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ARTICLE INFO ABSTRACT

Keywords: Recombinantly expressed VP1 of norovirus self-assembled and formed norovirus-like particles (NoV-LPs). This
Norovirus native VP1 was expressed using the Bombyx mori nucleopolyhedrovirus (BmNPV) expression system in silkworm
V_irus'like particle larva. NoV-LPs were collected from silkworm fat body lysate by density gradient centrifugation. To improve the
;ﬂl:ivﬁ\{(c):iion purity of the NoV-LP, the proteins were further purified using immobilized metal affinity chromatography based

on the surface exposed side chain of histidine residues. The additional purification led to a highly purified virus-
like particle (VLP). The morphology and size of the purified VLPs were examined using a transmission electron
microscope, and dynamic light scattering revealed a monodispersed spherical morphology with a diameter of 34
nm. The purified product had a purity of >90% with a recovery yield of 48.7% (equivalent to 930 ug) from crude
lysate, obtained from seven silkworm larvae. In addition, the purified VLP could be recognized by antibodies
against GII norovirus in sandwich enzyme-linked immunosorbent assay, which indicated that the silkworm-
derived VLP is biologically functional as a NoV-LP in its native state, is structurally correct, and exerts its bio-
logical function. Our results suggest that the silkworm-derived NoV-LP may be useful for subsequent applica-
tions, such as in a vaccine platform. Moreover, the silkworm-based expression system is known for its robustness,
facile up-scalability, and relatively low expense compared to insect cell systems.

1. Introduction

Noroviruses (NoVs) are a major cause of acute viral gastroenteritis in
all age groups worldwide and generally spreads through an orofecal
route [1,2]. NoVs are non-enveloped viruses with 7.5-7.7 kb
single-stranded positive-sense RNA (+ssRNA) as genetic material and
belong to the family Caliciviridae, genus Norovirus. Recent phylogenetic
analysis further classified NoVs into 10 genogroups (GI to GX), with at
least 49 genotypes in total [3]. Of GI, GII, and GIV, which are known to
infect humans, GII (particularly genotype 4 or GIL.4) is the most com-
mon strain in outbreaks [1]. The NoV virion comprises two structural
proteins: VP1 as a major capsid protein and VP2 as a minor capsid
protein; however, VP2 is not required for particle formation [4]. Het-
erologous expression of VP1 alone leads to the self-assembly of a
virus-like particle (VLP). The norovirus-like particle (NoV-LP) possesses
an icosahedral symmetry of T = 3 of 90 VP1 dimers or 180 VP1
monomers with an empty capsid of approximately 30-40 nm in diam-
eter [5,6]. Additionally, recent studies revealed that some GII.4 NoV-LPs

may exhibit polymorphic assembly of T = 1, T = 3, and T = 4 icosa-
hedral symmetry [5,7,8].

The baculovirus expression vector system (BEVS) is a well-known
protein expression system that is widely used to produce eukaryotic
proteins as well as VLPs [9,10]. Thus far, the ovarian-derived cell line of
Spodoptera frugiperda (Sf9) and egg-derived cell line of Trichoplusia ni
(Tn5, also known as the High Five™ cell line) are the most common
commercially available systems [11]. Although the Tn5 cell line was
developed to overcome the Sf9 cell line in terms of expression level [12],
both systems share the same disadvantage, which is the requirement of a
high-cost culture medium that serves as a challenge for scaling up pro-
tein production in insect cells. Another BEVS is the Bombyx mori
nucleopolyhedrovirus (BmNPV)-silkworm (B. mori) larvae/pupae sys-
tem. The use of silkworm larvae/pupae may reduce the cost, as the price
per larva/pupa is generally cheap. In addition, the silkworm-based
system offers a more flexible workflow and several advantages, such
as high protein production capacity, ease of upscaling, simplicity, and
low risk of contamination [13-15]. Due to these attractive advantages,
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silkworms have been used recently to develop drugs and vaccines as a
host, including VLPs [16-18].

Despite all these advantages, the system is challenged by several
bottlenecks, e.g., the production of recombinant viruses, silkworm
rearing schedules, and the purification procedure for VLPs, the latter of
which was reviewed elsewhere by our group [16]. To solve the former,
we planned to generate the recombinant BmNPV in Bmb5 cells while the
4th instar silkworm larvae were developing into 5th instar larvae. The
first progeny (P;) of BmNPV was then infected into silkworm at the
second day of the 5th instar larvae for protein expression. This whole
procedure, including gene cloning and bacmid preparation, could take
approximately 2-3 weeks [17]. Protein purification from a silkworm
matrix is still a major setback, and tags are often used for purification
[19-22]. These studies demonstrated that host cell proteins were
co-purified with target proteins even when the Ni-NTA column was
applied for purification; hence, another round of purification was usu-
ally required to yield a highly purified protein.

Despite the lack of a robust cell culture system for the proliferation of
norovirus, the studies related to norovirus virus have been based on the
use of NoV-LPs [23]. The VLP has been used to measure the antibodies
that inhibit the binding of VLP to histo-blood group antigens (HBGAs) as
a surrogate assay instead of a direct viral neutralization assay [24].
Additionally, NoV-LPs have been applied for the study of particle
behavior in the presence of surfactants, conformation changes over a
range of temperatures and pH levels, and as a VLP-based vaccine agent
[25-27]. Thus far, several expression platforms have been used to
develop NoV-LPs, such as Sf9 cells [28-30], E. coli [31], Pichia pastoris
[32], plants [33-35], and a cell-free protein synthesis (CFPS) system
[36]. However, none of the reported platforms utilized a
silkworm-based expression system to produce GII.4 NoV-LP, for which
purification is the major challenge. In this study, we constructed a re-
combinant BmNPV bacmid harboring norovirus VP1 and used silkworm
larvae as a bioreactor to produce NoV-LPs. The VLPs were purified from
a fat body that is a hard-to-purify matrix when using a two-step purifi-
cation method without a purification tag.

2. Materials and methods
2.1. Cloning of the tag-free norovirus GII.4 VP1

The full-length VP1 gene for the norovirus GII.4 Tokyo strain (Gen-
Bank accession number: BAV93798.1) was cloned into pFastBac-1
(Thermo Fisher Scientific, Tokyo, Japan) and allowed for plasmid
propagation in Escherichia coli DH5a. The plasmid was designated as
PFB-VP1. Positive clones were selected for plasmid extraction and were
sequenced to obtain the correct sequence. The plasmid was then trans-
formed into E. coli BmDH10bac (CP~ Chi") [37] for bacmid generations,
then plated onto LB agar supplemented with 50 pg/mL kanamycin, 7
pg/mL gentamycin, 10 pg/mL tetracycline, 0.5 mM 5-bromo-4--
chloro-3-indolyl-p-d-galactopyranoside (X-Gal), and 0.25 mM isopropyl
f-d-1-thiogalactopyranoside (IPTG) for blue/white colony selection
[33]. The recombinant bacmid prepared from the white colony was
designated as “rBmNPV CP~ Chi /VP1 bacmid”.

2.2. Expression of GI.4 NoV-LPs

The recombinant bacmid harboring the VP1 gene (rBmNPV CP™
Chi™/VP1 bacmid) was transfected into Bombyx mori cell lines (Bm5).
After 5 d of incubation, the culture medium was collected and used as a
recombinant virus stock (rBmNPV CP~ Chi /VP1 virus). The recovered
baculovirus was employed for infecting the fifth instar silkworm larvae
(Ehime Sansyu, Ehime, Japan) [38]. The silkworms were reared in a
controlled environment at 26 °C with relative humidity at 70%-85% and
were fed an artificial diet (Silkmate S2, Nosan Co., Yokohama, Japan).
The fat body was collected, and a hemolymph was drawn from the
larvae at 5 d post-infection (dpi). The fat body was resuspended in
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Tris-buffered saline (TBS, pH 7.6) containing 0.1% Triton X-100, soni-
cated (30% amplitude, 15 s on/off, 15 cycles) (ultrasonic homogenizer
LUH150, Yamato Scientific, Tokyo, Japan), centrifuged (10,000xg, 15
min, 4 °C), and filtered through a 0.45 pm nitrocellulose filter (Merck,
Tokyo, Japan), then stored at —80 °C until use. The hemolymph was
mixed with an anti-melanogenesis agent, 1-phenyl-2-thiourea, at a final
concentration of 2.5 mM immediately after drawing and was stored at
—80 °C as a virus stock for further infection.

Two analytical methods were used to examine the expression level of
VP1 in silkworm. First, western blot analysis was employed to compare
the fat body lysate (soluble fraction) against the known concentration of
purified VP1. Second, using Quantity One Imaging software (Bio-Rad),
the amount of purified protein was calculated based on a band per-
centage after separation on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel followed by Coomassie Brilliant Blue
(CBB) staining to measure the total protein.

2.3. Purification

2.3.1. First step: sucrose gradient centrifugation of tag-free GII.4 NoV-LPs

To purify the VLPs, the soluble fraction of fat body lysate was sub-
jected to sucrose gradient centrifugation. First, the VLPs were concen-
trated by ultracentrifugation at 122,000xg for 1 h at 4 °C using an S52-
ST swinging-bucket rotor by overlaying the fat body lysate on a 30%
sucrose cushion. Then, the VLPs were further purified via a discontin-
uous sucrose density gradient centrifugation at 122,000xg for 3h at 4 °C
using the same rotor by overlaying the concentrated sample on 20%,
30%, 40%, 50%, and 60% (w/v) sucrose cushions. Sucrose residue was
removed from the VLP suspension by overnight dialysis against phos-
phate buffered saline (PBS) at pH 7.4 with a dialysis membrane of size
20 (MWCO 14,000 Da) (Wako, Tokyo, Japan).

2.3.2. Second step: immobilized metal affinity chromatography of tag-free
GII.4 NoV-LPs

After dialysis, chromatographic purification of the VLPs was per-
formed. The VLP suspension was filtered through a 0.22 pm nitrocel-
lulose filter (Merck, Tokyo, Japan) prior to injecting a HisTrap HP 5 mL
column (GE Healthcare, Tokyo, Japan), which was connected to a Bio-
logic DuoFlow chromatography system (Bio-Rad, Tokyo, Japan). The
loaded column was washed with five column volumes (CV) of a washing
buffer (20 mM NaH3POg4, 0.5 M NaCl, 10 mM imidazole, pH 7.4) before
being eluted with a step gradient consisting of 100 mM (5 CV), 250 mM
(5 CV), 500 mM (5 CV), and 1 M (10 CV) imidazole in a washing buffer.
The flow rate of load/injection of the sample was 0.2 mL/min to allow
more time for the VLPs to interact with the Ni**-nitrilotriacetic acid (NI-
NTA), while the flow rate for the remaining steps was 1 mL/min. After
IMAC purification of the VLPs, fractions containing the target protein
were combined and dialyzed overnight against PBS (pH 7.4) prior to
subsequent experiments.

2.4. SDS-PAGE and western blot analysis

Each protein sample was mixed with an equal volume of 2 x sodium
dodecyl sulfate (SDS) loading buffer (0.125 M of Tris-HCI pH 6.8, 4% w/
v of SDS, 20% v/v of glycerol, 0.01% of bromophenol blue, and 0.01%
w/v of 2-mercaptoethanol) and heated at 100 °C. Samples were sepa-
rated on 12% SDS-polyacrylamide gels and stained with CBB before
transfer to the polyvinylidene difluoride membrane (Merck, Tokyo,
Japan). After transfer, the membrane was blocked with 5% (w/v) skim
milk (Wako, Tokyo, Japan) in TBS + 0.1% Tween 20 (TBS-T) followed
by anti-NoV-VP1 (NS14) mouse monoclonal antibody (mAb) [39] as a
primary antibody and horseradish peroxidase (HRP)-conjugated
anti-mouse IgG (MBL, Tokyo, Japan) as a secondary antibody. The
specific protein bands were visualized by applying Immobilon Western
Chemiluminescent HRP substrate (Merck, Tokyo, Japan) on the
membrane.
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2.5. Transmission electron microscopy and dynamic light scattering

The integrity of VLPs was confirmed via transmission electron mi-
croscopy (TEM; JEM-1400Flash, JEOL Ltd., Akishima Tokyo, Japan).
VLP suspensions at a 1 mg/mL final concentration were applied on a
copper grid (Nisshin EM, Tokyo, Japan). The grid was allowed to absorb
a VLP suspension for 30 min at room temperature, which was washed
three times with a filter-sterilized PBS and stained with 1% phospho-
tungstic acid for 2 min. The grid was dried overnight inside a desiccator
chamber. The TEM images were acquired on JEOL JEM-1400Flash TEM.

The size distribution of VLPs was measured by dynamic light scat-
tering (DLS) using Zetasizer Nano ZS (Malvern Panalytical Ltd., Mal-
vern, UK), following a technique described by Brié et al. [40]. Diameters
of the VLPs were obtained from two independent experiments, with each
hydrodynamic diameter measurement performed in triplicate.

2.6. Sandwich enzyme-linked immunosorbent assay

In addition to TEM and DLS analysis, the double-antibody sandwich
enzyme-linked immunosorbent assay (ELISA) with a NV-EIA Kit (Denka
Seiken, Tokyo, Japan) was performed to determine the tentative bio-
logical function of NoV-LPs. In brief, the concentration of purified VLPs
was adjusted to 0.5 mg/mL in PBS (pH 7.4) then diluted 1:10 until
1:500,000. The diluted samples were added to an anti-GII mouse mAb
pre-coated plate and incubated at 27 °C for 40 min. After washing the
wells three times with the provided washing buffer, HRP-conjugated
anti-GII type 104 rabbit polyclonal antibody (pAb) was added to each
well, incubated at 27 °C for 20 min, and washed. After washing, the HRP
substrate was added to the wells, which was maintained at 27 °C for 15
min before adding a stop solution (0.3 M sulfuric acid). The absorbance
was measured at 450 nm, and the background was subtracted at 655 nm.

2.7. Protein analysis

After ultracentrifugation and Ni-NTA purification, the concentra-
tions of total protein in the soluble fraction of fat body lysate and the
purified products were determined via Bradford’s Protein Assay Kit (Bio-
Rad, Tokyo, Japan) in a 96-well microtiter plate according to the
manufacturer’s protocol. The assay was performed in duplicate, and the
absorbance was measured at 595 nm.

Protein purities and band intensities after ultracentrifugation and Ni-
NTA purification were determined using a densitometry tool in Quantity
One (Bio-Rad). Proteins were first separated on a 12% SDS-PAGE gel,
then stained with CBB. The gel was imaged and converted into a 16-bit
grayscale TIFF file before being opened in Quantity One. In the program,
the bands were detected at a high sensitivity to detect faint bands, and
the background was subtracted at a disk size of 25 mm. The percentage
purity after Ni-NTA purification was defined as the Band %, whereas the
purity of the target protein after ultracentrifugation was defined as
[(Band % of the target protein in lane “ultracentrifugation”/Band % of
the target protein in land “IMAC”) x 100].

2.8. DNA assay for nucleic acid impurity reduction

To measure the nucleic acid reduction after each purification, a
Qubit dsDNA BR Assay Kit (Thermo Scientific, Tokyo, Japan) was used
according to the manufacturer’s protocol. The assay was performed in a
96-well microtiter plate. The fluorescence at 485/530 nm (excitation/
emission) was measured using an Infinite M Plex (Tecan, Kanagawa,
Japan). The assay was performed in duplicate.
3. Results

3.1. Expression of NoV-LPs using silkworm larvae

The expression of norovirus VP1 was investigated at 5 dpi using

Protein Expression and Purification 190 (2022) 106010

rBmNPV CP~ Chi/VP1 via SDS-PAGE and western blot analysis. As
there was no secretion signal peptide [41] on the VP1 construct, the VP1
protein was expected to be primarily expressed and accumulated in fat
bodies. As expected, the VP1 protein was mainly detected in the fat body
as a soluble form (Fig. 1A and B) with a size of approximately 55 kDa.
The expression amount of VP1 in silkworm larvae was determined by
western blot analysis of the silkworm fat body lysate in comparison with
the purified VP1 and by using Quantity One software. By western blot
analysis, the expression amount was 159 pg/mL (Fig. 1B). In this study,
12 mL of the soluble fraction of fat body lysate was obtained from seven
larvae; therefore, productivity was 272 pg VP1/larva as a soluble pro-
tein. Using the Quantity One software for analysis, the VP1 band pro-
portion was approximately 6.1% of the total proteins. Total protein
measured by Bradford’s assay was 33.41 mg; therefore, the VP1 amount
corresponded to be approximately 2.04 mg of the total protein or 291
pg/larva of a soluble VP1 protein. These two results obtained from two
different analytical methods were in good agreement.
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Fig. 1. Expression of norovirus VP1 protein in silkworm larvae. (A) Fat bodies
of rBmNPV CP~ Chi /VP1-infected silkworm larvae at 5 dpi were collected and
analyzed by SDS-PAGE followed by CBB staining and western blot analysis with
mouse mAb against norovirus VP1 protein. H: hemolymph. S: soluble fraction
of fat body. P: precipitate or insoluble fraction of fat body. The hashtag “#”
indicates VP1 band. (B) Western blot analysis for the VP1 expression level in
silkworm larvae. The VP1 band from a soluble fraction of silkworm larva fat
body was determined by a comparison with the known concentration of puri-
fied VP1 protein. CBB: Coomassie Brilliant Blue; SDS-PAGE: sodium dodecyl
sulfate—polyacrylamide gel electrophoresis. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of

this article.)
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3.2. The first step of purification: sucrose gradient centrifugation

The fat body lysate collected from rBmNPV CP~ Chi /VP1-infected
silkworm larvae at 5 dpi was subjected to sucrose gradient centrifuga-
tion, which is a powerful method for separating subcellular particles,
including viruses, based on the sedimentation coefficient of the particles
[42]. Thus, this method was applied to separate the VLPs from most of
the host cell proteins (HCPs) as a pretreatment step. The VP1 protein was
observed in fractions 6-10 and in some remaining impurities below the
target protein, while most HCPs were removed from the suspension
(Fig. 2A). These fractions were then combined and dialyzed overnight
against PBS (pH 7.4). At this step, the purity of VLP was approximately
78% (Band %: 71.4), and the recovery of VP1 was 61.2% (Table 1). After
ultracentrifugation, the sample was observed under negative-staining
TEM. VLPs with good uniformity were observed (Fig. 2B, white ar-
rows). However, the image suffered from impurities that were
co-purified through centrifugation.

3.3. The second step of purification: chromatographic purification of VLPs

Although the majority of HCPs were removed from the VLP by ul-
tracentrifugation, some remaining host proteins required an additional
method of separation to meet the requirement of a pharmaceutical grade
product. To remove the remaining HCPs, the Ni-NTA column or His-
tagged affinity column was employed to further improve the quality
and purity of the VLP. After dialysis, the VLP suspension was applied to a
Ni-NTA column, washed, and eluted from the column (Fig. 3). The
chromatographic profile revealed that there were some unbound pro-
teins in the flowthrough, whereas little to no proteins were found in the
washing fraction. Bound proteins were eluted from the column when

A By
sucrose

kDa M 1 2 3 4 5 6 7 8 9 10

—

100

Fig. 2. First purification step. (A) Sucrose gradient centrifugation of expressed
VP1. Fat body lysates of rBmNPV CP~ Chi /VP1-infected silkworm containing
VP1 were layered on the top of 20%-60% (w/w) discontinuous sucrose cush-
ions and were subjected to centrifugation. Ten fractions (~500 pl/fraction)
were taken from the top to bottom and analyzed by SDS-PAGE analysis. (B)
Negative-staining TEM analysis of the LP1 particles after ultracentrifugation
(scale bar: 200 nm). VLPs are indicated by white arrows. SDS-PAGE: sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; TEM: transmission electron
microscopy; VLP: virus-like particle.
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imidazole increased from 10 mM to 100 mM, and the highest Aygy peak
was obtained at 250 mM imidazole (Fig. 3A). The fractions were then
analyzed by SDS-PAGE, which revealed that some of the VP1 protein
failed to bind to the column and remained in the flowthrough with
contaminant proteins. In the washing fraction, a small amount of VP1
protein was removed from the column. In the elution fraction, most of
the contaminant proteins were removed from the target protein
(Fig. 3B). After Ni-NTA purification, an improvement in the purity of the
VP1 protein was noticeable when compared to the purified product after
ultracentrifugation (Fig. 3C). The eluents containing VP1 protein were
combined and dialyzed against PBS (pH 7.4) prior to subsequent ana-
lyses. The purity of the VLPs improved to more than 90% (Band %:
91.5), as determined by Quantity One imaging software after the second
purification, with an approximate 48.7% recovery of VP1 (Fig. 3C and
Table 1).

3.4. DNA reduction

Besides removing impurity proteins, reduction of DNA after each
step of purifications was also determined (Table 1). The total DNA in the
starting material was 392.89 pg and was reduced to 13.06 pg (96.7%
reduction after the first purification step). The host DNA was further
reduced to 1.78 pg ( 86.37% reduction of the second step). Through the
two-step purification, the DNA amount in the purified VP1 was reduced
up to 99.55%.

3.5. Characterization of Ni-purified silkworm-derived VLP/VP1

DLS analysis revealed that the Ni-NTA purified VLP/VP1s had an
approximated diameter of 34 nm (Fig. 4A), which could be observed
under TEM with good uniformity (Fig. 4B). These results indicated that
most of the silkworm-derived VP1 could form homogeneous particles
with a size of 34 nm in diameter. The biological function of silkworm-
derived GII.4 VLP was tested by the recognition of anti-GII mAb as a
capture antibody and reactive anti-GII type 104 rabbit pAb as a detec-
tion antibody in a sandwich ELISA (Fig. 5A). The binding of most anti-
bodies is influenced by conformation epitopes at the native state of
antigens, particularly mAbs, which target only one epitope, while pAbs
can target both conformational epitopes and linear epitopes on antigens
[43,44]. Thus, the detection of virus particles through sandwich ELISA
using mAb (capture antibody), which was expected to have an affinity
toward a conformational epitope, and pAb (detection antibody), which
could target both linear and conformational epitopes, depends on the
conformation and antigen-antibody interaction. The sandwich ELISA
confirmed the presence of VLPs, a conformation of the VLP, and acces-
sibility for antibodies in their native state (Fig. 5B). From this result, the
silkworm-derived GIIL.4 VLP was recognized as NoV-LPs.

4. Discussion

The silkworm-based expression system has been known as a “biore-
actor” for producing foreign proteins, and the expression levels are su-
perior to insect cell systems. However, protein purification from
silkworm lysate is still a significant setback [16]. Protein tags are often
required for the purification of proteins from silkworm compartments
[19-22]. Intact human papillomavirus (HPV) 6b L1-VLPs could be iso-
lated from a fat body of silkworm larvae using heparin affinity chro-
matography, but with many HCPs [45]. A study demonstrated the use of
silkworm pupae to produce Nakayama-VLP (NVLP), which was purified
via sucrose gradient centrifugation; however, some HPCs still remained
in the purified product [46]. Several studies used silkworm-BEVS as a
platform for producing rabbit hemorrhagic disease virus-like particles
(RHDV-VLPs), porcine parvovirus-like particles (PPV-VLPs), and canine
parvovirus-like particles (CPV-VLPs). These VLPs were separated from
fat bodies by a single round of ammonium sulfate precipitation, but the
purity of the purified products was not discussed [47-49]. Porcine
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Table 1
Tag-free NoV-LP purification summary.
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Sample VP1 conc. VP1 amount VP1 recovery Protein amount  Protein Step yield Purity DNA amount DNA reduction
(ng/mL) (mg) (%) (mg) reduction (%) (%) (%) (hg) (%)
Fat body lysate 160 1.91 - 33.41 - - - 392.89 -
After 120 1.17 61.32 1.38 95.88 4.1 78 13.06 96.68
ultracentrifugation
After IMAC 460 0.93 48.69 0.93 97.22 67.4 >90 1.78 99.55
purification
IMAC: Immobilized metal affinity chromatography; NoV-LP: norovirus-like particles.
A Flow-through  Wash B Elution Fig. 3. Second purification step using the Ni-
(F) (W) Elutions kDa ML FW NTA chromatographic column (HisTrap). (A)
400 120 . . .
S as0 ] —UV (mav) m Chromatographic profile of VLPs <.m HisTrap
£ —Gradient pump 100 & = column. (B) SDS-PAGE analysis of the
£ 300 1 80 s 100 | = | loading (L) sample, flowthrough (FT),
e 250 1 E' gg : i washing (W), and elution (E) fractions. (C)
% 200 1 60 E- 45 w- .- SDS-PAGE analysis of the VLP before and
8 150 1 40 g after each step of purification. Purities of
g 100 2 g 35 [w VP1 after ultracentrifugation and after IMAC
Q2 50 }\/\ (Ni-NTA) were determined using densitom-
2 o0 0 etry; gray indicates background intensity of

0 20 40 60

ZSL

each lane. IMAC: Immobilized metal affinity
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circovirus type 2 (PCV2) VLPs purified from silkworm pupae by an
ammonium sulfate precipitation (as a first step) and anion exchange
chromatography (as a second step) resulted in ~90% purity [14]. These
studies suggest the need for second step purification to obtain highly
purified VLPs from silkworm compartments for downstream experi-
ments, especially in the vaccinology field. In this study, we demon-
strated the use of a silkworm-based expression system to produce
NoV-LP and purified them from a fat body compartment.

Several protein expression platforms have been applied for the pro-
duction of NoV-LP, e.g., E. coli, yeasts, insect cells, plants, and a cell-free
system. The yield of NoV-LPs produced by E. coli-based system was re-
ported to be about 1.5-3 mg of a soluble GST-fusion protein per 1 L
culture (mg/L) [50]. Several reports had applied the transgenic plant
Nicotiana benthamiana for production of GII.4 NoV-LP and the produc-
tivity was approximately 1 mg/g leaf weight [33,35]. However, the use
of a plant-based system could be hampered by disadvantages including
the risk of transgene contamination, low expression level, and
time-consuming genetic manipulation procedures [51]. A higher yield
could be achieved when applying the insect cell-based system (Sf9) of
over 0.1 g/L [52]. Recently, the P. pastoris and E. coli-based CFPS sys-
tems have been employed for producing NoV-LPs. Both systems could
produce NoV-LPs at high yields (0.6 g/L from P. pastoris and 1 g/L from
CFPS) [36,53]. However, these systems share the same disadvantage of a
relatively high production cost which might obstruct the upscaling
process. Further, the protein production in P. pastoris requires methanol
which is proven to be difficult to control the optimum level of methanol

chromatography; SDS-PAGE: sodium dodecyl
sulfate-polyacrylamide gel electrophoresis;
VLP: virus-like particle.

during the protein induction step and may experience proteolytic
digestion of the target protein [54]. Silkworm is known for its’ high
capacity in producing recombinant proteins including VLPs, ease of
scaling up, cost-efficient, and easier of management with a simple
workflow. In here, we applied silkworm B. mori larvae for NoV-LP
preparation and the yield was about 0.27 mg/larva. Our result demon-
strated that a milligram order of NoV-LP can be obtained in a matter of
days.

Our recent study attempted to purify VP1 from a silkworm fat body
compartment by using nickel magnetic nanoparticles (Ni-MNPs). The
result revealed that nearly half of HCPs retained the target protein, thus
signifying that silkworms contain numerous histidine-rich proteins or
nickel-binding proteins [55]. We suggested in a recent study that using
the His-affinity technique is useful for pretreatment before injection into
the chromatographic system or may be useful after a pretreatment step
for the purification of His-tagged protein from a silkworm matrix.
Although there are several pretreatment methods, such as cesium
chloride (CsCl) density gradient centrifugation and polyethylene glycol
(PEG) precipitation, both may interfere with downstream experiments
[56]. Therefore, the approach was to use sucrose gradient centrifugation
as the first step and the Ni-NTA column as the second step. The first step
was aimed to collect, concentrate, and separate the NoV-LPs from fat
body lysates, and the second step was to improve the purity of the VLPs.

Despite comprehensive studies on the preparation and production of
NoV-LP, the methods used in such studies have usually relied upon
centrifugation and PEG precipitation [30,35,56]. Several studies have
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Do = 34.46 + 10.62 nm —NoV-LP
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Fig. 4. Characterization of Ni-purified NoV-LP. (A) DLS analysis of VLP-
containing pool fraction after chromatographic purification. (B) Negative-
staining TEM analysis (scale bar: 100 nm). VLP: virus-like particle.

applied chromatographic purification for NoV-LP preparation, e.g., an
anion exchange chromatography after PEG precipitation [28]; ammo-
nium sulfate precipitation and chromatographic columns (size exclusion
chromatography [SEC] column, CHT™ column, or a hydrophobic
interaction chromatography [Me-HIC] column) [31,57]; or an Ni-NTA
(IMAC) column for His-tagged NoV-LP [29] or a tag-free NoV-LP from
P. pastoris before SEC [32]). Although the Ni-NTA column has been
applied as a first step for purification, the result indicates that GIL.4
NoV-LPs can bind to the column even without a histidine tag.

Prior to the use of an Ni-NTA column, we tried to purify the NoV-LP
using an SEC column after ultracentrifugation. However, the protein was
lost during the run, and the loss was higher than 95% in our experience
(Supplementary Information, Fig. 1A and B). The low recovery was
probably due to non-ideal interactions of the target protein with the
column matrix [58,59]. The SEC result imposed upon us the need to seek
an alternative method, and Ni-NTA was a promising choice. Thus,
silkworm-derived NoV-LPs were applied to the Ni-NTA column, washed
with 10 mM imidazole buffer, and eluted with a stepwise protocol. We

A Substrate O Signal B 2.50
(TMB) (at 450 nm)
N 2.00
HRP
Detectlon antibody 1.50
Antl Gll type 104 rabbit pAb %
(HRP conjugated) <<l‘
\ 1.00
NoV-LP Gll.4
0.50
Capture antibody
Anh Gll mouse mAb 0.00
ELISA plate
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noticed that there were some VP1 proteins and impurities in the flow-
through, whereas were little to no VP1/NoV-LPs in the washing. The
NoV-LPs began to elute from the column when the imidazole concen-
tration was 100 mM, whereas most of the target was eluted at 250 mM
imidazole. The ability to bind to the Ni-NTA matrix of NoV-LP was
attributed to the histidine residues exposed on the natural surface of
each VP1 monomer, which were synergized with adjacent tryptophan,
tyrosine, or phenylalanine residues [32,60]. Throughout these steps, the
obtained NoV-LPs showed decent purity and excellent uniformity with a
size of approximately 34-37 nm in diameter. The sandwich ELISA
showed a good response against the silkworm-derived NoV-LP, which
indicated that the VLPs had correct folding and conformation in their
native state and were primed for a subsequent application.

In addition, removal of the host cell DNA was analyzed after each
step of purification. There is a concern that DNA impurity may pose
product safety issues, such as coprecipitation and increased fluid vis-
cosity, as told by the Food and Drug Administration and the World
Health Organization. The DNA content was reduced by 96.7% after the
first step of ultracentrifugation and by more than 99.5% after the second
step of purification.

5. Conclusion

In this study, we employed silkworm larvae as a protein expression
platform for tag-free norovirus VP1. Each silkworm has a capability to
produce the VP1 protein of 272 pg/larva. The expression of VP1 led to
self-assembly into VLPs and mainly accumulated in the fat body
compartment. The VLPs were purified by a two-step purification pro-
cedure consisting of a sucrose gradient centrifugation to concentrate the
VLPs from fat body lysates as the first step and IMAC or Ni-NTA chro-
matographic affinity as the second step to trap the VLPs based on the
high density of histidine residues on the surface of each particle. The
purified VLPs were observed under TEM, and the tentative biological
function was determined by a sandwich ELISA, by which NoV-LPs could
be identified. Through these steps, we were able to obtain NoV-LPs with
a purity of more than 90%. A final protein yield was ~0.93 mg from
seven silkworm larvae, which was equivalent to 48.7% of VP1 recovery
from the starting material. Hence, mass production of NoV-LP could be
achieved with the use of a silkworm-based expression system.
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