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ABSTRACT
Human sapovirus (HuSaV), first identified in the 1970s, is a significant cause of acute gastroenteritis, particularly in young 
children. Despite its clinical significance, research on HuSaV has been limited due to the absence of a reliable cell culture sys-
tem. In 2020, a breakthrough study reported that HuSaV GI.1 and GII.3 strains could be cultured and serially propagated using 
HuTu80 cells in the presence of bile acids. However, in 2024, a subsequent study reported that effective replication in HuTu80 
cells requires specialized cells that have undergone over 100 passages. In this study, we sought to identify an alternative cell cul-
ture system for HuSaV. HuSaV GI.1 can replicate and be serially propagated using Caco-2 cells under bile acid supplementation. 
Importantly, the Caco-2 cells were freshly sourced from the American Type Culture Collection, ensuring reproducibility for 
laboratories worldwide. Furthermore, Caco-2MC cells were established via single-cell cloning from in-house Caco-2/Cas9 cells 
with 91.5% HuSaV-susceptible. HuSaV strains GI.1, GI.2, GI.3, GII.1, GII.3, and GV.1 were successfully propagated using Caco-
2MC cells, with RNA copy numbers increasing up to 4.4 log10-fold within 5 days post-infection. This efficient HuSaV cell culture 
system represents a significant advancement in HuSaV research.

1   |   Introduction

Sapovirus (SaV), a member of the Caliciviridae family and 
Sapovirus genus, is a small, round, non-enveloped virus with 
a 30–38 nm diameter (Madeley  1979). The SaV genome com-
prises a positive-sense, ~7.1–7.7 kb single-stranded RNA divided 
into two open reading frames (ORFs). ORF1 encodes nonstruc-
tural proteins and the major capsid protein VP1, while ORF2 
encodes the minor capsid protein VP2. SaV has been isolated 
from various species, including humans, pigs, dogs, sea lions, 

and chimpanzees, and is currently classified into 19 geno-
groups (GI–GXIX) (Becker-Dreps et al. 2019). Human sapovirus 
(HuSaV) is categorized into 4 genogroups (GI, GII, GIV, and GV) 
and further divided into 19 genotypes, with GI.1 being the most 
frequently detected, followed by GI.2, GII.1, and GII.3 (Doan 
et al. 2023).

HuSaV was first identified in 1976 through electron microscopy 
of fecal samples from children with diarrhea in the UK (Madeley 
and Cosgrove  1976). Subsequently, a team from Sapporo 
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Medical University conducted detailed biological and genetic 
studies of a HuSaV-related acute gastroenteritis outbreak in an 
infant home in Sapporo, Japan (Chiba et al. 1979, 2000; Nakata 
et al. 2000; Numata et al. 1997). The strain collected in Sapporo 
in 1982 (Hu/SaV/Sapporo/1982/JPN) is now recognized as the 
Sapovirus genus prototype (Nakanishi et al. 2011). Together with 
human norovirus, HuSaV is among the leading causes of non-
bacterial acute gastroenteritis worldwide. Although it affects all 
age groups, the disease burden is particularly high in children 
under 5 years of age (Becker-Dreps et al. 2019), with HuSaV iso-
lated in 3%–17% of pediatric gastroenteritis cases in high- and 
low-income countries (Diez-Valcarce et al. 2018; Hassan et al. 
2019; Sánchez et al. 2017). The severity of HuSaV gastroenteritis 
is generally milder than that caused by rotavirus or norovirus 
(Pang et  al.  2000; Sakai et  al.  2001), though hospitalizations 
may be required (Hansman et al. 2004; Medici et al. 2012; Park 
et al. 2015).

Since its discovery in the 1970s, research on HuSaV has been 
hindered by the absence of an efficient cell culture system or 
animal model for viral replication. However, in 2020, a break-
through was made when a replication system for HuSaV GI.1 
and GII.3 was established using the HuTu80 human duodenal 
cancer cell line in the presence of bile acids (Takagi et al. 2020). 
Nonetheless, a lack of HuSaV replication in HuTu80 cells was 
subsequently reported (Euller-Nicolas et al. 2023). Meanwhile, 
in 2024, Oka et  al. reported that the successful replication of 
HuSaV requires specialized HuTu80 cells that have undergone 
over 100 passages, potentially accounting for the inability of 
other groups to replicate these experiments (Oka et  al.  2024). 
Additionally, in 2023, HuSaV GI.1 and GI.2 were successfully 
cultured using human small intestinal enteroids, and HuSaV 
GI.1, GI.2, GII.1, GII.3, and GIV.1 were replicated in iPS-derived 
human intestinal epithelial cells (Euller-Nicolas et  al.  2023; 
Matsumoto et al. 2023). However, these systems achieved lower 
replication levels than HuTu80 cells, and data demonstrating 
their ability to maintain continuous passaging are lacking. 
Hence, to drive further advances in HuSaV research, the estab-
lishment of a stable, reproducible culture system with efficient 
viral replication and the capability for continuous passage is 
essential.

In this study, we attempted to propagate HuSaV in various 
cell lines in search of new candidate cell lines that possess 
susceptibility to this virus. The RNA replication efficiencies 
and virus production capabilities of candidate cells were 
investigated.

2   |   Results

2.1   |   Screening of Cell Lines for Susceptibility to 
HuSaV Infection

To establish a stable and reproducible culture system for HuSaV, 
we screened cell lines susceptible to HuSaV infection. HuTu80, 
HEK293T, Caco-2, HCT15, and HCT116 cell lines were inoc-
ulated with a HuSaV GI.1 (AH20) positive stool suspension; 
the HuSaV RNA copy numbers in the culture supernatant at 0 
or 1 day post-infection (dpi) and 7 dpi were compared. In 96-
well plates, approximately 4 × 107 copies/well were applied to 

HuTu80 and HEK293T cells, while 2 × 106 copies/well were 
used for Caco-2, HCT15, and HCT116 cells. In accordance with 
a previous study, 1000 μM sodium glycocholate (GCA; Nacalai 
Tesque, Kyoto, Japan) was added in the infection assay (Takagi 
et al. 2020).

In HuTu80 and HEK293T cells, the HuSaV RNA copy number 
increased by 1.8 log10-fold (2.2 × 102 to 1.6 × 104 copies/μL) and 
2.3 log10-fold (6.0 × 102 to 1.3 × 105 copies/μL), respectively, 
from 1 to 7 dpi (Figure  1A). In Caco-2 cells, HuSaV RNA 
was undetectable at 0 dpi but reached 1.7 × 104 copies/μL by 
7 dpi, representing an increase of at least 3.2 log10 (Figure 1B). 
In contrast, HCT15 cells exhibited low RNA levels at 7 dpi 
(9.4 × 101 copies/μL), and no detectable RNA was observed 
in HCT116 cells at 0 or 7 dpi. To estimate the proportion of 
infected cells, HuSaV VP1 protein was detected at 3 dpi by 
immunofluorescence staining, revealing only a few fluores-
cent cells in HuTu80 cells and slightly more in HEK293T cells 
expressing VP1 (Figure  1C). In contrast, a large fraction of 
Caco-2 cells exhibited VP1 expression, suggesting a higher 
proportion of susceptible cells.

Given the susceptibility of Caco-2 cells to HuSaV infection, we 
further tested Caco-2/Cas9 cells, previously shown to be highly 
susceptible to human astrovirus (HAstV) (Haga et al. 2024), 
and C2BBe1 cells, a clone derived from Caco-2 cells. The virus 
inoculum for these cells was the same as for Caco-2 cells 
(~2 × 106 copies/well). In Caco-2/Cas9 cells, HuSaV RNA lev-
els rose drastically by 4.8 log10-fold to 9.1 × 105 copies/μL at 7 
dpi, while C2BBe1 cells had undetectable RNA at 0 dpi and 
6.3 × 101 copies/μL at 7 dpi (Figure 1B). Immunofluorescence 
staining of infected Caco-2/Cas9 cells revealed markedly 
more cells expressing VP1 (Figure 1C). Flow cytometry analy-
sis at 4 dpi demonstrated that 19.1% of Caco-2 cells were posi-
tive for VP1 expression, while 38.8% of Caco-2/Cas9 cells were 
positive (Figure 1D). Hence, Caco-2-derived cells contained a 
larger susceptible population, potentially resulting in multiple 
infections.

2.2   |   Serial Passage of HuSaV GI.1 Using Culture 
Supernatants

Serial passage experiments were conducted to verify the pro-
duction of infectious progeny from each cell line. Culture super-
natants from infected HuTu80, HEK293T, Caco-2, and Caco-2/
Cas9 cells were collected at 7 dpi and inoculated into freshly 
prepared cultures of each respective cell line. In HuTu80 cells, 
the viral RNA copy number fell below the detection limit after 
the first passage (P + 1), indicating that further passaging was 
not possible (Figure  2A). In HEK293T cells, the RNA copy 
number increased by 1.8 log10-fold from 1 dpi to 7 dpi during 
the first passage (P + 1) but declined below the detection limit 
after the second passage (P + 2), preventing further propagation 
(Figure  2B). Conversely, Caco-2 and Caco-2/Cas9 cells sup-
ported stable increases in HuSaV RNA copy numbers from 0 dpi 
to 7 dpi across five passages (P + 5), with increases of 2.0–4.9 
log10-fold in Caco-2 and 2.5 to 4.6 log10-fold in Caco-2/Cas9 cells, 
confirming successful serial passaging (Figure  2C,D). Thus, 
Caco-2 cells and Caco-2/Cas9 cells effectively produced infec-
tious progeny viruses.
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FIGURE 1    |    Susceptibility of various cell lines to HuSaV infection. (A) Changes in HuSaV RNA copy numbers in the culture supernatants of 
HuTu80 and HEK293T cells following inoculation with a HuSaV GI.1 (AH20)-positive stool suspension (~4 × 107 copies/well in 96-well plates). Each 
dot represents individual data points; bars indicate the geometric mean value of the HuSaV RNA copy numbers; error bars denote the geometric stan-
dard deviation (SD). This experiment was performed once with five technical replicates. (B) Changes in HuSaV RNA copy numbers in the culture 
supernatants of Caco-2, HCT15, HCT116, Caco-2/Cas9, and C2BBe1 cells following inoculation with a HuSaV GI.1 (AH20)-positive stool suspension 
(~2 × 106 copies/well in 96-well plates). Each dot represents individual data points; bars indicate the geometric mean HuSaV RNA copy numbers; er-
ror bars denote the geometric SD. This experiment was performed once with five technical replicates. (C) Immunofluorescence staining of the viral 
protein VP1 in HuTu80, HEK293T, Caco-2, and Caco-2/Cas9 cells at 3 dpi with a HuSaV GI.1 (AH20)-positive stool suspension; upper panels: 4× 
objective lens, lower panels: 40× objective lens. (D) Flow cytometry analysis of Caco-2 and Caco-2/Cas9 cells infected with a HuSaV GI.1 (AH20)-
positive stool suspension at 4 dpi. Blue: VP1-negative cells (uninfected), red: VP1-positive cells (infected).
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2.3   |   Requirement of Bile Acids for HuSaV 
Replication in Caco-2/Cas9 Cells

Previous studies have indicated that bile acids are essential 
for HuSaV replication using HuTu80 cells (Takagi et al. 2020). 
Hence, the bile acid requirement for HuSaV replication in 
Caco-2/Cas9 cells was evaluated. To this end, the HuSaV RNA 
copy number changes from 0 to 7 dpi were comparatively exam-
ined with different bile components (1000 μM GCA, 500 μM so-
dium glycochenodeoxycholate [GCDCA; Sigma, MAs, USA], or 
0.5% porcine bile [Sigma]) in the culture media.

GCA, GCDCA, and porcine bile resulted in 4.0, 3.7, and 3.3 log10-
fold increases in HuSaV RNA, respectively, from 0 to 7 dpi. GCA 
induced the highest replication efficiency (Figure  3). Without 
bile components, the RNA increase was limited to 1.0 log10-fold. 
These findings indicate that adding bile acids is crucial for ef-
ficient HuSaV replication in Caco-2/Cas9 cells. Based on these 
results, 1000 μM GCA was selected for use in subsequent HuSaV 
infection experiments.

2.4   |   Production and Release of Viral Particles in 
Caco-2/Cas9 Cells

To assess the production and release of viral particles from HuSaV 
GI.1-infected Caco-2/Cas9 cells, viral particles were purified from 

both the culture supernatant and cell lysate via CsCl density gra-
dient ultracentrifugation. After fractionation based on buoyant 
density, viral RNA copy numbers in each of the 12 fractions were 
quantified by quantitative reverse transcription polymerase chain 
reaction (RT-qPCR). In the culture supernatant, fractions 1–4 
(1.299–1.325 g/cm3) exhibited higher RNA copy numbers, while in 
the cell lysate, fractions 8–11 (1.367–1.420 g/cm3) showed higher 
RNA copy numbers (Figure 4A).

Electron microscopy was performed on the fractions with the high-
est HuSaV RNA copy numbers: fractions 1, 2, 9, and 10 from the su-
pernatant, and fractions 9, 10, and 11 from the lysate (Figure 4A). 
In the culture supernatant, viral particles were detected only in 
fraction 1 (1.299 g/cm3), while no particles were detected in frac-
tions 2, 9, and 10 (Figure 4B). In contrast, numerous viral particles 
were observed in the cell lysate, particularly in fractions 10 and 11 
(1.399–1.420 g/cm3), with aggregated particles. Western blot anal-
ysis further confirmed the presence of VP1 protein in these viral 
particles-containing fractions (Figure 4C).

To further assess infectivity, low-density fraction 1 (1.299 g/cm3) 
and high-density fraction 10 (1.399 g/cm3) from the culture su-
pernatant and cell lysate were re-inoculated into Caco-2/Cas9 
cells. Immunofluorescence for VP1 at 3 dpi revealed fluores-
cence in cells inoculated with both the low-density fraction 1 
(from the culture supernatant and cell lysate) and high-density 
fraction 10 (from the cell lysate) (Figure  4D). Notably, more 

FIGURE 2    |    Serial passage of HuSaV GI.1 in HuTu80, HEK293T, Caco-2, and Caco-2/Cas9 cells. HuSaV RNA copy numbers in the culture super-
natants at 0 or 1 dpi (immediately after medium replacement) and 7 dpi for each passage, up to P + 5, in (A) HuTu80, (B) HEK293T, (C) Caco-2, and 
(D) Caco-2/Cas9 cells.
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fluorescent cells were detected following inoculation with the 
cell lysate fractions compared to the supernatant fractions.

These results demonstrate that infectious HuSaV particles were 
successfully produced and released from infected Caco-2/Cas9 
cells. Furthermore, a higher proportion of infectious viral particles 
is retained within the cells compared to the culture supernatant.

2.5   |   Cloning of Caco-2MC Cells With High HuSaV 
Susceptibility

The proportion of infected Caco-2/Cas9 cells was higher than that 
of the parental Caco-2 cells (38.8% vs. 19.1%; Figure 1D). Caco-2/
Cas9 cells were created by introducing the Cas9 gene into Caco-2 
cells, and six of 17 clones with high HAstV type 4 susceptibility 
were selected and combined (Haga et al. 2024). We aimed to create 
a cell line with increased susceptibility to HuSaV by performing 
single-cell cloning from the Caco-2/Cas9 population. To this end, 
Caco-2/Cas9 cells were diluted to a density of 0.5 cells/well in a 
96-well plate and cultured to confluence. Sixteen clones, desig-
nated A through P (Caco-2A–P), were generated and subsequently 
infected with HuSaV GI.1. Immunofluorescence staining at 4 dpi 
revealed that clone M (Caco-2 M) exhibited the highest proportion 
of infected cells, while clone P (Caco-2P) showed minimal VP1 flu-
orescence (Figures 5A and S1).

To further increase the proportion of HuSaV-susceptible cells, 
an additional round of single-cell cloning was performed 
using Caco-2 M cells. Six clones were generated using the same 

dilution method (Caco-2MA, MC, ME, MH, MN, and MP), all 
reaching confluence. These clones were then infected with 
HuSaV GI.1; flow cytometry analysis at 4 dpi revealed that clone 
MC (Caco-2MC) and clone ME (Caco-2ME) had the highest sus-
ceptibility rate, with 91.5% of cells infected, compared to 79.9% 
in the parental Caco-2M cells (Figures 5B and S2). Thus, Caco-
2MC cells were selected for subsequent infection experiments. 
Immunofluorescence staining of HuSaV-infected Caco-2MC 
cells at 4 dpi revealed that VP1 was distributed throughout the 
cytoplasm in a granular pattern, with prominent localization 
around the nucleus (Figure 5C). Furthermore, double staining 
for NS3 or NS7 and VP1 in HuSaV-infected Caco-2MC cells 
showed that cells positive for VP1 also exhibited fluorescence 
signals for NS3 and NS7 (Figure S3).

Caco-2P cells, with minimal VP1 fluorescence, were also sub-
jected to single-cell cloning, generating clones PA through PT 
(Caco-2PA-PT). Infection with HuSaV GI.1 resulted in only 
0.05% of cells in clone PG (Caco-2PG) exhibiting VP1 fluores-
cence at 4 dpi (Figures 5D and S4).

2.6   |   Dynamics of HuSaV RNA Copy Numbers 
and Infectivity Following HuSaV Infection

Considering that the progeny virus was more abundant in cells 
than in the culture supernatant, to further optimize the HuSaV 
culture system, the dynamics of HuSaV RNA copy numbers 
and infectivity were examined in the culture supernatant and 
cells of the Caco-2MC line. RT-qPCR and median tissue culture 

FIGURE 3    |    Effect of different bile acids on HuSaV replication efficiency in Caco-2/Cas9 cells. Caco-2/Cas9 cells were inoculated with HuSaV 
GI.1 (AH20)-positive stool suspension (approximately 4 × 107 copies/well in 96-well plates) and incubated at 37°C for 3 h. HuSaV RNA copy numbers 
in the culture supernatants were measured at 0 dpi (immediately after medium replacement) and 7 dpi with different bile acids in the culture media. 
Each dot represents individual data points; bars indicate the geometric mean HuSaV RNA copy numbers; error bars represent the geometric SD. This 
experiment was performed once with five technical replicates. GCA, Sodium glycocholate; GCDCA, sodium glycochenodeoxycholate.
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FIGURE 4    |     Legend on next page.
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infectious dose (TCID50) assays were used to compare these pa-
rameters. Caco-2MC cells were infected with HuSaV GI.1 at a 
multiplicity of infection (MOI) of 0.01. To compare viral quanti-
ties and infectivity between the cell lysate and culture superna-
tant, infected cells were lysed using the same volume of distilled 
water (DW) as the culture supernatant to release intracellular 
viruses.

The number of HuSaV RNA copies in the culture supernatant in-
creased steadily from 2.0 × 102 copies/μL at 0 dpi to 4.2 × 105 cop-
ies/μL at 7 dpi, representing a 3.6 log10-fold increase (Figure 6A). 
In the cell lysate, HuSaV RNA copy numbers increased from 
6.9 × 103 copies/μL at 0 dpi to 5.4 × 107 copies/μL at 5 dpi, a 3.9 
log10-fold increase, and remained stable through 7 dpi (6 dpi: 
2.9 × 107 copies/μL, 7 dpi: 8.5 × 107 copies/μL).

The TCID50 assays revealed gradually increasing infectiv-
ity titers in the culture supernatant and cell lysate from 1 
dpi, peaking at 5 dpi, and slightly decreasing by 6 and 7 dpi 
(Figure 6B). By 5 dpi, the infectivity titer in the cell lysate was 
6.4 × 107 TCID50/mL, 640 times higher than in the culture su-
pernatant (1.0 × 105 TCID50/mL). These findings suggest that 
the infectious viruses were more abundant in cells; thus, ex-
tracting viruses from cells would be a more efficient approach 
for HuSaV culture.

Caco-2MC cells infected with HuSaV GI.1 began to 
exhibit cytopathic effects (CPE) around 3 dpi, with some cells 
exhibiting detachment by 6 and 7 dpi (Figure 6C). In contrast, 
mock-infected Caco-2MC cells showed no obvious damage 
by 7 dpi.

2.7   |   Requirement of Bile Acids for HuSaV 
Replication in Caco-2MC Cells

In the previous experiment, efficient HuSaV GI.1 replication 
in Caco-2/Cas9 cells was achieved by adding 1000 μM GCA 
(Figure 3). To evaluate the bile acid requirement in Caco-2MC 
cells, a similar experiment was conducted with 1000 μM GCA, 
500 μM GCDCA, 0.5% porcine bile, or no bile components added 
to the culture media. Changes in RNA copy numbers in cell ly-
sates were assessed from 0 to 5 dpi.

GCA, GCDCA, and porcine bile resulted in 2.5, 2.4, and 1.9 
log10-fold increases in HuSaV RNA, respectively, while the in-
crease without bile components was limited to 0.4 log10-fold 
(Figure 7). These results confirm that, similar to that in Caco-2/
Cas9 cells, 1000 μM GCA promotes efficient HuSaV replication 
in Caco-2MC cells.

2.8   |   Serial Passaging of Multiple HuSaV 
Genotypes Using Cell Lysate

Multiple HuSaV genotypes were serially passaged by infecting 
highly susceptible Caco-2MC cells with viruses from high-
titer cell lysates. Stool suspensions positive for HuSaV GI.1 
(M13-18, Ni17-9, and E22-22), GI.2 (M13-6), GI.3 (I21-042), 
GII.1 (TKC19-5 and TKC19-10), GII.3 (I22-124), GIV.1 (IB-02 
and KA-31), and GV.1 (EH-40 and IB-24) were used to infect 
Caco-2MC cells. The cell lysates obtained at 5 dpi were sub-
sequently used to infect a fresh layer of confluent Caco-2MC 
cells. In all 10 samples, excluding the two GIV.1 samples, a 
significant increase in HuSaV RNA copy numbers was ob-
served from 0 to 5 dpi (increases ranging from 1.7- to 4.4-log10 
fold), that is, the second passage (P + 2), indicating successful 
passaging (Figure 8). In contrast, both GIV.1 samples showed 
no increase in RNA copy numbers at 5 dpi following inocu-
lation with stool suspensions, preventing further passage. 
Additional experiments using four other GIV.1 samples (KU-
18, OS-283, OS-286, and OS-287) similarly showed no repli-
cation (Figure S5). These results suggest that Caco-2MC cells 
are useful for amplifying HuSaV genogroups GI, GII, and GV 
in vitro, excluding GIV.

2.9   |   HuSaV GI.1 Neutralization Assay Using 
Caco-2MC Cells

To evaluate whether a neutralization assay for HuSaV GI.1 
could be conducted using Caco-2MC cells, HuSaV GI.1, ad-
justed to 50 TCID50, was mixed in equal volumes with 5-fold 
serial dilutions of anti-rabbit HuSaV GI.1 VLP hyperimmune 
serum or nonimmunized rabbit serum. The mixture was in-
oculated into Caco-2MC cells seeded in a 96-well plate. At 5 
dpi, the HuSaV RNA copy numbers were quantified in the cul-
ture supernatant and cell lysate to assess the neutralization 
efficacy.

In wells with anti-rabbit GI.1 VLP serum diluted between 1:55 
and 1:57, mean RNA copy numbers ranged from 6.0 × 103 to 
1.1 × 104 copies/μL in the cell lysate and 1.8 to 3.8 × 103 copies/
μL in the culture supernatant (Figures 9A and S6A). However, 
when the anti-rabbit GI.1 VLP serum was diluted beyond 1:58, 
RNA copy numbers increased; at dilutions of 1:510 to 1:512, mean 
RNA copy numbers in the cell lysate (2.3–7.1 × 106 copies/μL) 
and culture supernatant (3.1–9.7 × 105 copies/μL) were com-
parable to those in wells with non-immunized rabbit serum 
(Figures 9 and S6). These findings demonstrate that HuSaV GI.1 
neutralization can be achieved using anti-rabbit HuSaV GI.1 
VLP serum in Caco-2MC cells.

FIGURE 4    |    Purification of HuSaV GI.1 from infected Caco-2/Cas9 cells with CsCl density-gradient ultracentrifugation. (A) HuSaV RNA copy 
numbers and density profiles across fractions from culture supernatants and cell lysates. Fractions marked with circles on the x-axis were selected 
for subsequent electron microscopy western blotting analyses. (B) Electron microscopy of fractions 1, 2, 9, and 10 from the culture supernatants and 
fractions 9, 10, and 11 from the cell lysates. (C) Western blotting detection of the capsid protein VP1. The 60 kDa protein band, indicated by an arrow, 
corresponds to VP1. (D) Immunofluorescence staining for VP1 in Caco-2/Cas9 cells at 3 dpi following re-infection with fractions 1 and 10 from the 
culture supernatants and cell lysates.
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3   |   Discussion

In this study, the human colorectal adenocarcinoma cell line 
Caco-2 was found to be susceptible to HuSaV GI.1 infection in 
the presence of bile acids. Moreover, HuSaV was successfully 
serially passaged using the culture supernatant from infected 
cells. Since the Caco-2 cells used in these experiments were 
recently acquired from the American Type Culture Collection 

(ATCC), the results should be reproducible in various research 
settings globally. In contrast, infection of HuTu80 cells with 
HuSaV GI.1 was unsuccessful, although this cell line has been 
previously reported to support HuSaV GI.1 replication (Takagi 
et al. 2020). As suggested by Oka et al., successful replication 
in HuTu80 cells may require highly passaged cells; newly ob-
tained HuTu80 cells from ATCC may not support HuSaV rep-
lication (Oka et  al.  2024). Additionally, while HEK293T cells 

FIGURE 5    |    Immunofluorescence and flow cytometry analysis of highly HuSaV-susceptible Caco-2MC cells. (A) Immunofluorescence staining 
at 4 dpi with HuSaV GI.1 (AH20) on cloned cells derived from Caco-2/Cas9 cells; (left) clone M (Caco-2M), (right) clone P (Caco-2P); blue: Nuclei 
(Hoechst). (B) Flow cytometry at 4 dpi following infection with HuSaV GI.1 (AH20) in Caco-2M, Caco-2MC, and Caco-2ME cells; blue: VP1-negative 
cells (uninfected), red: VP1-positive cells (infected). (C) Immunofluorescence staining of Caco-2MC cells at 4 dpi following infection with HuSaV 
GI.1 (AH20). (D) Flow cytometry at 4 dpi following infection with HuSaV GI.1 (AH20) in Caco-2PG cells.
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supported HuSaV replication, they could not sustain serial 
passaging.

Several studies suggest that HuSaV primarily infects the small 
intestine. For instance, Euller-Nicolas et al. reported that HuSaV 
GI.1 and GI.2 replicate exclusively in the small intestine, not 
in the colon, as assessed by using human intestinal enteroids 
(Euller-Nicolas et al. 2023). Moreover, Guo et al. detected porcine 
sapovirus, morphologically and genetically similar to HuSaV, in 
cells of the small intestine with corresponding villi shortening 
and blunting; no such findings were observed in the colon (Guo 
et al. 2001). Although Caco-2 cells originate from human colon 
adenocarcinoma (Fogh et al. 1977), they differentiate into small 
intestine-like cells upon reaching confluence (Engle et al. 1998), 
likely accounting for their susceptibility to HuSaV infection.

Notably, our results contrast those of Oka et al., who reported in 
2018 that they could not replicate HuSaV in Caco-2 cells in the 
presence of GCDCA (Oka et al. 2018). However, they tested only 
one HuSaV GI.2 sample, which may have created a suboptimal 
condition for infection. Indeed, Caco-2 cells are heterogeneous, 
and subpopulations with varying characteristics can emerge de-
pending on the culture conditions (Lea  2015). Thus, during the 
passaging process, the proportion of non-susceptible cells may 
have increased, hindering their successful replication.

Moreover, Caco-2/Cas9 cells, previously established in our 
laboratory and deemed highly susceptible to HAstV (Haga 
et  al.  2024), exhibited greater susceptibility to HuSaV than 
Caco-2 cells. This increased susceptibility could be due to a 
higher proportion of HuSaV-susceptible subpopulations in the 

FIGURE 6    |    Time-course analysis of RNA copy numbers and TCID50 in HuSaV-infected Caco-2MC cells. (A) Time-course changes in RNA copy 
numbers in culture supernatants and cell lysates from 0 to 7 dpi. Circular dots indicate the geometric mean values of the HuSaV RNA copy numbers, 
and error bars represent geometric SD. This experiment was performed once with three technical replicates. (B) Time-course changes in TCID50 
values in supernatants and cell lysates from 0 to 7 dpi. Each dot represents individual data points; bars indicate the geometric mean TCID50 values; 
error bars represent geometric SD. This experiment was performed once with three technical replicates. (C) Phase-contrast microscopy images of 
Caco-2MC cells from 0 to 7 dpi; (top) HuSaV GI.1-infected Caco-2MC cells, (bottom) uninfected control cells.
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Caco-2/Cas9 cells. Furthermore, through repeated cloning of 
the Caco-2/Cas9 cells, the Caco-2MC cell line was established, 
91.5% of which were susceptible to HuSaV infection. Using Caco-
2MC cells, HuSaV GI.1, GI.2, GI.3, GII.1, GII.3, and GV.1 were 
successfully serially passaged. This represents a significant ad-
vancement in HuSaV research by establishing a stable cell cul-
ture system capable of supporting serial passaging, providing an 
alternative to HuTu80 cells.

However, HuSaV GIV.1 could not replicate in Caco-2MC cells. 
Similarly, previous studies using HuTu80 cells or an intestinal 
enteroid system failed to observe GIV.1 replication (Euller-
Nicolas et al. 2023; Oka et al. 2024). Although replication has 
been reported using an iPS-derived intestinal enteroid system, 
the RNA copy number increase was limited to 13.9-fold, with no 
evidence of successful serial passaging (Matsumoto et al. 2023). 
The reason why GIV.1 fails to replicate in Caco-2MC cells, de-
spite their human gastrointestinal origin, remains unclear and 
warrants further investigation.

Electron microscopy revealed that HuSaV particles were more 
abundant intracellularly than in the culture supernatant. Time-
course analysis of HuSaV RNA copy numbers and TCID50 in 
the culture supernatant and cell lysates further suggested that 
higher titers of infectious HuSaV exist intracellularly. While 
HuSaV GI.1 can be passaged using the culture supernatant, it is 
preferable to isolate viruses from cell lysates for higher titer pas-
saging. Furthermore, HuSaV infectivity tends to decrease post-
infection, a trend also reported in other viruses, such as severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Lina 

et al. 2019; Mautner et al. 2022). As a useful reference for future 
studies, peak infectivity was observed at 5 dpi with an MOI of 
0.01 in the current study.

CsCl density-gradient ultracentrifugation of HuSaV-infected cell 
lysates revealed viral particles predominantly at 1.383–1.420 g/cm3, 
consistent with previous reports (Suzuki et  al.  1979; Terashima 
et al. 1983). Interestingly, infectivity was also detected in the low-
density fractions F1 and F2, with a density of 1.299–1.306 g/cm3. 
In a study where HuSaV GII.3 was generated using a reverse genet-
ics system in HuTu80 cells, complete viral particles were predom-
inantly observed at 1.350 g/cm3, while the 1.286 g/cm3 fraction 
contained numerous empty particles (Li et al. 2022). The detection 
of infectious particles in the low-density F1 and F2 fractions is sur-
prising, as this density corresponds to the empty particles reported 
in previous studies. This contradiction remains unexplained. 
Additionally, no viral particles were detected in the high-density 
fractions of the culture supernatant. HuSaV may be formed as 
high-density viral particles within Caco-2/Cas9 cells but under-
goes processing that releases lower-density particles. Further in-
vestigation is necessary to clarify these findings.

Immunostaining of HuSaV GI.1-infected Caco-2MC cells re-
vealed VP1 distribution throughout the cytoplasm and localiza-
tion within granules around the nucleus. Similar observations 
have been reported for murine norovirus (MuNoV) in RAW264.7 
cells, with replication intermediates (dsRNA) and non-structural 
proteins localized around the nucleus (Hyde et  al.  2009). 
Immunoelectron microscopy has shown that MuNoV replica-
tion complexes are associated with virus-induced membrane 

FIGURE 7    |    Effect of different bile acids on HuSaV replication efficiency in Caco-2MC cells. Caco-2MC cells were inoculated with HuSaV GI.1 
(M13-18) stock at an MOI of 0.01 and incubated at 37°C for 3 h. HuSaV RNA copy numbers in the cell lysates were measured at 0 dpi (after 3 h incu-
bation) and 5 dpi with different bile acids in the culture media. Each dot represents individual data points; bars indicate the geometric mean HuSaV 
RNA copy numbers; error bars represent the geometric SD. This experiment was performed three times with five technical replicates. GCA, sodium 
glycocholate; GCDCA, sodium glycochenodeoxycholate.
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vesicles near the nucleus (Hyde et al. 2009), suggesting a similar 
replication mechanism for HuSaV. Future studies should utilize 
antibodies targeting HuSaV non-structural proteins, as well as 
electron microscopy and immunoelectron microscopy of HuSaV-
infected cells, to further elucidate the HuSaV replication cycle.

In this study, HuSaV GI.1 infection was effectively neutral-
ized in Caco-2MC cells using rabbit antiserum against HuSaV 
GI.1 VLP. The neutralization assay system in Caco-2MC cells 
allows for evaluation based on RNA copy numbers from the 
culture supernatant and cell lysates at 5 dpi. While additional 
studies are needed to determine whether the antiserum against 
HuSaV GI.1 VLP cross-reacts with other genotypes, our results 
show that Caco-2MC cells can be used for neutralization assays. 

Accordingly, this system is a tool for evaluating vaccine efficacy 
and conducting seroepidemiological studies.

Although the results presented in this study align with previ-
ous findings and provide valuable insights, certain limitations 
should be acknowledged. Specifically, not all experiments were 
conducted with multiple independent replicates, which may in-
fluence the reproducibility of some data.

In conclusion, we successfully established a Caco-2-based cell 
line that is highly susceptible to HuSaV, validated for multiple 
genotypes, including GI.1, GI.2, GI.3, GII.1, GII.3, and GV.1. As 
a valuable alternative to HuTu80 cells, this cell line provides a 
robust platform for HuSaV research, including the development 

FIGURE 8    |    Serial passaging of multiple HuSaV genotypes in Caco-2MC cells. The bar graphs show the HuSaV RNA copy numbers in the cell 
lysates at 0 and 5 dpi for each passage.
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of vaccines and antiviral drugs, receptor discovery, and epidemi-
ological studies.

4   |   Experimental Procedures

4.1   |   Stool Samples

The stool samples used in this study were collected from patients in 
Japan, as outlined in Table 1. To prepare a 10% (w/v) stool suspen-
sion, an appropriate amount of stool was weighed and suspended 
in Dulbecco's phosphate-buffered saline without Mg2+ and Ca2+ 
(D-PBS (−); Nacalai Tesque). The stool suspension was thoroughly 
vortexed and centrifuged at 5000×g for 10 min. The supernatants 
from these HuSaV-positive stool suspensions were aliquoted into 
individual tubes and stored at −80°C for subsequent use.

4.2   |   Cell Lines

The human duodenal cancer cell line HuTu80 was purchased 
from ATCC and cultured in Iscove's Modified Dulbecco's 
Medium (IMDM; SIGMA) supplemented with 1% GlutaMAX-I 
(Gibco, Massachusetts, USA), 1% penicillin/streptomycin 
(Nacalai Tesque), and 5% heat-inactivated fetal bovine serum 
(FBS: CAPRICORN, Ebsdorfergrund, Germany).

The human embryonic kidney cell line HEK293T, maintained 
in our laboratory, was cultured in Dulbecco's modified eagle 
medium (DMEM; Nacalai Tesque) supplemented with 1% pen-
icillin/streptomycin and 10% FBS.

The human colorectal adenocarcinoma cell line Caco-2 was pur-
chased from ATCC and cultured in Minimum essential medium 

FIGURE 9    |    HuSaV neutralization assay using Caco-2MC cells. HuSaV RNA copy numbers in the cell lysate at 5 dpi. Panel (A) shows results 
using anti-rabbit HuSaV VLP GI.1 VP1 hyperimmune serum, while panel (B) shows results with non-immunized rabbit serum. Each dot represents 
an individual data point, and curves were fitted using nonlinear regression in GraphPad Prism 8. This experiment was performed once with four 
technical replicates.

TABLE 1    |    HuSaV-positive stool samples used in this study.

HuSaV 
genotype Strain Patient

Stool sample 
collection date

Viral RNA copy number 
(copies/μL of 10% 
stool suspension)

Accession 
number

GI.1 AH20 3-year-old February 2020 4.0 × 107 LC671561

M13-18 8-month-old November 2013 1.4 × 107 LC842317

Ni17-9 3-year-old March 2017 2.7 × 106 LC842321

E22-22 10-month-old May 2022 5.4 × 106 LC842313

GI.2 M13-6 1-year-old June 2013 6.1 × 106 LC842322

GI.3 I21-042 Pre-schooler June 2021 2.8 × 106 LC842323

GII.1 TKC19-5 1-year-old November 2019 1.8 × 107 LC842325

TKC19-10 1-year-old November 2019 2.4 × 107 LC842324

GII.3 I22-124 Pre-schooler January 2023 1.0 × 107 LC842327

GIV.1 IB-02 Not available 2008 1.4 × 107 LC504424

KA-31 Not available 2013 5.3 × 105 LC504425

GV.1 EH-40 Not available 2014 6.7 × 105 LC504434

IB-24 Not available 2014 2.2 × 106 LC504440
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(MEM; Nacalai Tesque) supplemented with 1% penicillin/strep-
tomycin and 20% FBS.

The in-house maintained Caco-2/Cas9 cell line was cultured in 
MEM (Nacalai Tesque) supplemented with 1 mM Sodium Pyruvate 
(Nacalai Tesque), 1% MEM non-essential amino acids (Nacalai 
Tesque), 1% penicillin/streptomycin, and 10% FBS. HCT15 cells 
were cultured in Roswell Park Memorial Institute (RPMI)-1640 
(Nacalai Tesque) supplemented with 1% penicillin/streptomycin 
and 10% FBS. HCT116 cells were cultured in McCoy's 5a Medium 
(Gibco) supplemented with 1% penicillin/streptomycin and 10% 
FBS. C2BBe1 cells were cultured in DMEM supplemented with 
0.01 mg/mL human transferrin (Nacalai Tesque), 1% penicillin/
streptomycin, and 10% FBS. All cell lines were cultured at 37°C 
with 5% CO2 in a cell culture incubator.

4.3   |   Supplements for the HuSaV Culture Trials

GCA (Nacalai Tesque), GCDCA (Sigma), and porcine bile 
(Sigma) were used as supplements for the HuSaV culture 
trials. Each supplement was dissolved in distilled water, 
filtered through a 0.22-μm pore size Millex-HV Syringe Filter 
Unit (Merck Millipore, Massachusetts, USA), and stored 
at 4°C.

4.4   |   Screening Cell Lines for Susceptibility to 
HuSaV Infection

To evaluate the susceptibility of various cell lines to HuSaV, con-
fluent cells were infected with a HuSaV GI.1 (AH20)-positive stool 
suspension, and the HuSaV RNA copy number in the culture su-
pernatants was quantified via RT-qPCR. The medium used for the 
infections was modified: IMDM with 5% FBS was reduced to 3% 
FBS, and DMEM and MEM were reduced from 10% to 2% FBS. The 
HuSaV-positive stool suspension was filtered using a 0.45-μm pore 
Millex-HV Syringe Filter Unit. Based on a previous study (Takagi 
et al. 2020), 1000 μM GCA was added to the filtered stool suspen-
sion and medium mixture.

The experiments were conducted in 96-well plates. HuTu80 and 
HEK293T cells were inoculated with 1 μL of the stool suspension 
and 50 μL of medium and incubated at 37°C with 5% CO2 for 
24 h. Caco-2, HCT15, HCT116, Caco-2/Cas9, and C2BBe1 cells 
were inoculated with 0.05 μL of stool suspension and 50 μL of 
medium and incubated at 37°C with 5% CO2 for 3 h. cells were 
washed thrice with D-PBS (−), treated with 100 μL of medium 
containing 1000 μM GCA, and incubated at 37°C with 5% CO2. 
The HuSaV RNA copy numbers in the culture supernatants were 
quantified at 0 or 1 dpi (immediately after medium replacement) 
and 7 dpi.

4.5   |   Serial Passage of HuSaV GI.1 Using Culture 
Supernatants

HuTu80, HEK293T, Caco-2, and Caco-2/Cas9 cells were infected 
with a HuSaV GI.1 (AH20)-positive stool suspension. Each sam-
ple obtained from the initial infection was designated as Passage 
0 (P + 0).

The experiments were conducted in 6-well plates. Cells were 
inoculated with 10 μL of stool suspension and 1 mL of medium 
and incubated at 37°C with 5% CO2. HuTu80 and HEK293T cells 
were incubated for 24 h, while Caco-2 and Caco-2/Cas9 cells 
were incubated for 3 h. Subsequently, cells were washed three 
times with D-PBS (−) and refed with 2 mL of medium containing 
1000 μM GCA. Cells were further incubated at 37°C with 5% CO2. 
Seven days post-infection, 500 μL of the culture supernatant was 
mixed with 500 μL of fresh medium and used to inoculate new 
cells. This process was repeated to Passage 5 (P + 5).

4.6   |   Dynamics of HuSaV RNA Copy Numbers 
and Infectivity Following HuSaV Infection

Caco-2MC cells were seeded in 24-well plates, and Passage 1 
(P + 1) HuSaV GI.1 (M13-18) stock was utilized. Next, 250 μL of 
viral suspension was applied to Caco-2MC cells at an MOI of 
0.01 and incubated at 37°C with 5% CO2 for 3 h. After washing 
the cells three times with D-PBS (−), 500 μL of medium con-
taining 1000 μM GCA was added, and the cells were cultured 
at 37°C with 5% CO2. Culture supernatants were collected at 
3 h post-infection (immediately after washing), and at 1, 2, 3, 
4, 5, 6, and 7 dpi. The remaining cells were treated with 500 μL 
of distilled water and subjected to freeze–thaw cycles at −80°C 
thrice. Cell lysates were obtained by centrifuging at 10,000×g 
for 10 min. The HuSaV RNA copy numbers and TCID50 were 
measured in the culture supernatants and cell lysates.

4.7   |   Serial Passaging of HuSaV Genotypes GI.1, GI.2, 
GI.3, GII.1, GII.3, GIV.1, and GV.1 Using Cell Lysates

Caco-2MC cells were seeded in 12-well plates and inoculated 
with 50 μL of HuSaV-positive stool suspensions as to the follow-
ing strains: GI.1 (M13-18, Ni17-9, and E22-22), GI.2 (M13-6), GI.3 
(I21-042), GII.1 (TKC19-5 and TKC19-10), GII.3 (I22-124), GIV.1 
(IB-02 and KA-31), and GV.1 (EH-40 and IB-24), and then 450 μL 
of medium was added to each well and incubated at 37°C with 
5% CO2 for 3 h. The culture supernatant was removed, and 1 mL 
of DW was added to extract the virus as previously described (0 
dpi). In a separate plate, after incubation, cells were washed three 
times with D-PBS (−), and 1 mL of medium containing 1000 μM 
GCA was added. Cells were incubated at 37°C with 5% CO2; at 
5 dpi, the culture supernatant was removed, and 1 mL of DW was 
added to extract the virus. For GI.1, GI.2, and GI.3, the viruses 
were diluted in medium to achieve an MOI of 0.01, followed by 
inoculation with 500 μL of the prepared virus suspensions. For 
GII.1, GII.3, GIV.1, and GV.1, the RNA copy numbers were ad-
justed to that of HuSaV GI.1M13-18, with 500 μL added to each 
well. These virus suspensions were supplemented with 1000 μM 
GCA to infect Caco-2MC cells. The cells were incubated at 37°C 
with 5% CO2 for 3 h. The same procedure was followed up to 
5 dpi, with passaging carried out to Passage 2 (P + 2).

4.8   |   Quantitative Reverse Transcription 
Polymerase Chain Reaction (RT-qPCR)

Viral RNA was quantified using single-step RT-qPCR with 
the Norovirus G1/G2 Detection Kit (TOYOBO, Osaka, Japan) 
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following the manufacturer's instructions. For GI, GII, and 
GIV samples, the following primers and probe were used: 
SaV-f1-2 (F): 5′-GAYCAGGCYCTCGCCACCTACRA-3′, (R): 
5′-CCCTCCATYTCAAACACTA-3′; SaV124ATP + 4 probe: 5′-
ROX-TGYACCRCCTATRAACCA-BHQ2-3′. For GV.1 samples, 
the SaV-f3-2 (F) 5′-GAACAAGCTGTGGCATGCTACGA-3′ 
primer and SaV1245R reverse primer were used with the 
SaV5TP + 2 probe: 5′-ROX-WGTGCCMCCAATGWACCA-BH
Q2-3′. RT-qPCR was conducted using a LightCycler96 system 
(Roche, Basel, Switzerland) under the following conditions: re-
verse transcription at 42°C for 4 min, denaturation at 95°C for 
10 s; 45 cycles of denaturation at 95°C for 1 s and annealing at 
50°C for 15 s.

4.9   |   Median Tissue Culture Infectious Dose 
(TCID50) Assay

The HuSaV infectious titer in Caco-2MC cells was determined 
using a TCID50 assay. Caco-2MC cells were seeded into 96-well 
plates at 2 × 104 cells per well and inoculated with a 5-fold serial 
dilution of the virus. The plates were incubated at 37°C with 5% 
CO2 for 5 days. Since CPEs were not always evident, the infec-
tion was considered successful when even minimal fluorescence 
of VP1 was detected through immunostaining. TCID50 values 
were calculated using the Reed and Muench method (Reed and 
Muench 1938).

4.10   |   Production and Purification of VLP

A codon-optimized cDNA of HuSaV GI.1 (GenBank accession 
number: LC671561) was synthesized and inserted into the pFast-
Bac1 vector (Thermo Fischer Scientific, Waltham, MA, USA). 
Recombinant bacmid DNA was produced using the Bac-to-Bac 
Baculovirus Expression System (Thermo Fischer Scientific) ac-
cording to the manufacturer's instructions.

Sf9 and High Five insect cells were cultured in Sf-900 III 
SFM and Express Five SFM media, respectively. The bacmid 
DNA was transfected into Sf9 cells with Lipofectamine 2000 
Transfection Reagent (Invitrogen, Massachusetts, USA), and 
the cells were incubated at 27°C for 7 days. Cell culture medium 
containing recombinant baculovirus was propagated into T75 
flasks with 8 × 106 cells and incubated for 7 days at 27°C. After 
incubation, the cell culture medium was centrifuged at 300×g at 
4°C for 5 min to remove cell debris; the recombinant baculovirus 
titer was determined using plaque assay.

For seed virus preparation, Sf9 cells (1.6 × 108 cells) were in-
oculated in a 200-mL culture volume with recombinant bac-
ulovirus at an MOI of 0.1 and cultured in spinner flasks at 
140 rpm and 27°C for 7 days. Following incubation, the culture 
medium was centrifuged at 300×g for 5 min at 4°C to remove 
cell debris. The clarified supernatant was collected and stored 
at 4°C in the dark, and the baculovirus titer was assessed by 
plaque assay.

Large-scale VLP production was performed with High Five 
cells (1.6 × 108 cells) in a 200-mL culture volume, inoculated 

with recombinant baculovirus at an MOI of 5.0 and cultured 
at 140 rpm at 27°C for 7 days in spinner flasks. On day 4, four 
tablets of cOmplete, an EDTA-free Protease Inhibitor Cocktail 
(Roche), were added to each flask. After the 7-day incubation, 
the culture medium containing VLPs and recombinant bacu-
loviruses was collected, centrifuged at 9000×g for 60 min at 
4°C to remove cell debris and baculovirus particles, and the 
supernatant was transferred to ultracentrifuge tubes. A 30% 
sucrose solution was layered at the bottom of the tubes, and 
VLPs were pelleted through this sucrose cushion by ultracen-
trifugation at 170,000×g for 2 h in an SW 32 Ti rotor (Beckman 
Coulter, California, USA). Further purification was performed 
by CsCl density-gradient ultracentrifugation in Express Five 
SFM medium (density 0.38 g/mL) at 150,000×g for 24 h in 
an SW 55 Ti rotor (Beckman Coulter). The visible VLP band 
was collected by side puncture, diluted ten-fold with Express 
Five SFM medium, and recovered by ultracentrifugation at 
170,000×g for 2 h.

4.11   |   Preparation of GI.1 (AH20) Nonstructural 
Proteins

The gene fragments encoding His-tagged SUMO were ampli-
fied from the pETSUMO vector (Invitrogen, Carlsbad, CA) 
with the 3′-terminal sequence including a multi-cloning site 
(MCS) (5′-GCCATGGAGCTCGGTACCGGATCCTCGAGTCG
ACCTGCAGCATGCGGCCGC-3′), and its NdeI-NotI fragment 
was cloned into pET-22b(+) (Novagen, Darmstadt, Germany), 
resulting in the construction of pETSUMO-MCS. The MCS 
was further modified to include the recognition sequence 
(Glu-Asp-Leu-Tyr-Phe-Gln/Gly) for the tobacco etch virus 
(TEV) 3C protease (5′-GCCATGGAGCTCGAAAACCTGTA
CTTCCAGGGATCCTCGAGTCGACCTGCAGCATGCGGCC
GC-3′). The resultant vector was designated pETSUMO(T)-
MCS. The gene fragments derived from the AH20 strain were 
cloned into the BamHI-SalI sites of pETSUMO(T)-MCS; the 
C-terminal fragment covering Asp143-Gln341 of NS3 and the 
entire NS7 region were used to construct pETSUMO(T)-NS3C 
and pETSUMO(T)-NS7, respectively. E. coli Rosetta-gami 
B(DE3)pLysS cells (Novagen) were transformed with either 
of these plasmids and cultured at 30°C, and protein expres-
sion was induced with 1 mM IPTG for 2 h. Cells were lysed 
with B-PER Complete Bacterial Protein Extraction Reagent 
(Thermo Fischer Scientific), and the supernatant was sub-
jected to the TALON Metal Affinity Resin (Takara-Bio, Shiga, 
Japan). The His-tagged SUMO fusion proteins of the NS3C 
or NS7 were eluted with PBS containing 200 mM imidazole 
and 10% glycerol. In addition, His-tagged TEV 3C protease 
was purified using the pRK793 plasmid, a gift from David 
Waugh (Addgene plasmid #8827; http://​n2t.​net/​addge​ne:​
8827; RRID:Addgene_8827) as described (Kapust et al. 2001). 
The fusion proteins were digested with the His-tagged TEV 
3C protease during dialysis against PBS containing 10% glyc-
erol for 16 h using a 10 k-MWCO dialysis cassette. The reaction 
mixture was passed through the TALON resin to separate pro-
teins of interest from His-tagged SUMO and His-tagged TEV 
3C protease, and NS3C or NS7 proteins were collected and 
concentrated to a final concentration of 1 mg/mL. The purity 
of each protein was analyzed by SDS-PAGE.

http://n2t.net/addgene:8827
http://n2t.net/addgene:8827
https://scicrunch.org/resolver/RRID:Addgene_8827
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4.12   |   Preparation of Anti-Serum Against VLP 
and Nonstructural Proteins

Rabbits and guinea pigs were immunized with purified VLPs, 
NS3, and NS7. Two immunizations were performed with a 4-
week interval between doses, and sera were collected 10 days 
after the second immunization. All animal procedures were 
conducted by the Kiwa Institute for Experimental Animals 
(Wakayama, Japan).

4.13   |   Immunofluorescence Assay

Virus-infected cells were washed twice with D-PBS (−) and 
fixed in 4% paraformaldehyde for 15 min. The cells were 
washed twice and permeabilized with 0.1% Triton X-100 in D-
PBS (−) for 15 min at room temperature. After washing, the 
cells were blocked with 1% bovine serum albumin (BSA) in 
D-PBS (−) for 60 min at room temperature. For immunostain-
ing, the cells were incubated with primary antibodies (1:1000 
dilution)—rabbit or guinea pig anti-SaV VP1 hyperimmune 
serum raised against GI.1 AH20 VLPs, or rabbit hyperim-
mune serum raised against AH20 NS3 or NS7—for 60 min at 
37°C. After washing, an Alexa Fluor 488- or 594-conjugated 
goat anti-rabbit or guinea pig secondary antibody (1:5000 dilu-
tion for VP1, 1:1000 dilution for NS3 and NS7; Invitrogen) was 
applied for 30 min at room temperature in the dark. Hoechst 
33342 dye was used to stain the nuclei (1:10,000 dilution). 
The cells were visualized using a BZ-X810 imaging system 
(Keyence, Osaka, Japan).

4.14   |   Flow Cytometry

After removing the culture supernatant, cells infected with 
HuSaV GI.1 for 4 days were washed with D-PBS (−) and de-
tached using 0.5 g/L Trypsin-0.53 mmol/L EDTA (Nacalai 
Tesque) for 10 min. The cells were pelleted by centrifugation, 
fixed with 4% formaldehyde for 15 min, and permeabilized 
with methanol for 10 min at 4°C using the Intra Cellular Flow 
Cytometry kit (Cell Signaling Technology, MA, USA). After 
blocking with 1% BSA in D-PBS (−) for 60 min, the cells were 
incubated with guinea pig anti-HuSaV VLP serum (1:1000 di-
lution) overnight at 4°C. Following three washes, Alexa Fluor 
488 goat anti-guinea pig IgG (1:1000 dilution) was applied for 
60 min at room temperature. After washing, the cells were fil-
tered through Falcon 5 mL Polystyrene Round-Bottom Tubes 
with 35 μm cell-strainer caps (Corning, New York, USA) and 
analyzed using a BD FACSMelody Cell Sorter (BD Biosciences, 
California, USA). Data analysis was performed using FlowJo 
software (BD Biosciences).

4.15   |   Purification of Virus Particles

Caco-2/Cas9 cells were seeded onto 20 T75 flasks, infected with 
HuSaV GI.1 (AH20) at an MOI of 0.01, and incubated at 37°C 
for 7 days. The cells and culture supernatant (200 mL) were then 
collected using a cell scraper and centrifuged at 7000×g for 
10 min. The supernatant was subjected to centrifugation over a 

30% (w/v) sucrose cushion at 174,900×g for 2 h using an SW 32 
Ti rotor (Beckman Coulter) (referred to as “culture supernatant” 
in the Results section). The pellet was resuspended in FBS-free 
MEM containing 0.5% ZWITTERGENT 3–14 (Merck Millipore, 
MA, USA), followed by centrifugation at 15,000×g for 10 min. 
The resulting supernatant was subjected to another sucrose 
cushion centrifugation (referred to as “cell lysate” in the Results 
section). After sucrose cushion centrifugation, the pellet from 
the culture supernatant was resuspended in FBS-free MEM, 
while the pellet from the cell lysate was resuspended in FBS-free 
MEM with ZWITTERGENT. Following resuspension, both sam-
ples were centrifuged at 15,000×g for 10 min. The supernatants 
were processed by CsCl density-gradient ultracentrifugation at 
148,900×g for 24 h using an SW 55 Ti rotor (Beckman Coulter) 
and divided into 12 fractions. Each fraction was concentrated by 
ultracentrifugation at 367,600×g for 2 h using the SW 55 Ti rotor. 
The pellets were resuspended in FBS-free MEM. Virus particles 
were visualized by transmission electron microscopy (HT7700; 
Hitachi High Technologies, Tokyo, Japan). Purified virus sam-
ples were used for western blotting and infection assays.

4.16   |   Western Blotting

Samples were mixed with sodium dodecyl sulfate (SDS) sample 
buffer and denatured at 100°C for 10 min. Proteins were sepa-
rated by SDS-PAGE using 5%–20% e-PAGEL (ATTO, Tokyo, 
Japan) and transferred to a polyvinylidene difluoride (PVDF) 
membrane (Bio-Rad, California, USA) using a Trans-Blot Turbo 
system (Bio-Rad). The membrane was blocked with PVDF 
Blocking Reagent (TOYOBO) for 60 min, washed with D-PBS 
containing 0.05% Tween-20 (PBS-T), and incubated with the 
primary antibody guinea pig anti-HuSaV VLP antibody (1:1000 
dilution in Can Get Signal Immunoreaction Enhancer Solution 
1, TOYOBO) for 60 min at room temperature. After washing, 
the membrane was incubated with a goat anti-guinea pig IgG 
HRP secondary antibody (Abcam, Cambridge, UK), diluted 
1:10,000 in Can Get Signal Immunoreaction Enhancer Solution 
2 (TOYOBO) for 60 min at room temperature. Protein bands 
were visualized using Chemi-Lumi One L Solution A/B (Nacalai 
Tesque) and imaged with a ChemiDoc Touch system (Bio-Rad).

4.17   |   Neutralization Assay

Caco-2MC cells were seeded on 96-well plates at 2 × 104 cells 
per well. Five-fold serial dilutions of rabbit anti-VLP antiserum 
and serum from a naïve rabbit were made (from 1:55 to 1:512). 
Twenty-five μL of AH20 containing 50 TCID50 was mixed with 
each serum dilution, and then the mixture was incubated at 37°C 
for 2 h, followed by overnight incubation at 4°C. Subsequently, 
50 μL of the virus-antiserum mixture was added to the cells and 
incubated at 37°C for 3 h. The medium was replaced with 100 μL 
of fresh medium containing 1000 μM GCA, and the cells were 
further incubated at 37°C. Next, HuSaV RNA copy numbers in 
the culture supernatant and cell lysates at 5 dpi were measured 
using RT-qPCR to assess the neutralization efficacy. Cell lysates 
were prepared by discarding the culture supernatant, adding 
100 μL of DW to the cells, and subjecting the mixture to three 
freeze–thaw cycles at −80°C.
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4.18   |   Viral Genome Sequencing

Viral RNA was extracted from a 10% stool suspension or post-
infection culture supernatant using the High Pure Viral RNA 
Kit (Roche) according to the manufacturer's instructions. Next-
generation sequencing (NGS) was performed as described pre-
viously (Dennis et al. 2014). Briefly, a 200-bp fragment library 
was constructed for each sample with the NEBNext Ultra II 
RNA Library Prep Kit for Illumina v4.0 (New England Biolabs, 
Ipswich, MA, USA), according to the manufacturer's instruc-
tions. Each library was purified with Agencourt AMPure XP 
magnetic beads (Beckman Coulter). The DNA concentrations 
were determined with a Qubit 4 fluorometer and the Qubit 
dsDNA HS Assay Kit (Invitrogen). A 151-cycle paired-end-read 
sequencing run was conducted on an iSeq 100 desktop sequencer 
(Illumina, San Diego, CA, USA) with the iSeq 100 Reagent Kit 
v2 (300 cycles). The sequence data were analyzed with the CLC 
Genomics Workbench v8.0.2 (CLC Bio, Aarhus, Denmark). In 
this study, the nucleotide sequences of HuSaV strains AH20, 
M13-18, Ni17-9, E22-22, M13-6, I21-042, TKC19-5, TKC19-10, 
and I22-124 were newly determined using NGS and deposited in 
the GenBank/EMBL/DDBJ databases under accession numbers 
LC671561, LC842313, LC842317, LC842321–LC842325, and 
LC842327.
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