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ABSTRACT 14 

Recombinantly expressed VP1 of norovirus self-assembled and formed norovirus-like particles 15 

(NoV-LPs). This native VP1 was expressed using the Bombyx mori nucleopolyhedrovirus 16 

(BmNPV) expression system in silkworm larva. NoV-LPs were collected from silkworm fat body 17 

lysate by density gradient centrifugation. To improve the purity of the NoV-LP, the proteins were 18 

further purified using immobilized metal affinity chromatography based on the surface exposed 19 

side chain of histidine residues. The additional purification led to a highly purified virus-like 20 

particle (VLP). The morphology and size of the purified VLPs were examined using a transmission 21 

electron microscope, and dynamic light scattering revealed a monodispersed spherical morphology 22 

with a diameter of 34 nm. The purified product had a purity of >90% with a recovery yield of 54.4% 23 

(equivalent to 930 g) from crude lysate, obtained from seven silkworm larvae. In addition, the 24 

purified VLP could be recognized by antibodies against GII norovirus in sandwich enzyme-linked 25 

immunosorbent assay, which indicated that the silkworm-derived VLP is biologically functional 26 

as a NoV-LP in its native state, is structurally correct, and exerts its biological function. Our results 27 

suggest that the silkworm-derived NoV-LP may be useful for subsequent applications, such as in 28 

a vaccine platform. Moreover, the silkworm-based expression system is known for its robustness, 29 

facile up-scalability, and relatively low expense compared to insect cell systems. 30 

 31 
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1. Introduction 34 

Noroviruses (NoVs) are a major cause of acute viral gastroenteritis in all age groups worldwide 35 

and generally spreads through an orofecal route [1, 2]. NoVs are non-enveloped viruses with 7.5–36 

7.7 kb single-stranded positive-sense RNA (+ssRNA) as genetic material and belong to the family 37 

Caliciviridae, genus Norovirus. Recent phylogenetic analysis further classified NoVs into 10 38 

genogroups (GI to GX), with at least 49 genotypes in total [3]. Of GI, GII, and GIV, which are 39 

known to infect humans, GII (particularly genotype 4 or GII.4) is the most common strain in 40 

outbreaks [1]. The NoV virion comprises two structural proteins: VP1 as a major capsid protein 41 

and VP2 as a minor capsid protein; however, VP2 is not required for particle formation [4]. 42 

Heterologous expression of VP1 alone leads to the self-assembly of a virus-like particle (VLP). 43 

The norovirus-like particle (NoV-LP) possesses an icosahedral symmetry of T = 3 of 90 VP1 44 

dimers or 180 VP1 monomers with an empty capsid of approximately 30–40 nm in diameter [5, 45 

6]. Additionally, recent studies revealed that some GII.4 NoV-LPs may exhibit polymorphic 46 

assembly of T = 1, T = 3, and T = 4 icosahedral symmetry [5, 7, 8]. 47 

The baculovirus expression vector system (BEVS) is a well-known protein expression system 48 

that is widely used to produce eukaryotic proteins as well as VLPs [9, 10]. Thus far, the ovarian-49 

derived cell line of Spodoptera frugiperda (Sf9) and egg-derived cell line of Trichoplusia ni (Tn5, 50 

also known as the High Five™ cell line) are the most common commercially available systems 51 

[11]. Although the Tn5 cell line was developed to overcome the Sf9 cell line in terms of expression 52 

level [12], both systems share the same disadvantage, which is the requirement of a high-cost 53 

culture medium that serves as a challenge for scaling up protein production in insect cells. Another 54 

BEVS is the Bombyx mori nucleopolyhedrovirus (BmNPV)-silkworm (B. mori) larvae/pupae 55 

system. The use of silkworm larvae/pupae may reduce the cost, as the price per larva/pupa is 56 
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generally cheap. In addition, the silkworm-based system offers a more flexible workflow and 57 

several advantages, such as high protein production capacity, ease of upscaling, simplicity, and 58 

low risk of contamination [13–15]. Due to these attractive advantages, silkworms have been used 59 

recently to develop drugs and vaccines as a host, including VLPs [16–18]. 60 

Despite all these advantages, the system is challenged by several bottlenecks, e.g., the 61 

production of recombinant viruses, silkworm rearing schedules, and the purification procedure for 62 

VLPs, the latter of which was reviewed elsewhere by our group [16]. To solve the former, we 63 

planned to generate the recombinant BmNPV in Bm5 cells while the 4th instar silkworm larvae 64 

were developing into 5th instar larvae. The first progeny (P1) of BmNPV was then infected into 65 

silkworm at the second day of the 5th instar larvae for protein expression. This whole procedure, 66 

including gene cloning and bacmid preparation, could take approximately 2–3 weeks [17]. Protein 67 

purification from a silkworm matrix is still a major setback, and tags are often used for purification 68 

[19–22]. These studies demonstrated that host cell proteins were co-purified with target proteins 69 

even when the Ni-NTA column was applied for purification; hence, another round of purification 70 

was usually required to yield a highly purified protein. 71 

Despite the lack of a robust cell culture system for the proliferation of norovirus, the studies 72 

related to norovirus virus have been based on the use of NoV-LP [23]. The VLP has been used to 73 

measure the antibodies that inhibit the binding of VLP to histo-blood group antigens (HBGAs) as 74 

a surrogate assay instead of a direct viral neutralization assay [24]. Additionally, NoV-LPs have 75 

been applied for the study of particle behavior in the presence of surfactants, conformation changes 76 

over a range of temperatures and pH levels, and as a VLP-based vaccine agent [25–27]. Thus far, 77 

several expression platforms have been used to develop NoV-LPs, such as Sf9 cells [28–30], E. 78 

coli [31], Pichia pastoris [32], plants [33–35], and a cell-free protein synthesis system [36]. 79 
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However, none of the reported platforms utilized a silkworm-based expression system to produce 80 

GII.4 NoV-LP, for which purification is the major challenge. In this study, we constructed a 81 

recombinant BmNPV bacmid harboring norovirus VP1 and used silkworm larvae as a bioreactor 82 

to produce NoV-LPs. The VLPs were purified from a fat body that is a hard-to-purify matrix when 83 

using a two-step purification method without a purification tag. 84 

 85 

2. Materials and Methods 86 

2.1. Cloning of the tag-free norovirus GII.4 VP1 87 

The full-length VP1 gene for the norovirus GII.4 Tokyo strain (GenBank accession number: 88 

BAV93798.1) was cloned into pFastBac-1 (Thermo Fisher Scientific, Tokyo, Japan) and allowed 89 

for plasmid propagation in Escherichia coli DH5α. The plasmid was designated as pFB-VP1. 90 

Positive clones were selected for plasmid extraction and were sequenced to obtain the correct 91 

sequence. The plasmid was then transformed into E. coli BmDH10bac (CP– Chi–) [37] for bacmid 92 

generations, then plated onto LB agar supplemented with 50 μg/ml kanamycin, 7 μg/ml 93 

gentamycin, 10 μg/ml tetracycline, 0.5 mM 5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside 94 

(X-Gal), and 0.25 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) for blue/white colony 95 

selection [33]. The recombinant bacmid prepared from the white colony was designated as 96 

“rBmNPV CP– Chi–/VP1 bacmid.” 97 

 98 

 99 

2.2. Expression of GII.4 NoV-LPs 100 
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The recombinant bacmid harboring the VP1 gene (rBmNPV CP– Chi–/VP1 bacmid) was 101 

transfected into Bombyx mori cell lines (Bm5). After 5 d of incubation, the culture medium was 102 

collected and used as a recombinant virus stock (rBmNPV CP– Chi–/VP1 virus). The recovered 103 

baculovirus was employed for infecting the fifth instar silkworm larvae (Ehime Sansyu, Ehime, 104 

Japan) [38]. The silkworms were reared in a controlled environment at 26°C with relative humidity 105 

at 70%–85% and were fed an artificial diet (Silkmate S2, Nosan Co., Yokohama, Japan). The fat 106 

body was collected, and a hemolymph was drawn from the larvae at 5 d post-infection (dpi). The 107 

fat body was resuspended in Tris-buffered saline (TBS, pH 7.6) containing 0.1% Triton X-100, 108 

sonicated (30% amplitude, 15 s on/off, 15 cycles) (ultrasonic homogenizer LUH150, Yamato 109 

Scientific, Tokyo, Japan), centrifuged (10,000 × g, 15 min, 4°C), and filtered through a 0.45 µm 110 

nitrocellulose filter (Merck, Tokyo, Japan), then stored at −80°C until use. The hemolymph was 111 

mixed with an anti-melanogenesis agent, 1-phenyl-2-thiourea, at a final concentration of 2.5 mM 112 

immediately after drawing and was stored at −80°C as a virus stock for further infection. 113 

Two analytical methods were used to examine the expression level of VP1 in silkworm. First, 114 

western blot analysis was employed to compare the fat body lysate (soluble fraction) against the 115 

known concentration of purified VP1. Second, using Quantity One Imaging software (Bio-Rad), 116 

the amount of purified protein was calculated based on a band percentage after separation on 117 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel followed by 118 

Coomassie Brilliant Blue (CBB) staining to measure the total protein. 119 

 120 

2.3. Purification 121 

2.3.1. First step: Sucrose gradient centrifugation of tag-free GII.4 NoV-LPs 122 
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To purify the VLPs, the soluble fraction of fat body lysate was subjected to sucrose gradient 123 

centrifugation. First, the VLPs were concentrated by ultracentrifugation at 122,000 × g for 1 h at 124 

4°C using an S52-ST swinging-bucket rotor by overlaying the fat body lysate on a 30% sucrose 125 

cushion. Then, the VLPs were further purified via a discontinuous sucrose density gradient 126 

centrifugation at 122,000 × g for 3 h at 4°C using the same rotor by overlaying the concentrated 127 

sample on 20%, 30%, 40%, 50%, and 60% (w/v) sucrose cushions. Sucrose residue was removed 128 

from the VLP suspension by overnight dialysis against phosphate buffered saline (PBS) at pH 7.4 129 

with a dialysis membrane of size 20 (MWCO 14,000 Da) (Wako, Tokyo, Japan). 130 

 131 

2.3.2. Second step: Immobilized metal affinity chromatography of tag-free GII.4 NoV-LPs 132 

After dialysis, chromatographic purification of the VLPs was performed. The VLP suspension 133 

was filtered through a 0.22 µm nitrocellulose filter (Merck, Tokyo, Japan) prior to injecting a 134 

HisTrap HP 5 mL column (GE Healthcare, Tokyo, Japan), which was connected to a Biologic 135 

DuoFlow chromatography system (Bio-Rad, Tokyo, Japan). The loaded column was washed with 136 

five column volumes (CV) of a washing buffer (20 mM NaH2PO4, 0.5 M NaCl, 10 mM imidazole, 137 

pH 7.4) before being eluted with a step gradient consisting of 100 mM (5 CV), 250 mM (5 CV), 138 

500 mM (5 CV), and 1 M (10 CV) imidazole in a washing buffer. The flow rate of load/injection 139 

of the sample was 0.2 mL/min to allow more time for the VLPs to interact with the Ni2+-140 

nitrilotriacetic acid (NI-NTA), while the flow rate for the remaining steps was 1 mL/min. After 141 

IMAC purification of the VLPs, fractions containing the target protein were combined and 142 

dialyzed overnight against PBS (pH 7.4) prior to subsequent experiments. 143 

 144 
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2.4. SDS-PAGE and western blot analysis 145 

Each protein sample was mixed with an equal volume of 2× sodium dodecyl sulfate (SDS) 146 

loading buffer (0.125 M of Tris-HCl pH 6.8, 4% w/v of SDS, 20% v/v of glycerol, 0.01% of 147 

bromophenol blue, and 0.01% w/v of 2-mercaptoethanol) and heated at 100°C. Samples were 148 

separated on 12% SDS-polyacrylamide gels and stained with CBB before transfer to the 149 

polyvinylidene difluoride membrane (Merck, Tokyo, Japan). After transfer, the membrane was 150 

blocked with 5% (w/v) skim milk (Wako, Tokyo, Japan) in TBS + 0.1% Tween 20 (TBS-T) 151 

followed by anti-NoV-VP1 (NS14) mouse monoclonal antibody (mAb) [39] as a primary antibody 152 

and horseradish peroxidase (HRP)-conjugated anti-mouse IgG (MBL, Tokyo, Japan) as a 153 

secondary antibody. The specific protein bands were visualized by applying Immobilon Western 154 

Chemiluminescent HRP substrate (Merck, Tokyo, Japan) on the membrane. 155 

 156 

2.5. Transmission electron microscopy and dynamic light scattering 157 

The integrity of VLPs was confirmed via transmission electron microscopy (TEM; JEM-158 

1400Flash, JEOL Ltd., Akishima Tokyo, Japan). VLP suspensions at a 1 mg/mL final 159 

concentration were applied on a copper grid (Nisshin EM, Tokyo, Japan). The grid was allowed 160 

to absorb a VLP suspension for 30 min at room temperature, which was washed three times with 161 

a filter-sterilized PBS and stained with 1% phosphotungstic acid for 2 min. The grid was dried 162 

overnight inside a desiccator chamber. The TEM images were acquired on JEOL JEM-1400Flash 163 

TEM. 164 

The size distribution of VLPs was measured by dynamic light scattering (DLS) using Zetasizer 165 

Nano ZS (Malvern Panalytical Ltd., Malvern, UK), following a technique described by Brié et al. 166 
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[40]. Diameters of the VLPs were obtained from two independent experiments, with each 167 

hydrodynamic diameter measurement performed in triplicate. 168 

 169 

2.6. Sandwich enzyme-linked immunosorbent assay 170 

In addition to TEM and DLS analysis, the double-antibody sandwich enzyme-linked 171 

immunosorbent assay (ELISA) with a NV-EIA Kit (Denka Seiken, Tokyo, Japan) was performed 172 

to determine the tentative biological function of NoV-LPs. In brief, the concentration of purified 173 

VLPs was adjusted to 0.5 mg/mL in PBS (pH 7.4) then diluted 1:10 until 1:500,000. The diluted 174 

samples were added to an anti-GII mouse mAb pre-coated plate and incubated at 27°C for 40 min. 175 

After washing the wells three times with the provided washing buffer, HRP-conjugated anti-GII 176 

type 104 rabbit polyclonal antibody (pAb) was added to each well, incubated at 27°C for 20 min, 177 

and washed. After washing, the HRP substrate was added to the wells, which was maintained at 178 

27°C for 15 min before adding a stop solution (0.3 M sulfuric acid). The absorbance was measured 179 

at 450 nm, and the background was subtracted at 655 nm. 180 

 181 

2.7. Protein analysis 182 

After ultracentrifugation and Ni-NTA purification, the concentrations of total protein in the 183 

soluble fraction of fat body lysate were determined via Bradford’s Protein Assay Kit (Bio-Rad, 184 

Tokyo, Japan) in a 96-well microtiter plate according to the manufacturer’s protocol. The assay 185 

was performed in duplicate, and the absorbance was measured at 595 nm. 186 

Protein purities and band intensities after ultracentrifugation and Ni-NTA purification were 187 

determined using a densitometry tool in Quantity One (Bio-Rad). Proteins were first separated on 188 
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a 12% SDS-PAGE gel, then stained with CBB. The gel was imaged and converted into a 16-bit 189 

grayscale TIFF file before being opened in Quantity One. In the program, the bands were detected 190 

at a high sensitivity to detect faint bands, and the background was subtracted at a disk size of 25 191 

mm. The percentage purity after Ni-NTA purification was defined as the Band %, whereas the 192 

purity of the target protein after ultracentrifugation was defined as [(Band % of the target protein 193 

in lane “ultracentrifugation”/Band % of the target protein in land “IMAC”) × 100]. 194 

 195 

2.8 DNA assay for nucleic acid impurity reduction 196 

To measure the nucleic acid reduction after each purification, a Qubit dsDNA BR Assay Kit 197 

(Thermo Scientific, Tokyo, Japan) was used according to the manufacturer’s protocol. The assay 198 

was performed in a 96-well microtiter plate. The fluorescence at 485/530 nm (excitation/emission) 199 

was measured using an Infinite M Plex (Tecan, Kanagawa, Japan). The assay was performed in 200 

duplicate. 201 

 202 

3. Results 203 

3.1. Expression of NoV-LPs using silkworm larvae 204 

The expression of norovirus VP1 was investigated at 5 dpi using rBmNPV/VP1 via SDS-205 

PAGE and western blot analysis. As there was no secretion signal peptide [41] on the VP1 206 

construct, the VP1 protein was expected to be primarily expressed and accumulated in fat bodies. 207 

As expected, the VP1 protein was mainly detected in the fat body as a soluble form (Figs. 1A and 208 

B) with a size of approximately 55 kDa. The expression amount of VP1 in silkworm larvae was 209 
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determined by western blot analysis of the silkworm fat body lysate in comparison with the 210 

purified VP1 and by using Quantity One software. By western blot analysis, the expression amount 211 

was 159 g/mL (Fig. 1B). In this study, 12 mL of the soluble fraction of fat body lysate was 212 

obtained from seven larvae; therefore, productivity was 272 g VP1/larvae as a soluble protein. 213 

Using the Quantity One software for analysis, the VP1 band proportion was approximately 6.1% 214 

of the total proteins. Total protein measured by Bradford’s assay was 33.41 mg; therefore, the VP1 215 

amount corresponded to be approximately 2.04 mg of the total protein or 291 g/larvae of a soluble 216 

VP1 protein. These two results obtained from two different analytical methods were in good 217 

agreement. 218 

 219 

3.2. The first step of purification: Sucrose gradient centrifugation 220 

The fat body lysate collected from rBmNPV/VP1-infected silkworm larvae at 5 dpi was 221 

subjected to sucrose gradient centrifugation, which is a powerful method for separating subcellular 222 

particles, including viruses, based on the sedimentation coefficient of the particles [42]. Thus, this 223 

method was applied to separate the VLPs from most of the host cell proteins (HCPs) as a 224 

pretreatment step. The VP1 protein was observed in fractions 6–10 and in some remaining 225 

impurities below the target protein, while most HCPs were removed from the suspension (Fig. 226 

2A). These fractions were then combined and dialyzed overnight against PBS (pH 7.4). At this 227 

step, the purity of VLP was approximately 78% (Band %: 71.4), and the recovery of VP1 was 228 

61.2% (Table 1). After ultracentrifugation, the sample was observed under negative-staining TEM. 229 

VLPs with good uniformity were observed (Fig. 2B, white arrows). However, the image suffered 230 

from impurities that were co-purified through centrifugation. 231 
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 232 

3.3. The second step of purification: Chromatographic purification of VLPs 233 

Although the majority of HCPs were removed from the VLP by ultracentrifugation, some 234 

remaining host proteins required an additional method of separation to meet the requirement of a 235 

pharmaceutical grade product. To remove the remaining HCPs, the Ni-NTA column or His-tagged 236 

affinity column was employed to further improve the quality and purity of the VLP. After dialysis, 237 

the VLP suspension was applied to a Ni-NTA column, washed, and eluted from the column (Fig. 238 

3). The chromatographic profile revealed that there were some unbound proteins in the 239 

flowthrough, whereas little to no proteins were found in the washing fraction. Bound proteins were 240 

eluted from the column when imidazole increased from 10 mM to 100 mM, and the highest A280 241 

peak was obtained at 250 mM imidazole (Fig. 3A). The fractions were then analyzed by SDS-242 

PAGE, which revealed that some of the VP1 protein failed to bind to the column and remained in 243 

the flowthrough with contaminant proteins. In the washing fraction, a small amount of VP1 protein 244 

was removed from the column. In the elution fraction, most of the contaminant proteins were 245 

removed from the target protein (Fig. 3B). After Ni-NTA purification, an improvement in the 246 

purity of the VP1 protein was noticeable when compared to the purified product after 247 

ultracentrifugation (Fig. 3C). The eluents containing VP1 protein were combined and dialyzed 248 

against PBS (pH 7.4) prior to subsequent analyses. The purity of the VLPs improved to more than 249 

90% (Band %: 91.5%), as determined by Quantity One imaging software after the second 250 

purification, with an approximate 48.7% recovery of VP1 (Fig. 3C and Table 1). 251 

 252 

3.4. DNA reduction 253 
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Besides removing impurity proteins, reduction of DNA after each step of purifications was 254 

also determined (Table 1). The total DNA in the starting material was 392.89 µg and was reduced 255 

to 13.06 µg with a 96.7% reduction after the first purification step. The host DNA was further 256 

reduced to 1.78 µg at 86.37% reduction of the second step. Through two-step purification, the 257 

DNA amount in the purified VP1 was reduced up to 99.55%. 258 

 259 

3.5 Characterization of Ni-purified silkworm-derived VLP/VP1 260 

DLS analysis revealed that the Ni-NTA purified VLP/VP1s had an approximated diameter of 261 

34 nm (Fig. 4A), which could be observed under TEM with good uniformity (Fig. 4B). These 262 

results indicated that most of the silkworm-derived VP1 could form homogeneous particles with a 263 

size of 34 nm in diameter. The biological function of silkworm-derived GII.4 VLP was tested by 264 

the recognition of anti-GII mAb as a capture antibody and reactive anti-GII type 104 rabbit pAb 265 

as a detection antibody in a sandwich ELISA (Fig. 5A). The binding of most antibodies is 266 

influenced by conformation epitopes at the native state of antigens, particularly mAbs, which target 267 

only one epitope, while pAbs can target both conformational epitopes and linear epitopes on 268 

antigens [43, 44]. Thus, the detection of virus particles through sandwich ELISA using mAb 269 

(capture antibody), which was expected to have an affinity toward a conformational epitope, and 270 

pAb (detection antibody), which could target both linear and conformational epitopes, depends on 271 

the conformation and antigen–antibody interaction. The sandwich ELISA confirmed the presence 272 

of VLPs, a conformation of the VLP, and accessibility for antibodies in their native state (Fig. 5B). 273 

From this result, the silkworm-derived GII.4 VLP was recognized as NoV-LPs. 274 

 275 
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4. Discussion 276 

The silkworm-based expression system has been known as a “bioreactor” for producing 277 

foreign proteins, and the expression levels are superior to insect cell systems. However, protein 278 

purification from silkworm lysate is still a significant setback [16]. Protein tags are often required 279 

for the purification of proteins from silkworm compartments [19–22]. Intact human papillomavirus 280 

(HPV) 6b L1-VLPs could be isolated from a fat body of silkworm larvae using heparin affinity 281 

chromatography, but with many HCPs [45]. A study demonstrated the use of silkworm pupae to 282 

produce Nakayama-VLP (NVLP), which was purified via sucrose gradient centrifugation; 283 

however, some HPCs still remained in the purified product [46]. Several studies used silkworm-284 

BEVS as a platform for producing rabbit hemorrhagic disease virus-like particles (RHDV-VLPs), 285 

porcine parvovirus-like particles (PPV-VLPs), and canine parvovirus-like particles (CPV-VLPs). 286 

These VLPs were separated from fat bodies by a single round of ammonium sulfate precipitation, 287 

but the purity of the purified products was not discussed [47–49]. Porcine circovirus type 2 (PCV2) 288 

VLPs purified from silkworm pupae by an ammonium sulfate precipitation (as a first step) and 289 

anion exchange chromatography (as a second step) resulted in ~90% purity [14]. These studies 290 

suggest the need for second step purification to obtain highly purified VLPs from silkworm 291 

compartments for downstream experiments, especially in the vaccinology field. In this study, we 292 

demonstrated the use of a silkworm-based expression system to produce NoV-LP and purified 293 

them from a fat body compartment. 294 

Several protein expression platforms have been applied for the production of NoV-LP e.g., E. 295 

coli, yeasts, insect cells, plants, and a cell-free system. The yield of NoV-LPs produced by E. coli-296 

based system was reported to be about 1.5–3 mg of a soluble GST-fusion protein per one liter 297 

culture (mg/L) [50]. Several reports had applied the transgenic plant Nicotiana benthamiana for 298 
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production of GII.4 NoV-LP and the productivity was approximately 1 mg/g leaf weight [33, 35]. 299 

However, the use of a plant-based system could be hampered by disadvantages including the risk 300 

of transgene contamination, low expression level, and time-consuming genetic manipulation 301 

procedures [51]. A higher yield could be achieved when applying the insect cell-based system (Sf9) 302 

of over 0.1 g/L [52]. Recently, the P. pastoris and E. coli-based CFPS systems have been employed 303 

for producing NoV-LPs. Both systems could produce NoV-LPs at high yields (0.6 g/L from P. 304 

pastoris and 1 g/L from CFPS) [36, 53]. However, these systems share the same disadvantage of a 305 

relatively high production cost which might obstruct the upscaling process. Further, the protein 306 

production in P. pastoris requires methanol which is proven to be difficult to control the optimum 307 

level of methanol during the protein induction step and may experience proteolytic digestion of 308 

the target protein [54]. Silkworm is known for its’ high capacity in producing recombinant proteins 309 

including VLPs, ease of scaling up, cost-efficient, and easier of management with a simple 310 

workflow. In here, we applied silkworm B. mori larvae for NoV-LP preparation and the yield was 311 

about 0.27 mg/larva. Our result demonstrated that a milligram order of NoV-LP can be obtained 312 

in a matter of days. 313 

Our recent study attempted to purify VP1 from a silkworm fat body compartment by using 314 

nickel magnetic nanoparticles (Ni-MNPs). The result revealed that nearly half of HCPs retained 315 

the target protein, thus signifying that silkworms contain numerous histidine-rich proteins or 316 

nickel-binding proteins [55]. We suggested in a recent study that using the His-affinity technique 317 

is useful for pretreatment before injection into the chromatographic system or may be useful after 318 

a pretreatment step for the purification of His-tagged protein from a silkworm matrix. Although 319 

there are several pretreatment methods, such as cesium chloride (CsCl) density gradient 320 

centrifugation and polyethylene glycol (PEG) precipitation, both may interfere with downstream 321 
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experiments [56]. Therefore, the approach was to use sucrose gradient centrifugation as the first 322 

step and the Ni-NTA column as the second step. The first step was aimed to collect, concentrate, 323 

and separate the NoV-LPs from fat body lysates, and the second step was to improve the purity of 324 

the VLPs. 325 

Despite comprehensive studies on the preparation and production of NoV-LP, the methods 326 

used in such studies have usually relied upon centrifugation and PEG precipitation [30, 35, 56]. 327 

Several studies have applied chromatographic purification for NoV-LP preparation, e.g., an anion 328 

exchange chromatography after PEG precipitation [28]; ammonium sulfate precipitation and 329 

chromatographic columns (size exclusion chromatography [SEC] column, CHT™ column, or a 330 

hydrophobic interaction chromatography [Me-HIC] column) [31, 57]; or an Ni-NTA (IMAC) 331 

column for His-tagged NoV-LP [29] or a tag-free NoV-LP from P. pastoris before SEC [32]). 332 

Although the Ni-NTA column has been applied as a first step for purification, the result indicates 333 

that GII.4 NoV-LPs can bind to the column even without a histidine tag. 334 

Prior to the use of an Ni-NTA column, we tried to purify the NoV-LP using an SEC column 335 

after ultracentrifugation. However, the protein was lost during the run, and the loss was higher 336 

than 95% in our experience (Supplementary Information, Figs. 1A and B). The low recovery was 337 

probably due to non-ideal interactions of the target protein with the column matrix [58, 59]. The 338 

SEC result imposed upon us the need to seek an alternative method, and Ni-NTA was a promising 339 

choice. Thus, silkworm-derived NoV-LPs were applied to the Ni-NTA column, washed with 10 340 

mM imidazole buffer, and eluted with a stepwise protocol. We noticed that there were some VP1 341 

proteins and impurities in the flowthrough, whereas were little to no VP1/NoV-LPs in the washing. 342 

The NoV-LPs began to elute from the column when the imidazole concentration was 100 mM, 343 

whereas most of the target was eluted at 250 mM imidazole. The ability to bind to the Ni-NTA 344 
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matrix of NoV-LP was attributed to the histidine residues exposed on the natural surface of each 345 

VP1 monomer, which were synergized with adjacent tryptophan, tyrosine, or phenylalanine 346 

residues [32, 60]. Throughout these steps, the obtained NoV-LPs showed decent purity and 347 

excellent uniformity with a size of approximately 34–37 nm in diameter. The sandwich ELISA 348 

showed a good response against the silkworm-derived NoV-LP, which indicated that the VLPs 349 

had correct folding and conformation in their native state and were primed for a subsequent 350 

application. 351 

In addition, removal of the host cell DNA was analyzed after each step of purification. There 352 

is a concern that DNA impurity may pose product safety issues, such as coprecipitation and 353 

increased fluid viscosity, as told by the Food and Drug Administration and the World Health 354 

Organization. The DNA content was reduced by 96.7% after the first step of ultracentrifugation 355 

and by more than 99.5% after the second step of purification. 356 

 357 

5. Conclusion 358 

In this study, we employed silkworm larvae as a protein expression platform for tag-free 359 

norovirus VP1. Each silkworm has a capability to produce the VP1 protein of 270 g/larva. The 360 

expression of VP1 led to self-assembly into VLPs and mainly accumulated in the fat body 361 

compartment. The VLPs were purified by a two-step purification procedure consisting of a sucrose 362 

gradient centrifugation to concentrate the VLPs from fat body lysates as the first step and IMAC 363 

or Ni-NTA chromatographic affinity as the second step to trap the VLPs based on the high density 364 

of histidine residues on the surface of each particle. The purified VLPs were observed under TEM, 365 

and the tentative biological function was determined by a sandwich ELISA, by which NoV-LPs 366 
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could be identified. Through these steps, we were able to obtain NoV-LPs with a purity of more 367 

than 90%. A final protein yield was ~0.93 mg from seven silkworm larvae, which was equivalent 368 

to 48.7% of VP1 recovery from the starting material. Hence, mass production of NoV-LP could 369 

be achieved with the use of a silkworm-based expression system. 370 
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Figure legends 553 

Fig. 1. Expression of norovirus VP1 protein in silkworm larvae. (A) Fat bodies of rBmNPV/VP1-554 

infected silkworm larvae at 5 dpi were collected and analyzed by SDS-PAGE followed by CBB 555 

staining and western blot analysis with mouse mAb against norovirus VP1 protein. H: hemolymph. 556 

S: soluble fraction of fat body. P: precipitate or insoluble fraction of fat body. The hashtag “#” 557 

indicates VP1 band. (B) Western blot analysis for the VP1 expression level in silkworm larvae. 558 

The VP1 band from a soluble fraction of silkworm larva fat body was determined by a comparison 559 

with the known concentration of purified VP1 protein. CBB: Coomassie Brilliant Blue; SDS-560 

PAGE: sodium dodecyl sulfate–polyacrylamide gel electrophoresis 561 

Fig. 2. First purification step. (A) Sucrose gradient centrifugation of expressed VP1. Fat body 562 

lysates of rBmNPV/VP1-infected silkworm containing VP1 were layered on the top of 20%–60% 563 

(w/w) discontinuous sucrose cushions and were subjected to centrifugation. Ten fractions (~500 564 

µl/fraction) were taken from the top to bottom and analyzed by SDS-PAGE analysis. (B) Negative-565 



  27

staining TEM analysis of the LP1 particles after ultracentrifugation (scale bar: 100 nm). VLPs are 566 

indicated by white arrows. SDS-PAGE: sodium dodecyl sulfate–polyacrylamide gel 567 

electrophoresis; TEM: transmission electron microscopy; VLP: virus-like particle 568 

Fig. 3. Second purification step using the Ni-NTA chromatographic column (HisTrap). (A) 569 

Chromatographic profile of VLPs on HisTrap column. (B) SDS-PAGE analysis of the loading (L) 570 

sample, flowthrough (FT), washing (W), and elution (E) fractions. (C) SDS-PAGE analysis of the 571 

VLP before and after each step of purification. Purities of VP1 after ultracentrifugation and after 572 

IMAC (Ni-NTA) were determined using densitometry; gray indicates background intensity of each 573 

lane. IMAC: Immobilized metal affinity chromatography; SDS-PAGE: sodium dodecyl sulfate–574 

polyacrylamide gel electrophoresis; VLP: virus-like particle 575 

Fig. 4. Characterization of Ni-purified NoV-LP. (A) DLS analysis of VLP-containing pool fraction 576 

after chromatographic purification. (B) Negative-staining TEM analysis (scale bar: 100 nm). VLP: 577 

virus-like particle 578 

Fig. 5. Sandwich ELISA for the detection of purified silkworm-derived NoV-LP. (A) Schematic 579 

diagram of a sandwich ELISA using anti-GII type 104 rabbit pAb as a detection antibody for NoV-580 

LP. (B) Sandwich ELISA for the detection of the native NoV-LP.581 
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Table 1. Tag-free NoV-LP purification summary 582 

Sample 
VP1 conc. 
(g/mL) 

VP1 amount 
(mg) 

VP1 recovery 
(%) 

Protein 
amount (mg) 

Protein 
reduction (%) 

Step yield 
(%) 

Purity 
(%) 

DNA 
amount 
(µg) 

DNA 
reduction (%) 

Fat body lysate  160 1.91 - 33.41 - - - 392.89 - 

After 
ultracentrifugation 

120 1.17 61.32 1.38 95.88 4.1 78 13.06 96.68 

After IMAC 
purification 

460 0.93 48.69 0.93 97.22 67.4 >90 1.78 99.55 

IMAC: Immobilized metal affinity chromatography; NoV-LP: norovirus-like particles 583 
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Fig. 4 DLS and TEM of NoV-LP after IMAC Boonyakida et al. 2021
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Figure S1. Size exclusion chromatographic (SEC) purification of VP1/NoV-LP after 

ultracentrifugation. The column used was HiPrep 16/60 Sephacryl S-200 High Resolution 

(HR). The flow rate was 1 mL/min during the entire run. (A) Chromatographic profile 

measured at 280 nm. Only one peak was observed between fractions 30-42. (B) SDS-

PAGE/CBB staining of pooled fractions 30-42. After SEC purification, fractions 30-42 

A 
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were pooled and concentrated using centrifugal concentrator, then separated on 12% 

SDS-PAGE gel comparing with the sample before SEC. 


