernatant sample 
was immediately frozen at − 80 °C.

SDS‑PAGE and Western Blotting Analysis

The expression of CR3022 antibodies in all samples was 
analyzed using sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) followed by Western blotting 

analysis. The samples were separated by 5–20% or 12% 
SDS-PAGE under the reducing or non-reducing conditions 
and transferred onto polyvinylidene difluoride (PVDF) 
membrane (Millipore, Billerica, MA), and further blocked 
in TBST buffer (20 mM Tris–HCl pH 7.6; 500 mM NaCl; 
0.1% w/v Tween-20) with 5% w/v skim milk. The membrane 
was incubated with HisProbe-HRP (1:5000) (Thermo Fisher 
Scientific, Waltham, MA) at 4 °C. The specific protein bands 
were visualized using the Super Signal West Pico Chemi-
luminescent Substrate (Thermo Fisher Scientific, Waltham, 
MA).

Purification of Recombinant CR3022 Antibodies

The purification procedure was performed using HisTrap 
excel column (GE Healthcare Bioscience, Piscataway, NJ) 
and Strep-Tactin HP column (IBA GmbH, Germany). This 
protocol for two-step affinity chromatography was previ-
ously optimized in our laboratory [27]. The clarified silk-
worm serum was diluted up to 50 mL by binding buffer 
(20 mM Tris–HCl pH 7.5; 0.5 M NaCl), and filtered through 
0.45 μm filters (Millipore, Billerica, MA) after centrifuged 
at 9000 rpm for 10 min at 4 °C. The sample was loaded onto 
a 5 mL HisTrap excel column, and after washing with 25 mL 
binding buffer containing 30 mM imidazole, the proteins 
were eluted with 12 mL and 15 mL binding buffer contain-
ing 100 mM and 500 mM imidazole, respectively. The eluted 
fractions containing antibodies were collected and concen-
trated to 5 mL by ultrafiltration using Amicon Ultra-15 10 K 
filters (Millipore, Billerica, MA).

Then, the sample removing excess imidazole was further 
diluted up to 50 mL by PBS and load onto a 5 mL Strep-
Tactin column. After the wash with 25 mL of PBS, the pro-
teins were eluted with 24 mL of PBS supplemented with 
2.5 mM desthiobiotin, then the fractions containing antibod-
ies were collected and concentrated to 2 mL by ultrafiltra-
tion using Amicon Ultra-15 10 K filters. The concentrated 
sample was dialyzed by PBS, and the final concentration of 

Table 1  List of primers used in 
this study

Primer name Primer sequence (5ʹ–3ʹ)

VHVL-F CAA ATG CAG TTG GTT CAG TCC GGT ACT GAG 
VHVL-R ggggGTC GAC TTA ATT TCC ACT TTG GTG CCT TGG CCG 
VLVH-F GAT ATA CAA CTG ACG CAG TCC CCA GACAG 
VLVH-R ggggCTC GAG ACA GTG ACT GTG GTT CCC TGT CCC CATAC 
CH1-G-F AAG GCA CCC TGG TCA CAG TCT CCT CAG CCT CCA CCA AGG GTC CAT CGG TC
CH1-G-R AGT ACA GGT TTT CGC CTG CAC TCG AGG CAC AAG ATT TGG GCT CAA CTT TC
CL-G-F GCA CCA AAG TGG AAA TTA AAC GTA CGG TGG CTG CAC CAT CTG TCT TCA TC
CL-G-R GCT TCA ACA GGG GAG AGT GTT AAG CCT CGA GTG CAG GCG AAA ACC TGT ACTTC 
Fc-G-F AAG TTG AGC CCA AAT CTT GTG ACA AAA CTC ACA CAT GCC CAC CGT GCC CA
Fc-G-R GAG CCT CTC CCT GTC TCC GGG TAA GTC GAG TGC AGG CGA AAA CCT GTA CTTCC 
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the protein was quantified by ImageJ using bovine serum 
albumin (BSA) as standard.

Spike‑Antibody Interaction Analysis by Surface 
Plasmon Resonance (SPR) Experiments

SPR experiments were performed using a Biacore X100 (GE 
Healthcare Bioscience, Piscataway, NJ) at 25 °C. SARS-
CoV-2 spike proteins were immobilized on a CM5 sensor 
chip (Cytiva, Tokyo, Japan) using standard amine-coupling 
chemistry. This SARS-CoV-2 Spike protein was expressed 
using a silkworm-baculovirus expression vector system and 
purified from silkworm serum using the two-step chroma-
tography as well as the recombinant antibodies. Immobiliza-
tion densities on flow cell 2 are ~ 2000 for CR3022  VHVL, 
 VLVH, and Fab and ~ 1000 RU for IgG, respectively. Flow 
cell 1 was left blank to serve as a reference surface. All the 
surfaces were blocked with 1 M ethanolamine, pH 8.5. A 
two-fold dilution series of the antibodies (15.6–250 nM of 
 VHVL,  VLVH and Fab, 0.63–10 nM of IgG) diluted in a run-
ning buffer (PBS with 0.005% Tween-20) was injected with 
a flow rate of 30 μL/min for 3 min followed by 10 min of 
dissociation step. The surfaces were regenerated with 30 s 
injection of 10 mM Gly-HCl, pH 2.5 followed by 30 s injec-
tion of 3 M  MgCl2. The data were fit to a simple 1:1 interac-
tion model using the global data analysis available within 
Biacore X100 evaluation software.

ELISA

ELISA was performed to examine the binding affinity of 
CR3022 IgG to S protein. The 96-well plate were coated 
with four concentrations of S protein (0.1, 1, 10, 100 ng) 
and incubated overnight at 4 °C. The plates were washed 
four times with 300 μL PBST (PBS with 0.1% Tween-20), 
blocked with 5% skim milk in PBST for 2 h at room temper-
ature, and then the four concentrations of purified CR3022 
IgG (0.01, 0.1, 1, 10 μg/mL) were added to the wells and 
incubated for 1 h at 37 °C. The plates were washed four 
times and incubated with Anti-Human IgG Fc which con-
jected with HRP (1:10,000) (#ab98624, Abcam, Cambridge, 

UK). After 1 h incubation at 37 °C, the plate was washed, 
developed with TMB substrate and the reaction was stopped 
by the addition of 2 N  H2SO4. Then the absorbance read at 
450 nm and 620 nm.

Results

Construction of the Recombinant Baculoviruses 
and Expression of scFv, Fab and IgG

To establish the low cost and efficient expression system of 
CR3022 scFv, Fab and IgG, we have generated 5 recombi-
nant baculoviruses shown in Fig. 1b as described under the 
Materials and methods. The Heavy chain (Hc) and Light 
chain (Lc) of CR3022 sequence were codon-optimized for B. 
mori s and were chemically synthesized. A signal peptide of 
a silkworm 30 kDa protein (30 K-signal peptide) was fused 
to the N-termini of the target proteins, and a lobster L21 
sequence was inserted upstream of the 30 K-signal peptide 
to increase the amount of protein translation. In addition, 
TEV cleavage site, His and STREP tag were fused to the 
C-termini of all constructs for purification, except for the 
Lc expression vector.

For scFvs  (VHVL,  VLVH) expression, the 5th instar silk-
worm larvae were infected with the corresponding recom-
binant baculoviruses. The expression of these antibodies 
in silkworm hemolymph was then confirmed by Western 
blotting analysis. As shown in Fig. 2a, b,  VHVL and  VLVH 
were expressed in silkworm hemolymph and their predicted 
molecular weight were approximately 30 kDa regardless of 
reducing or non-reducing conditions, respectively.

To optimize the expression of Fab and IgG as heterodi-
mer or heterotetramer, respectively, we varied the ratio of 
two viruses co-infected into BmN cells and confirmed the 
expression of them by Western blotting at 3 dpi (the virus 
combinations to express Fab and IgG are shown in Fig. 1b). 
Under the non-reducing conditions, it is demonstrated that 
the optimal infection ratio of the two recombinant baculo-
viruses, HFab and Lc for Fab or Hc and Lc for IgG, was 
3:1 in the medium of cultured BmN cells (Supplemental 
Fig. S1a, b). Therefore, this 3:1 of recombinant baculovi-
ruses co-infection ratio was used for the efficient expression 
of Fab and IgG in silkworm larvae. As shown in Fig. 2a, 
Lanes 3 and 4, the expression of the HFab of Fab or Hc of 
IgG with molecular weight of approximately 27 or 53 kDa, 
respectively, were confirmed by Western blotting (reducing 
conditions) in hemolymph of the 5th instar larvae at 4dpi. 
Furthermore, the assembled Fab and IgG were observed in 
the non-reducing conditions (Fig. 2b, Lanes 3 and 4). When 
the hemolymph of silkworm f38 strain was subjected to 
Western blotting analysis using His-probe, the non-specific 

Fig. 1  a Schematic diagram of the three formats of CR3022 antibod-
ies (Hc: heavy chain, Lc: light chain, HFab: N-terminal half of one 
heavy chain). In the scFvs  (VHVL and  VLVH), the antibody regions of 
the  VH and  VL are linked by a linker (3 ×  G4S). All three formats have 
a purification tag for facilitating purification. b Construction of the 
recombinant baculoviruses expressing the three formats of CR3022 
antibodies (scFv, Fab and IgG). The expression of them were under 
the control of the polyhedrin promoter (PH) and follow by an SV40 
polyadenylation signal (SV40). B1 and B2: recombination sites for 
Gateway cloning; L21: leader sequence for enhancing translation 
efficiency; 30  K: signal peptide of silkworm 30  kDa protein; TEV: 
tobacco etch virus protease cleavage site; 8xHis: 8 × Histidine tag; 
Strep: Strep tag

◂
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background signal was detected around 100 kDa in all lanes 
(Fig. 2, asterisk).

Purification of CR3022 Recombinant Antibodies 
from Silkworm Hemolymph

All four CR3022-derived antibodies successfully expressed 
in silkworm hemolymph were purified by two-step affin-
ity chromatography. As shown in Fig. 3, the affinity puri-
fication through His tag and Strep tag chromatography is 
simple and highly efficient; CBB staining of SDS-PAGE 
gel clearly shows that the recombinant CR3022 antibod-
ies could be purified with high purity. In the cases of Fab 
and IgG, the Lc without purification tags were detected in 

the same elution fractions with HFab and Hc at a molecu-
lar ratio of approximately 1:1 (Fig. 3c, d), suggesting that 
disulfide bonds between Lc and HFab or Hc are correctly 
formed. Moreover, in the Histidine affinity purification, the 
scFvs and Fab begin to elute in the binding buffer contain-
ing 100 mM imidazole, whereas most of the IgG elutes in 
the binding buffer containing 500 mM imidazole (Fig. 3d, 
Lane 5 and 6). Since the IgG molecule forming homodimer 
by disulfide bonds has two purification tags, it is expected 
to have strong binding affinity to nickel conjected agarose 
beads. These purified proteins were dialyzed against 1 × PBS 
and quantified. As a result, 2.34 mg of  VHVL, 2.64 mg of 
 VLVH, 1.44 mg of Fab, and 1.30 mg of IgG were purified 
from 10 ml of silkworm hemolymph, and the SDS-PAGE 
verifications for each purified antibody demonstrated that 
they were achieved in good purity, 95% for  VHVL, 98% 
for  VLVH, 93% for Fab, and 84% for IgG, respectively, as 
judged by image analysis of gels.

Binding Analysis of CR3022 Recombinant 
Antibodies

The binding affinity of CR3022 scFvs, Fab and IgG with 
SARS-CoV-2 Spike (S) protein was measured using sur-
face plasmon resonance (SPR) analysis (Fig. 4). The dis-
sociation constants (KD) of the  VHVL,  VLVH and Fab with 
the ectodomain of SARS-CoV-2 S protein (a.a. 1–1208; 
without furin cleavage site (residues 682–685) and proline 
substitutions at residues 986 and 987) [33] were 20.1 nM, 
27.8 nM and 45.4 nM, respectively (Fig. 4a–c). On the 
other hand, CR3022 exhibited a much higher affinity for S 
protein with the KD of 0.21 nM, which was approximately 
50–100 greater than Fab and scFvs (Fig. 4d). Furthermore, 
to evaluate whether the CR3022 IgG produced in silkworm 
are usable for ELISA, different amounts of S protein (0.1, 
1, 10, and 100 ng) were immobilized on a 96-well plate and 
its binding with CR3022 IgG was measured. As shown in 
Fig. 5, the CR3022 IgG was able to detect SARS-CoV-2 S 
protein in a dose-dependent manner. With 100 ng of S pro-
tein on the plate, the binding signal reached the plateau at a 
concentration of 1 μg/mL CR3022 IgG. In addition, when 
using 10 μg/mL IgG, the detection limit was ~ 100 pg of S 
protein (Fig. 5, inlet).

Discussion

Upon the emerging of infectious diseases spreading all over 
the world, it is important to urgently proceed with basic sci-
entific research on such pathogenic the viruses and micro-
organisms. These basic studies are indispensable for the 
development of diagnostic and therapeutic agents to prevent 
the diseases and protect our health. In particular, antibodies 
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Fig. 2  Expression of scFvs  (VHVL and  VLVH), Fab and IgG in silk-
worm hemolymph at 4 dpi under the reducing condition (a) and non-
reducing condition (b), respectively (Lane 1:  VHVL, Lane 2:  VLVH, 
Lane 3: Fab, Lane 4: IgG). These expressions were confirmed by 
Western blotting using HisProbe
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Fig. 3  Purification of the CR3022 antibodies from hemolymph of 
silkworm larvae infected or co-infected with recombinant baculovi-
ruses using the two-step affinity chromatography (a  VHVL, b  VLVH, 
c Fab, d IgG) as described in Materials and Methods. The arrows 
indicate the each of recombinant antibodies. IP: input; FT: flow-

through; WS: wash fraction; lanes 1–4: elution fractions by 100 mM 
imidazole; lanes 5–10: elution fractions by 500 mM imidazole; lanes 
11–19: elution fractions by 2.5  mM desthiobiotin. Protein samples 
from each step were resolved in 12% SDS-PAGE and visualized by 
Coomassie Brilliant Blue (CBB) R-250 staining
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specific for pathogenic microorganisms are one of the most 
important tools in these studies.

Using a Silkworm-BEVS, we produced three formats of 
CR3022 antibodies (scFvs, Fab and IgG) which have been 
first reported as a neutralizing antibody against the RBD of 
SARS-CoV and recently reported to bind strongly to that of 
SARS-CoV-2. The S protein, the major antigen of SARS-
CoV-2, is very similar to that of the previously prevalent 
SARS-CoV, with 73% homology in amino acid sequences 
of RBD, a target for diagnostic and therapeutic agents [34].

In this study, we produced more than 1 mg of four dif-
ferent recombinant CR3022 antibodies from 10 mL of silk-
worm hemolymph within a month (Fig. 3). Several expres-
sion systems were used to produce human scFv [35–37] and 
the E. coli expression system is one of the most suitable 

expression systems for mass production of scFv [38]. How-
ever, it is time-consuming to purify and refold the scFv 
expressed in E. coli from the inclusion body [39], whereas 
the silkworm-BEVS is capable of producing scFvs compa-
rable to the E. coli expression system without refolding. In 
addition, it is very difficult to produce Fab or IgG in E. coli 
which lacks post-translational modifications. Cultured mam-
malian cells also provide a platform for producing recom-
binant antibodies in large scale, but the screening of cell 
lines with high-expression and the modulation of culture 
conditions are time-consuming (minimum 12 months) [25]. 
Using silkworm-BEVS, it is possible to express and purify 
the biologically active Fab and IgG with correct disulfide 
bond formation in a much shorter time than mammalian cell 
expression systems. For CR3022 IgG, it has been reported 

Fig. 4  Binding affinity of CR3022 antibodies with S protein. The 
binding affinity of CR3022  VHVL (a),  VLVH (b), Fab (c) and IgG 
(d) with S protein were measured using surface plasmon resonance 

as described in Materials and Methods. The data were fit to a simple 
1:1 interaction model using the global data analysis available within 
Biacore X100 evaluation software
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that an expression level of 130 μg per gram of fresh leaf 
weight can be obtained using a transient expression system 
in plants [40]. In this study, 130 μg of purified CR3022 IgG 
was eventually purified and recovered from 1 mL of silk-
worm serum using silkworm-BEVS. Although it is difficult 
to make a simple comparison, these results suggest that the 
expression level is comparable or more equivalent to that 
produced in plants.

The SPR measurement showed that CR3022 IgG has 
higher affinity (KD = 0.21 nM) than  VHVL,  VLVH and Fab 
(KD = 20.1 nM, 27.8 nM and 45.4 nM, respectively). The 
previous study measuring the affinity of CR3022 antibod-
ies produced using the different expression system [14] 
revealed that the CR3022 scFv produced by E. coli had a 
KD of 6.3 nM with the RBD, which is higher than that pro-
duced by the silkworm-BEVS. This result may be caused by 
the differences in the antigens or in coupling methods; the S 
proteins were immobilized by amine-coupling in this study, 
and RBD was enzymatic biotinylated and immobilized onto 
a strept-avidin chip in the other studies. The  VHVL and  VLVH 
of CR3022 produced using silkworm-BEVS showed almost 
equivalent productivity of 2.34 mg and 2.64 mg per 10 mL 
of silkworm serum, respectively, while the affinity of  VHVL 
was slightly higher than that of  VLVH. Previous studies have 
shown that the productivity and affinity of  VHVL and  VLVH 
differ depending on the type of antibody [41, 42], and for 
CR3022,  VHVL was considered to be a more suitable form 
of scFv for diagnostic and pharmaceutical applications than 
 VLVH. It was also reported that the affinity of CR3022 Fab or 
IgG produced in mammalian cells with the RBD is 115 nM 
and < 0.1 nM, respectively [17]. The affinity of CR3022 IgG 
produced using silkworm-BEVS was almost the same as that 
in the mammalian cells at 0.21 nM. In contrast, the KD of 

CR3022 Fab produced using silkworm-BEVS (45.4 nM) 
is higher than that of produced using mammalian system 
(115 nM). The CR3022 Fab and IgG used in this study were 
designed to have two disulfide bonds (usually one) connect-
ing  CH1 and  CL to enhance the productivity of the recombi-
nant antibodies. The KD of CR3022 Fab with two disulfide 
bonds produced in this study was 2.5-fold lower than that of 
mammalian cell-produced CR3022 Fab with single disulfide 
bond, suggesting that an additional disulfide bond probably 
contributes to increase the binding activity of CR3022 Fab 
in the absence of Fc regions.

Dose-dependent binding of the CR3022 IgG produced 
using silkworm-BEVS were shown by ELISA, but the reac-
tion plateaued at a concentration of 100 ng of S protein 
per well (96-well plate). The detection limit in ELISA was 
~ 100 pg (0.7 pM) of S protein, which is less sensitive than 
other detection systems, as described in previous report 
[43], and would not be enough to detect the virus protein in 
sera with low viral titers in early infected patients. To use 
the IgG as a diagnostic reagent to detect the SARS-CoV-2 
from patient sera, the sensitivity of detection system such 
as an immunochromatography system needs to be improved 
further. Since several SARS-CoV-2 antibodies recognizing 
the different regions of RBD were reported [20, 21], it is 
possible to develop a highly sensitive detection system by 
combining the multiple antibodies without competition for 
epitope binding.

Recently, the antibody-dependent cellular cytotoxicity 
(ADCC) activity of monoclonal antibodies against several 
viruses-infected cells has been highlighted because of its 
potential to decrease viral replication and reduce clinical 
symptoms [44, 45]. ADCC is one of the antiviral activ-
ity that induces the cellular cytotoxicity through a natural 

Fig. 5  Binding affinity of 
CR3022 IgG with S protein in 
ELISA. The different concentra-
tions of CR3022 IgG (0.01, 0.1, 
1, 10 μg/mL) were incubated 
with the plates coated with the 
different concentrations of S 
protein (0.1, 1, 10, and 100 ng), 
and then detected by an HRP-
conjugated Anti-Human IgG Fc
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killer (NK) cell expressing Fc receptors, which binds to Fc 
region of IgG. [46]. Therefore, this ability of antibodies to 
induce strong ADCC would be advantageous when used as 
therapeutic agents. The induction of ADCC is enhanced by 
the lack of α-1,6-fucose in the N-linked glycan (Asn-297 in 
the  CH2 domain) of the Fc region [47, 48]. Previous stud-
ies showed that the antibodies secreted form the transgenic 
silkworm lack this fucose and is demonstrated to have the 
ability to induce the strong ADCC [49]. Considering these 
reports, it is highly likely that CR3022 IgG produced using 
silkworm-BEVS can induce stronger ADCC than those pro-
duced by other expression systems, and is expected to be 
highly effective in clinical applications.

Conclusion

In conclusion, we demonstrated that the silkworm-BEVS 
can produce antibodies in three different formats of CR3022 
easily in a short-term. Furthermore, the purified CR3022 
antibodies showed almost the same affinity for the S pro-
tein as those produced in mammalian cells. Thus, our study 
suggests that the silkworm-BEVS is suitable as an expres-
sion system for producing diagnostic and therapeutic agents 
that can rapidly respond to emerging of infectious diseases 
including COVID-19.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12033- 021- 00373-0.
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