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Summary

Sapoviruses are non-enveloped, single-stranded (+) RNA viruses belonging to the family
Caliciviridae, similar to noroviruses. Many genotypes (likely equivalent to serotypes) of
human sapovirus (HuSaV) exist; currently, at least 18 genotypes are known (GI.1-7, GII.1-8,
GIV.1, and GV.1-2).

These viruses cause acute gastroenteritis in individuals of all age groups; HuSaV is known
to cause infections, especially in infants and children. Human-to-human, food-borne
suspected outbreaks due to HuSaV as well as human norovirus (HuNoV) have been
frequently reported. However, these infectious diseases cannot be distinguished by

symptoms alone.

Cell-based viral infection and propagation systems for porcine sapovirus (PoSaV) have been
established; however, such systems are lacking for HuSaVs, although they were discovered
more than 40 years ago. HuNoV infection systems using conventional human cell lines,
such as Caco-2 and BJAB, and human stem cells, such as intestinal enteroid cells, and fecal
specimens as infection sources have been reported; however, their virus propagation
efficiency is low, and virus stocks cannot be prepared. Therefore, it is important to construct
an in vitro culture system that is convenient and that can facilitate the growth of various
types of human gastroenteric viruses to establish infection control methods or to ensure food

safety and risk profiling for public health.

In this study, we established an efficient HuSaV propagation system using conventional
human cell lines. The effect of bile acid supplementation on HuSaV propagation was also
tested because PoSaV and most HuNoVs require bile acids for their propagation in cultured
cells.

The summary of this research is as follows:

1. Bile acid requirement for HuSaV susceptibility in cultured human cells

Three cell lines (human testis tumor-derived NEC8 (JCRB0250), human duodenum
carcinoma-derived HuTu80 (HTB-40), and human ileocecal adenocarcinoma-derived
HCT-8 (CCL-244)) were used along with four bile acids (sodium cholic acid (CA), sodium
deoxycholate (DCA), sodium glycocholate (GlyCA), and sodium glycochenodeoxycholate

(GCDCA)), or bovine gall (Bile) for determining the maximum permissible concentrations
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of these bile acids based on cytotoxicity tests.

One day after inoculation with the HuSaV-positive fecal suspension (1 dpi), the monolayer
cells were washed and replaced along with fresh culture medium, followed by culture for
another 7 days. Viral RNA was extracted from the culture supernatant and detected via
RT-PCR. The PCR signal was positive for HuSaV GI.1 in NEC8 and HuTu80 cells
supplemented with GlyCA and GCDCA but was negative in HCT-8 cells, even in the
presence of these bile acids. The PCR signal was positive for HuSaV GII.3 in HuTu80 cells
supplemented with GlyCA, GCDCA, or bile. GlyCA was used in subsequent culture studies.

2. Efficient HuSaV propagation in human intestinal cells

To quantitatively investigate the HuSaV propagation efficiency, the kinetics of GI.1 HuSaV
replication in the infected NEC8 and HuTu80 cell lines in the presence of GlyCA (0.5 mM
for NEC81 and mM for HuTu80) were studied. The culture supernatants were collected on 1,
3,5,and 7dpiand 1, 3, 5, 7, 10, and 14 dpi from NEC8 and HuTu80 cells, respectively, and
titrated using RT-qPCR. In NECS, GI.1 HuSaV RNA remained at 2 logio copies up to 7 dpi;
it is difficult to maintain and culture NEC8 for more than 7 days. In HuTu80, GI.1 HuSaV
RNA increased to 6.6 logio copies on 3 dpi and reached 7.4 logio copies on 5 dpi, which was
maintained until 14 dpi. The propagation rate of GI.1 was 3.9 logio higher than the initial
value (1 dpi).

HuTu80 was selected for subsequent trials because GI.1 HuSaV propagated more efficiently
in HuTu80 than in NECS8. In HuTu80, GII.3 HuSaV RNA titers gradually increased, and
reached the peak of 7.7 logio copies on 10 dpi, which was 3.6 logio higher than the initial
value (1 dpi), similar to GI.1 HuSaV. Furthermore, one GI.2 strain and two GII.3 strains
were also propagated in HuTu80 cells. These results indicate that HuTu80 supports efficient
HuSaV propagation of at least three genotypes.

3. Confirmation of intracellular replication, translation, and production of infective HuSaV
progeny in HuTu80

The replication and translation of GI.1 and GII.3 HuSaVs in HuTu80 cells in the presence of
GlyCA were confirmed using immunofluorescence (IF) by detection of double-stranded
RNA (dsRNA; as a marker of the intermediate products during the replication of
single-stranded RNA viruses), nonstructural protein NS1-2, and structural protein VP1. No
signal was detected on 1 dpi, but all the target signals were confirmed on 5 and 10 dpi. The
positive rate based on dsRNA (n = 3) was 5.6-8.2% (mean 7.6%) on 5 dpi and 10.4-14.3%
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(mean 12.3%) on 10 dpi for GI.1, and it was 6.4-8.0% (mean 6.5%) on 5 dpi and 7.1-11.1%
(mean 8.7%) on 10 dpi for GII.3. A small proportion of HuTu80 cells was susceptible to
HuSaVs. No cytopathic effect was observed in the infected cells. The viral RNA levels in
the culture supernatants of both genotypes increased from 3—4 logio copies / 100 uL on 1 dpi
to 9 logio copies / 100 puL on 5 dpi and later.

Virus-like particles (virions) in purified GI.1 and GII.3 HuSaV samples were visualized
using transmission electron microscopy. The average particle size of GI.1 and GII.3 (n =15
each) was 44.1 = 1.5 nm and 41.0 = 1.9 nm, respectively. When the number of viral RNA
copies in the culture supernatant before and after ultracentrifugation were compared, the
recovery rate was 56.8% and 16.8% for GI.1 and GII.3, respectively.

The infectivities of progeny GI.1 and GII.3 HuSaVs harvested at 10 dpi were further
confirmed by passaging PO (the virus from culturing the positive fecal sample) and P1
viruses (the passaged virus cultured in the PO sample). Both P1 and P2 (the virus from the
cultured P1 sample) cell culture supernatants exceeded 9 logio copies / 100 puL at 10 dpi, and
the VP1 detection ELISA revealed an increase in signal from P1 to P2. HuSaV successfully
replicated, produced infectious progeny viruses, and was efficiently passaged in HuTu80

cells in the presence of GlyCA.

4. Minimum infectious dose and sensitivity of HuSaVs to heat and ultraviolet (UV)
treatments

A series of ten-fold diluted GI.1 and GII.3 HuSaV-positive fecal suspensions was
inoculated into HuTu80 cells. After removing the inoculum and washing the cells at 1 dpi,
the culture supernatants were collected at 10 dpi, and the viral RNA of the culture
supernatant was measured. The minimum infectious dose was > 2.3 logjo viral RNA copies
for both GI.1 and GII.3 HuSaVs.
Furthermore, the attenuation of infection titers via heat and UV treatments was evaluated.
GI.1 and GII.3 HuSaVs were heat-treated at 50 °C, 60 °C, and 70 °C for 10, 20, and 30 min
or irradiated with UV light (wavelength 254 nm) on ice for 20, 40, and 60 min. HuSaV
infection supernatant was collected as described above.
After heat treatment at 70 °C for 30 min, RNA levels of both the GI.1 and GII.3 HuSaVs
decreased to the RT-qPCR detection limit. However, after treatment at 50 °C for 30 min,
GI.1 and GII.3 HuSaVs replicated at a level similar to that of a non-heat treated virus. The
heat treatment sensitivity was not identical between GI.1 and GII.3 HuSaVs, and GII.3
HuSaV was more resistant than GI.1 HuSaV at 60 °C.
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Regarding susceptibility to UV irradiation, both GI.1 and GII.3 HuSaV-diluted fecal
suspensions were insensitive to UV treatment, even at 5.4 J/ cm?. Along with these results,
UV treatment was performed using passaged (P1) HuSaV stock mixed with feline
calicivirus (FCV), and it was confirmed that the passaged GI.1 and GII.3 HuSaVs were
sensitive to UV treatment at 1.8 J/cm?. Spiked FCV was almost inactivated under these

conditions.

In this study, human testis-derived cells and two types of human intestinal-derived cells
(duodenum and ileocecal region) were selected for analyzing HuSaV susceptibility. This is
because the PoSaV-Cowden strain grows in porcine testis cells in addition to porcine kidney
cells (LLC-PK1) when supplemented with bile acids, and the PoSaV-Cowden strain infects
the small intestine site in young pigs. Accordingly, HuSaV was grown in human testis
tumor-derived cells (NEC8) and more efficiently in human duodenum carcinoma-derived
cells (HuTu80) in the presence of a conjugated bile acid (i.e., GlyCA and GCDCA). In the
human body, conjugated bile acids are the main bile acids in the duodenum. Therefore, it is
physiologically consistent that conjugated bile acids are essential for HuSaV propagation in
human duodenal cells and would be useful for analyzing infection mechanisms and

developing HuSaV control methods.

In the kinetics study, despite the weak HuSaV VP1 signal, the HuSaV RNA signal reached a
plateau at 5 dpi but the HuSaV VP1 signal substantially increased at 10 dpi (data not shown).
These time lags may correlate with HuSaV virion formation/release speed in the HuTu80
cell culture supernatant. Although these observations could also be attributed to the
difference in assay sensitivity (i.e., RT-qPCR is more sensitive than ELISA), this
information was important to account for the difference in growth speed among various

genotypes and the virion collection timing.

Owing to lack of efficient cell culture systems, most studies on human gastroenteritis
viruses, including HuNoVs, have used viral RNA-positive specimens (feces) as resources;
however, there are issues such as those related to finiteness, resource heterogeneity due to
uncertain virion content, inaccuracy of results, and ethical restrictions in medical research.
Efficient in vitro replication and production of HuSaV using HuTu80 cells make it possible
to confirm HuSaV infectivity in fecal specimens, and more importantly, could allow

preparation of a stock of infectious viruses by passage. Thus, the newly established system
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described in this study can help overcome these limitations and establish an efficient growth

system for other human gastroenteritis viruses, including HuNoV.

HuSaV-RNA is detected throughout the year in symptomatic and asymptomatic individuals
and in wastewater. HuSaV-RNA has also been found in edible bivalves such as oysters and
clams. HuSaV distribution is identical to that of HuNoV, and both viruses are spreading
globally. However, it is unclear whether detection of viral RNA can reflect the presence of
the infectious virus, as current nucleic acid detection systems can only detect traces of
viruses. The development of a conventional and efficient culture method for HuSaV using
HuTu80 cells will allow analysis of viral dynamics and effective risk profiling from

“infectivity.”

HuNoV is known to be inactivated upon heating at 60°C for 15 min. In contrast, HuSaV
was inactivated completely and was relatively stable even after 30 min of heating at 60°C.
These differences might reflect the differences between HuSaV and HuNoV or could be
partially responsible for lower propagation efficiency and shorter culture period for the
HuNoV culture system. Furthermore, the HuSaV-positive diluted stool sample and cultured
HuSaV differed considerably in their UV irradiation susceptibility. Unknown fecal factor(s)
could protect HuSaV from inactivation by UV irradiation. These findings are important for

developing strategies for HuSaV control in public health settings.

Our findings could serve as reference for performing a wide range of studies, such as
detection and removal/inactivation of infectious HuSaV in clinical, food, and environmental
resources for risk profiling; development of HuSaV infection control methods; identification
of virus receptors and antiviral compounds; and analyses in human serum epidemiological

studies such as those involving neutralization antibody retention surveys, among others.
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Human sapoviruses (HuSaVs) cause acute gastroenteritis similar to
human noroviruses. Although HuSaVs were discovered four de-
cades ago, no HuSaV has been grown in vitro, which has signif-
icantly impeded the understanding of viral biology and the
development of antiviral strategies. In this study, we identified
two susceptible human cell lines, that originated from testis and
duodenum, that support HuSaV replication and found that repli-
cation requires bile acids. HuSaVs replicated more efficiently in the
duodenum cell line, and viral RNA levels increased up to ~6 logo-
fold. We also detected double-stranded RNA, viral nonstructural
and structural proteins in the cell cultures, and intact HuSaV par-
ticles. We confirmed the infectivity of progeny viruses released
into the cell culture supernatants by passaging. These results indi-
cate the successful growth of HuSaVs in vitro. Additionally, we
determined the minimum infectious dose and tested the sensitiv-
ities of HuSaV Gl.1 and GII.3 to heat and ultraviolet treatments.
This system is inexpensive, scalable, and reproducible in different
laboratories, and can be used to investigate mechanisms of HuSaV
replication and to evaluate antivirals and/or disinfection methods
for HuSaVs.

sapovirus | bile acids | human duodenum cell line

apoviruses (SaVs) are nonenveloped, small, round viruses

with a single-stranded, positive-sense RNA genome. They
are one of the major enteric viruses detected from acute gas-
troenteritis worldwide. They belong to the Sapovirus genus of the
family Caliciviridae. Human SaVs (HuSaVs) cause acute gas-
troenteritis, similar to human noroviruses (HuNoVs) that belong
to the Norovirus genus within the same family. The suspected
transmission route and symptoms are indistinguishable between
HuNoV- and HuSaV-associated illness, and it is difficult to
control the outbreaks (1). Although significant progress has been
made in the propagation of HuNoVs in vitro using three-
dimensional cultured Caco-2 cells and a clone of Caco-2 cells,
human B cells, and human enteroids (2-6), the establishment of
an in vitro cell culture system for HuSaVs has been unsuccessful
since their discovery more than 40 y ago.

SaVs have been detected from humans, pigs, wild boars, mink,
dogs, sea lions, bats, chimpanzees, rodents, and carnivores (7).
Based on the complete capsid sequences, SaVs have been clas-
sified into at least 19 genogroups (GI to GXIX) (8, 9). GI and
GII SaV strains cause the majority of human gastroenteritis
outbreaks and sporadic cases. HuSaVs are further classified into
multiple genotypes within each genogroup: GI (GI.1 to GL.7),
GII (GII.1 to GIL8 and GILNAL), GIV, and GV (GV.1 and
GV.2) (10-12). Because the efficient in vitro replication of GIII
porcine SaV (PoSaV) Cowden strain in porcine kidney cells, and
of several human NoVs in enteroids, occurred exclusively when
the culture medium was supplemented with bile or bile acids (6,
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13), we investigated both nonintestinal and intestinal human cell
lines and added bile and bile acids to the cell culture medium to
evaluate the HuSaV propagation in these cells.

Results

Certain Bile Acids Are Required for HuSaV Growth In Vitro. To
identify the HuSaV-susceptible cell lines, we inoculated the cell
monolayers of human cell lines NECS8 (testis), HuTu80 (duo-
denum), or HCT-8 [HRT-18] (ileocecum) with HuSaV GI.1
stool suspensions in the absence or presence of bile acid sodium
cholate (CA), sodium glycocholate (GlyCA), sodium deoxy-
cholate (DCA), sodium glycochenodeoxycholate (GCDCA), or
bovine bile (Bile). We washed the cells at 1 d postinoculation
(dpi). The culture supernatants were collected at 7 dpi for RNA
extraction and the detection of HuSaV RNA by reverse tran-
scription (RT) followed by PCR (RT-PCR). No HuSaV RNA
was detected from the three cell lines in the absence of bile or
bile acids (Fig. 1). In the presence of bile or bile acids, GI.1
HuSaV RNA was detected from cell lines NEC8 and HuTu80,
but not HCT-8 (Fig. 1). For the trials using cell line HuTu80, we
also included HuSaV GII.3. Among the bile and four bile acids,
GlyCA and GCDCA most effectively promoted GI.1 and GII.3

Significance

Human sapoviruses (HuSaV) are an important cause of diarrhea
and foodborne infections worldwide. Despite the discovery of
HuSaVs over 40 y ago, no in vitro cell culture system has been
established, limiting research on this important pathogen. In
this study, we report successful propagation of HuSaV in a
human duodenum cell line in the presence of bile acids. Bile
acids are biological components in the intestinal tract, and they
recapitulate key physiologic factors present in the viral infec-
tion site in the intestine. This inexpensive, reproducible and
scalable in vitro cell culture system provides a fundamental
scientific tool for HuSaV research and development of infection
control strategies in the future.
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Fig. 1.

Gl.1 Gll.3

Human cell lines NEC8 and HuTu80 but not HCT-8 supported the replication of HuSaV Gl.1 and GII.3 in the presence of bile acids in the cell culture

medium. HuSaV Gl.1 (AK20) or GlII.3 (AK11) positive stool suspension was inoculated onto the cell monolayers in the presence of CA, GlyCA, DCA, GCDCA, or
Bile, or in the absence of bile acids (Mock). After removing the inoculum and washing the cell monolayers at 1 dpi, we collected the culture supernatants at 7
dpi. The optimal concentration of bile acid for each cell line, as indicated in Materials and Methods, was present throughout the culture period. The HuSaV
RNA was measured by RT-PCR followed by agarose gel electrophoresis. The GI.1 inoculum and water was included as positive and negative controls, re-
spectively, for HCT-8 cells. The results were confirmed in an independent experiment, and pictures of a representative experiment are shown.

HuSaV replication in cell lines NEC8 and/or HuTu80. In the
presence of DCA, no RNA was detected for GI.1 and GIIL.3
HuSaVs in either NEC8 or HuTu80 cell lines. In this study, we
selected GlyCA for subsequent trials.

These results indicated that the combination of appropriate
cell lines and certain conjugated bile acids supports HuSaV
propagation.

HuSaV Grows Efficiently in Human Intestinal Cells. To investigate the
virus growth efficiency, we studied the kinetics of HuSaV repli-
cation by quantitation of viral RNA in infected cell lines NECS8
and HuTu80, with the presence of bile acid GlyCA. The culture
supernatants were collected at 1, 3, 5, and 7 dpi and 1, 3, 5, 7, 10,
and 14 dpi for virus propagation in cell lines NEC8 and HuTu80,
respectively, and titrated by RT-qPCR (Fig. 2). In cell line
NECS8, GI.1 HuSaV RNA titers increased 1.5 logy at 3 dpi
compared with 1 dpi and increased steadily at later time points.
By 7 dpi, the viral RNA titer had increased 2.0 log;,. We ter-
minated culture at 7 dpi because all cells detached, but we did
not confirm whether these cells were dead. In cell line HuTu80,
GI.1 HuSaV RNA titers increased rapidly from 3.5 log;, copies
per 100 pL at 1 dpi to 6.6 log;o copies per 100 pL at 3 dpi, then
reached the peak titers (7.3 log;, copies per 100 puL) at 5 dpi that
persisted (7.4 logyo copies per 100 pL) through 14 dpi, resulting
in a ~3.9 logp-increase. These results indicate that GI.1 HuSaV
replicated more efficiently in cell line HuTu80 than in cell line
NECS. Therefore, we selected cell line HuTu80 for subsequent
trials. In cell line HuTu80, GII.3 HuSaV RNA titers gradually in-
creased and reached the peak titer of 7.7 log; copies per 100 pL at
10 dpi that persisted through 14 dpi. This peak titer was 3.6 logo
higher than that at 1 dpi and similar to GI.1 HuSaV. Additional
HuSaV GI.2 and GIL3 from positive fecal samples were also grown
in cell line HuTu80 (SI Appendix, Fig. S1 A and B).

These results indicated that HuSaVs replicate in both cell lines
and replicate more efficiently in the duodenal cell line HuTu80.
We further confirmed that HuTu80 cell line supports the repli-
cation of multiple HuSaV genotypes.

Replication and Production of Progeny HuSaV in Human Intestinal

Cells. The replication of HuSaVs in HuTu80 cells in the pres-
ence of bile acid GlyCA was confirmed by the detection of
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double-stranded RNA (dsRNA), nonstructural and structural
proteins, and viral particles (Fig. 3 and SI Appendix, Fig. S2). At
1, 5, and 10 dpi, the cells inoculated with GI.1 or GII.3 HuSaVs
were fixed. Immunofluorescence (IF) assays were performed for
dsRNA (the intermediate products during the replication of
single-stranded RNA viruses), SaV nonstructural protein NS1-2,
and the major structural protein VP1. At 1 dpi, no positive
staining was detected. At both 5 and 10 dpi, positive IF staining
was detected for dsSRNA, NS1-2, and VP1 for both GI.1 and
GII.3 HuSaVs as evidence of replication and translation of
HuSaV in HuTu80 cells (Fig. 3 4 and B). Based on the dsRNA
signals, only a limited percentage (5.6 to ~8.2% [average 7.6%]
and 10.4 to ~14.3% [average 12.3%] for GI.1, and 6.4 to ~8.0%
[average 6.5%] and 7.1 to ~11.1% [average 8.7%] for GIL.3 at 5
and 10 dpi, respectively [n = 3]) of the HuSaV-inoculated cells
showed positive signals, and no obvious cytopathic effects were
observed, even at 10 dpi (SI Appendix, Fig. S2). The parallel
examination of viral RNA titers showed that both GI.1 and GII.3
HuSaV RNA titers were increased from <3 to ~4 (at 1 dpi) to >9
log; copies per 100 pL of culture supernatants (at 5 and 10 dpi)
(Fig. 3C). In addition, we observed intact SaV-like particles of
~44.1 nm (SD 1.5) (n = 15) for GI.1 and 41.0 nm (SD 1.9) (n =
15) for GIL.3 in diameter by electron microscopy (Fig. 3D). The
recovery rates for GI.1 and GII.3 HuSaV RNA from the cell
culture supernatants after ultracentrifugation were 56.8% and
16.8%, respectively (SI Appendix, Table S1). The infectivity of
progeny GIL.1 and GII.3 HuSaVs in passage 0 (P0O) and their
progeny P1 cell culture supernatants harvested at 10 dpi was
confirmed by both viral RNA and VP1 levels in the cell culture
supernatants of P1 (Fig. 3 E and F). Both GI.1 and GII.3 HuSaV
RNA titers were increased up to ~6 log;o-fold from <3 (at 1 dpi)
to 9 logy copies per 100 pL of culture supernatants (at 10 dpi).
Consistently, the VP1 levels for P1 and P2 GI.1 and GII.3
HuSaV increased significantly by ELISA at 10 dpi compared
with that at 1 dpi.

Together with the observation of intact SaV particles, detec-
tion of dsRNA, NS1-2, and VP1, and the successful passaging of
the PO and P1 virus (the passaged virus assigned as P1), we
conclude that HuSaVs replicated successfully, produced progeny
viruses, and could be passaged in cell line HuTu80 with bile acid
supplement.
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Fig. 2. Growth kinetics of HuSaV GI.1 and GII.3 in NEC8 and/or HuTu80 cells.
HuSaV GI.1 (AK20) or GlI.3 (AK11) positive stool suspension was inoculated
onto NEC8 or HuTu80 cell monolayers. After removing the inoculum and
washing the cell monolayers at 1 dpi, we collected supernatants at 1, 3, 5,
and 7 dpior 1, 3, 5, 7, 10, and 14 dpi. GlyCA (500 uM for NEC8 and 1,000 uM
for HUTu80) was present throughout the culture period. The SaV RNA was
measured by RT-gPCR. Dotted line indicates the lowest quantification limit.
Data represent the values of two independent experiments using cells at
different passage numbers for each time point. Error bars indicate SDs.
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Infectious Dose of HuSaV for Successful Infection as Well as
Sensitivities to Heat and Ultraviolet Treatments. Finally, we inves-
tigated the limit of virus RNA required for successful infection;
10-fold serially diluted fecal suspensions of GI.1 or GII.3 HuSaV
was inoculated onto cell line HuTu80. The GI.1 or GII.3 HuSaV
with RNA titers of ~2.0 x 10°, 10%, 10%, and 107, but not 2.0 x 10’
and 2 x 10°, infected the cells, and viral RNA can be detected at
10 dpi (Fig. 44).

Substantial RNA titers (at least 2.0 x 10° for GL1 and 2.0 x
10* for GIL3) were necessary for reproducible infections. In-
fection was sometimes observed with the inoculation titer of
2.0 x 10> RNA copies for both GI.1 and GIL3 under the
conditions tested.

Furthermore, we used cell line HuTu80 to evaluate the ther-
mal and ultraviolet (UV) sensitivity of HuSaVs. GI.1 or GII.3
HuSaV was heat treated at three different temperatures (50 °C,
60 °C, and 70 °C) for three different time periods (10, 20, and
30 min) and then used to inoculate cell line HuTu80 in the
presence of GlyCA. Supernatants were harvested at 10 dpi, and
viral RNA was titrated by RT-PCR (Fig. 4B). After heat treat-
ment at 70 °C for 30 min and inoculation of the virus into the
HuTu80 cells, the GI.1 and GII.3 HuSaVs RNA level decreased
to the RT-qPCR lowest quantification limit (3.5 log;, copies per
100 pL). However, after treatment at 50 °C for 30 min and in-
oculation of the virus into the HuTu80 cells, GI.1 and GIIL.3
HuSaVs replicated to a level that was similar to non-heat-
treated virus. The heat treatment sensitivity was not identical
between GI.1 and GII.3 HuSaVs, and GII.3 HuSaV was more
resistant than GI.1 HuSaV to 60 °C. Surprisingly, both HuSaV
GI.1 and GII.3 were insensitive to UV treatment, even with 5.4 J/
cm? under our test conditions (Fig. 4C). Along with these results,
we further performed UV treatment using passaged (P1) HuSaV
stock mixed with feline calicivirus (FCV) and confirmed that the
passaged HuSaV was sensitive to UV treatment with 1.8 J/cm?
Spiked FCV was also inactivated with this condition (SI Ap-
pendix, Fig. S3).

Discussion

We investigated both human testis (NEC8) and intestinal
(HuTu80 and HCT-8 [HRT-18]) cell lines for HuSaV suscepti-
bility, because of our finding that PoSaV also replicates in swine
testis origin cells in addition to porcine kidney origin LLC-PK
cells. We selected cell lines originated from upper (duodenum)
and lower (ileocecal) human small intestinal sites because
PoSaV antigen was detected in the small intestine in experi-
mentally infected pigs (14, 15) as well as gastrointestinal symp-
toms (vomiting and diarrhea) are prevalent among SaV-infected
patients (1).

Although conjugated bile acid supplementation allows both
HuSaVs and PoSaV Cowden strains to replicate in nonintestinal
cell lines (testis and kidney, respectively) from their natural
hosts, HuSaVs replicated efficiently in the human duodenum cell
line HuTu80. Bile acids are synthesized in the liver and released
with bile into the duodenal lumen, and, after they pass through
the intestines, most of them are transported in the ileum back
into the liver for reuse. This comprises the enterohepatic bile
circulation system. The primary conjugated bile acids in duode-
num can be dehydroxylated and unconjugated by various bac-
teria as they pass through the lower small and large intestines
(16). PoSaV Cowden strain replicates in the proximal small in-
testine of experimentally infected pigs (14, 15). Although such
in vivo data are not available for HuSaVs, the duodenum of the
small intestine may be the infection site of HuSaVs. Our positive
HuSaV replication results with cell line HuTu80 and the con-
jugated bile acids, GlyCA and GCDCA, are consistent with the
physiological conditions associated with natural HuSaV
infections.
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Fig. 3. HuSaV Gl.1 and GII.3 replicated in HuTu80 cells and produced infectious progeny viruses in the culture supernatants. HuSaV Gl.1 (AK20) (A) or GII.3
(AK11) (B) positive stool suspension was inoculated onto HuTu80 cell monolayers. After removing the inoculum and washing the cell monolayers at 1 dpi, the
cell monolayers were fixed at 5 and 10 dpi; 1,000 uM GlyCA was present throughout the culture period. Cells were permeabilized and blocked before staining
with mouse anti-dsRNA antibody, rabbit anti-Gl or Gll nonstructural protein NS1-2 hyperimmune serum, and guinea pig anti-SaV Gl or Gll VLPs hyperimmune
serum. Subsequently, Alexa Fluor 488-conjugated goat anti-mouse IgG, Alexa Fluor 594-conjugated goat anti-rabbit IgG, and Alexa Fluor 647-conjugated
goat anti-guinea pig IgG and DAPI were applied to detect dsRNA (green; G), NS1-2 (red: R), VP1 (magenta: M), and nuclei (blue), respectively. Individual
images of dsRNA, NS1-2, and VP1, double overlay images of dsRNA and NS1-2, dsRNA and VP1, and quadruple overlay images of all of the four signals (dsRNA,
NS1-2, VP1, and nuclei) were indicated. Images were taken at a magnification of 600x from the regions enclosed by the red boxes in S/ Appendix, Fig. S2. (C)
The viral RNA levels of HuSaV Gl.1 (AK20) or GII.3 (AK11) in the HuTu80 cell culture supernatants at 1, 5, and 10 dpi were titrated by RT-gPCR. Data represent
the mean of the four wells for each time point. Error bars indicate SDs. Dotted line indicates the lowest quantification limit. (D) SaV GI.1 (AK20) and GlI.3
(AK11) SaV virions were observed in the HuTu80 cell culture supernatants collected at 9 dpi using TEM. Images on the right were cropped from the regions
enclosed by the red boxes. The infectivity of the PO (the initial passage of the virus in cell culture) and P1 (the passaged virus using P0) was confirmed further.
The viral RNA (E) and VP1 antigen (F) levels of HuSaV Gl.1 (AK20) or GlI.3 (AK11) in the HuTu80 cell culture supernatants at 1 and 10 dpi were titrated by RT-
qPCR and ELISA, respectively. Data represent the mean of the two infection experiments for each time point. Error bars indicate SDs. Dotted line indicates the
lowest quantification limit.
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Fig. 4. The infectious dose and effects of various treatments on infectivity of HuSaV GI.1 or GII.3 in HuTu80 cells. (A) Infectivity of serially diluted HuSaV Gl.1
(AK20) or GII.3 (AK11); effect of heat treatment (B) or UV treatment (C) on SaV Gl.1 (AK20) or GII.3 (AK11) infectivity in HuTu80 cells. Serially diluted or
pretreated SaV Gl.1 (AK20) or GlI.3 (AK11) positive stool suspension was inoculated onto HuTu80 cell monolayers. After removing the inoculum and washing
the cell monolayers at 1 dpi, the culture supernatants were collected at 10 dpi; 1,000 uM GlyCA was present throughout the culture period. The SaV RNA was
measured by RT-gPCR. Dotted line indicates the lowest quantification limit. Data represent the mean of two independent experiments for each treatment

and time point. Error bars indicate SDs.

In this study, we first identified HuSaV-susceptible cell lines
NECS8 and HuTu80. In the presence of conjugated bile acid
GlyCA, GI.1 and GII.3 HuSaV RNA titers increased up to 6
logyo in cell line HuTu80 (Figs. 2 and 3 C and E). A notable
HuSaV RNA increase occurred within 7 dpi (Fig. 2).

Our IF data indicate that only a small proportion of cells were
susceptible to HuSaVs. The characteristics of these cells that
contribute to their susceptibility require further investigation.
HuTu80 cells are likely a mixture of cells, and the cells susceptible
to HuSaVs may be limited. This could be the reason that we did not

32082 | www.pnas.org/cgi/doi/10.1073/pnas.2007310117

see a high percentage of HuSaV-positive cells and obvious virus
spread among cells. Our future work will include the cloning of
HuTu80 cells and identify the subset of cell population that sup-
ports better HuSaV replication than current HuTu80 cells.

The successful propagation of HuSaVs in HuTu80 cells in the
presence of GlyCA in two different laboratories (National In-
stitute of Infectious Diseases [NIID] in Japan and The Ohio
State University [OSU] in the United States [SI Appendix, Fig.
S1A4]) located on two continents using different HuSaV strains
confirms the reproducibility of our findings. The viral RNA titer

Takagi et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007310117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007310117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2007310117

increases ranged from 1 log;, to 6 log;p and the propagation
efficiencies depended on the samples (Figs. 2 and 3 and SI Ap-
pendix, Fig. S1).

By comparison, for the in vitro replication of HuNoV,
Ettayebi et al. (6) and Sato et al. (4) reported a 1 log;q to 3 logo
increase in HuNoV RNA levels in human intestinal stem cell-
derived enteroids and in induced pluripotent stem cell-derived
intestinal epithelial cells. In human B cell culture of HuNoVs,
Jones et al. (5) reported a 1 log;g to 2 log;g increase in viral RNA
levels. Therefore, HuSaV RNA replication in vitro reached a
higher level than that of HuNoVs and resulted in infectious
virus stock.

Because HuSaV are highly contagious like HuNoV, and sus-
pect foodborne HuSaV outbreaks also have been reported, we
evaluated the minimum infectious dose as well as heat and UV
resistance of HuSaV using the GI.1 and GII.3 strains. The in-
fectious doses of HuSaV are similar to those of HuNoVs, which
were above 2.0 x 10% viral RNA copies (6, 17). HuSaVs cannot
be inactivated completely by incubation at 60 °C for up to 30 min
(Fig. 4B), although inactivation of HuNoVs by incubation at
60 °C for 15 min has been reported using enteroids (6). UV
treatment is also used for decontamination of the environment
(e.g., wastewater treatment, food-making equipment, and hos-
pital surfaces). Our data demonstrate that HuSaV is relatively
stable after heat treatment and resistant to UV irradiation when
tested with diluted fecal suspension in our test conditions. In
contrast, the passaged HuSaV are sensitive to UV irradiation,
similar to FCV (SI Appendix, Fig. S3). Combining these results,
the unknown factor(s) in the feces would protect the HuSaV
from inactivation by UV treatment. These results are important
for HuSaV control in public health as well as for foods and in the
environment.

Lack of scalability is still hampering the HuNoV field. Im-
portantly, we confirmed the infectivity of progeny HuSaV, by
serial passage studies. Because our system is inexpensive and
scalable, the preparation of viral pools, development of virus
neutralization assays, and evaluation of various inactivation
treatments and antivirals become feasible.

In summary, we identified susceptible cell lines for HuSaV
propagation in vitro. Like for PoSaV and most HuNoVs, the
efficient replication of GI.1 and GII.3 HuSaVs, as well as GI.2,
required the presence of bile acids in the culture medium. Suc-
cessful propagation and production of infectious HuSaVs in
human intestinal cells with bile acids will expedite viral gastro-
enteritis and food safety research.

Materials and Methods

Fecal Specimens. The HuSaV-positive fecal specimens were suspended in
sterile Minimum Essential Medium (MEM) with Earle’s salt and 0.05% so-
dium bicarbonate supplemented with 0.5% lactalbumin, 0.2% bovine serum
albumin, and antibiotics (60 pg/mL kanamycin and 50 pg/mL gentamicin).
MEM powder containing Kanamycin was purchased from Nissui Pharma-
ceutical Co., LTD.. Lactalbumin was from Sigma-Aldrich. Other reagents were
from FUJIFILM Wako Pure Chemical Corporation. The samples were vortexed
vigorously and centrifuged at 1,800 x g for 30 min. The supernatants were
sterilized through 0.2-pm-pore-size filters. All of these sterilized HuSaV-
positive fecal suspensions were aliquoted to individual tubes and stored
at —80 °C for long-term storage. The diluted samples were stored at 4 °C and
used for cell culture trials. These samples were collected from the feces of
subjects with acute gastroenteritis between 2011 and 2017. The tested
samples described in this manuscript (Gl.1 [AK20], GII.3 [AK11], GI.2 [FS124],
Gl.2 [D2475], GII.3 [IWTS1], and GII.3 [IWTS2]) were negative for other
common human enteric viral pathogens (NoV, rotavirus, astrovirus). Collec-
tion and detection of pathogens were performed at Akita Prefectural Re-
search Center for Public Health and Environment, Fukuoka Institute of
Health and Environmental Sciences, and Research Institute for Environ-
mental Sciences and Public Health of Iwate Prefecture, and Shimane Pre-
fectural Institute of Public Health and Environmental Sciences, under the
regulation of Infectious Diseases Control Law, Food Sanitation Act in Japan.
The fecal samples were deidentified prior to use in this study. This study was
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approved by the ethics committee of the National Institute of Infectious
Diseases and by the Institutional Biosafety Committee at The Ohio State
University.

Cell Lines. For HuSaV culture trials, we used three human cell lines: 1) human
testicular embryonal carcinoma-derived cell line, NEC8 cells (Japanese Col-
lection of Research Bioresources [JCRB] 0250); 2) human duodenum carci-
noma derived cell line, HuTu80 cells (American Tissue Culture Collection
[ATCC] #HTB-40); and 3) human ileocecal adenocarcinoma derived cell line,
HCT-8 (HRT-18) cells (ATCC #CCL-244).

Cell Culture Conditions. NEC8 cells were grown in Medium199 (Sigma-Aldrich)
supplemented with 7% fetal bovine serum (FBS) (Biosera) and the antibiotics
(50 pg/mL ampicillin and 100 pg/mL Kanamycin [FUJIFILM Wako Pure
Chemical Corporation]). HuTu80 cells were grown in Iscove’s Modified Dul-
becco’s Medium (Sigma-Aldrich) supplemented with GlutaMAX (Gibco,
Thermo Fisher Scientific), 5% FBS, and the antibiotics. HCT-8 (HRT-18) cells
were grown in RPMI1640 (FUJIFILM Wako Pure Chemical Corporation) sup-
plemented with 5% FBS and the antibiotics.

Supplements for the HuSaV Culture Trials. CA (Sigma-Aldrich), GlyCA (Nakalai
Tesque), DCA (Sigma-Aldrich), GCDCA (Nakalai Tesque), and Bile (gall)
powder (FUJIFILM Wako Pure Chemical Corporation) were used in HuSaV
culture trials. They were dissolved in 20% ethanol solution, filtered through
0.2-um-pore-size filters, aliquoted, and stored at room temperature until
use. The cell toxicity of these five supplements was tested for each cell line,
using twofold serial dilutions: CA, GlyCA, DCA, and GCDCA were tested for
1,000 pM to 15.6 pM in a final concentration, and Bile powder was tested for
0.1 to 0.00156% in a final concentration. The cells cultured in 96-well plates
were treated with these supplements for 7 d and then fixed and stained for
the observation of cell toxicity using a light microscope. The highest con-
centration of a supplement that did not cause cell toxicity was determined as
its working concentration.

HuSaV Culture Trials. Confluent NEC8, HCT-8 (HRT-18), and HuTu80 cell
monolayers grown in 12-well plates were used for HuSaV inoculation. Be-
fore inoculation, the culture medium was replaced with 0.5 mL of virus
growth media that contained the optimized concentrations of the following
bile acids for each cell line: CA at 250 uM (NEC8), 500 pM (HCT-8), and 125 pM
(HuTu80); GlyCA at 500 pM (NEC8),1,000 pM (HCT-8), and 1,000 pM (HuTu80);
DCA at 20 uM (NEC8), 50 uM (HCT-8), and 71.4 uM (HuTu80); GCDCA at
200 pM (NEC8), 500 pM (HCT-8), and 500 pM (HuTu80); and Bile (gall) powder
at 0.005% (NEC8), 0.01% (HCT-8), and 0.0125% (HuTu80).

FBS in the virus growth medium was reduced from 7 to 5%, 5 to 2%, and 5
to 3% for NEC8, HCT-8 (HRT-18), and HuTu80 cells, respectively. Five mi-
croliters of HuSaV-positive fecal suspensions (~4 x10 © copies of viral RNA)
were added to each well. The plates were incubated overnight in a cell
culture incubator (37 °C with 5% CO;). Then, the cell monolayers were
washed twice with L15 medium (Sigma-Aldrich) supplemented with 2%
horse serum (GIBCO) and the antibiotics. Finally, 1 mL per well of virus
growth media that were optimized for each cell line was added. The media
without bile or bile acids was used as controls. These cultures were incu-
bated for 7 d, and HuSaV RNA levels in these cell supernatants were
detected by RT-PCR.

For the kinetics of HuSaV RNA replication, confluent NEC8 and HuTu80 cell
monolayers in T25 flasks were used. Before virus inoculation, the culture
medium was replaced by 3 mL of virus growth medium containing the op-
timal concentrations of bile acid GlyCA for each cell line. FBS in the virus
growth medium was reduced as described above. Twenty or thirty microliters
of inoculum (approximately ~1.0 x 107 copies of viral RNA) were added to
each flask and incubated overnight. Then the cell monolayers were washed
twice with L15 medium supplemented with 2% horse serum and the anti-
biotics. Finally, 3 mL or 5 mL of virus growth medium that were optimized
for each cell line was added to each flask. These cultures were incubated for
7 and 14 d for cell lines NEC8 and HuTu80, respectively. HuSaV RNA levels in
these cell supernatants were quantitated by RT-gqPCR (see below).

For the detection of SaV nonstructural protein NS1-2 and the major
structural protein VP1 as well as dsRNA, which was exclusively generated
during viral genome replication, confluent monolayers of HuTu80 cells
grown on type | collagen-coated coverslips in 24-well plates were used.
Before inoculation, the culture medium was replaced by 0.5 mL per well of
the optimized virus growth media containing 1,000 uM GlyCA. Five micro-
liters of inoculum (1.1 x 10 © copies of viral RNA) was added into each well
and incubated overnight. Then the cells were washed twice with L15 me-
dium supplemented with 2% horse serum and the antibiotics. Next, 0.5 mL

PNAS | December 15,2020 | vol. 117 | no.50 | 32083

MICROBIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007310117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007310117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007310117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007310117/-/DCSupplemental

of virus growth medium that was optimized for cell line HuTu80 was added
to each well. These cultures were fixed at 1, 5, or 10 dpi for IF assays (see
below). The culture supernatants at each time point were collected and used
for SaV RNA titration by RT-gPCR (see below).

RNA Extraction and Complementary DNA Synthesis. Viral RNA was extracted
from fecal suspensions or cell culture supernatants using High-Pure RNA
Isolation Kit (Roche Diagnostics) according to the manufacturer’s instruc-
tions. The extracted RNA was used in the following procedure, or stored
at —80 °C. The complementary DNA (cDNA) was synthesized as follows: 5 pL
of a viral RNA sample was mixed with 0.5 pL of the 20 pM oligo (dT)3, primer,
which was complementary to the 3’-end poly(A) tail, and 1 pL of 2.5 mM
deoxyribonucleotide triphosphates (dNTPs). Then 2 pL of 5x ReverTra Ace RT
buffer (Toyobo), 0.1 pL of 10 units per uL RNase inhibitor (TaKaRa Bio Inc.),
and 0.3 pL of reverse transcriptase ReverTra Ace (100 U/pL) (Toyobo) were
added to the above mixture. This mixture was incubated first at 30 °C for
10 min, then at 42 °C for 60 min. The cDNA synthesis for gPCR was carried
out using random hexamers (Takara) and SuperScript Ill RNaseH (-) reverse
transcriptase (Invitrogen) in a final volume of 30 puL as described (18); sam-
ples were then stored at —30 °C.

PCR and qPCR. The partial HuSaV genomic sequences were amplified by PCR
with forward primers (SaV-1245revF) (19) and reverse primers (SaV-G1R, SaV-
G2R, SaV-G4R, SaV-G5R) (20). A final volume of 20 pL of the PCR mixture
contained 2 pL of the cDNA, 10 uL of 2x KAPA2G fast ReadyMix with dye
(Kapa Bio Science), and 1 pL each of the five primers (10 pM). PCR was
performed at 95 °C for 3 min followed by 40 cycles of 95 °C for 155, 53 °C for
20 s, and 72 °C for 5 s, and a final extension at 72 °C for 1 min. The PCR
products were purified by using QIAquick gel extraction kit (Qiagen) and
were directly sequenced using the Big Dye Terminator cycle sequencing kit
(Applied Biosystems). For experiment at laboratory 1 (NIID), the cDNA of the
HuSaV genomic RNA was quantified by TagMan real-time PCR with primers
SaV124F, 1F, 5F, and 1245R and FAM-labeled MGB probes (SaV 124TP and
SaV 5TP) (18) under the following conditions: 95 °C for 15 min followed by
40 or 45 cycles of a two-step PCR: 94 °C for 15 s, and 62 °C for 60 s.

For experiment at laboratory 2 (OSU), HuSaV GI.2 viral RNA was titrated by
one-step real-time RT-PCR using QIAGEN OneStep RT-PCR Kit (QIAGEN) with
forward primers (SaV1F, 5'-TTG GCC CTC GCC ACC TAC-3’; SaV124F, 5'-GAY
CAS GCT CTC GCY ACC TAC-3'), reverse primer (SaV1245R, 5'CCC TCC ATY
TCA AAC ACT A-3’), and probe (SaV124TP, 5'-FAM-CCR CCT ATR AAC
CA-MGB-NQF) (18). The reaction was performed at 50 °C for 30 min for RT
followed by 95 °C for 15 min for activation of the DNA polymerase. Then 45
cycles were carried out at 95 °C for 15 s and 62 °C for 60 s.

IF Assays. HuSaV-inoculated HuTu80 cells grown on the coverslips were
washed once with Dulbecco’s phosphate buffered Saline without Mg®* and
Ca?* [PBS (-)] and then fixed with 250 uL of 4% paraformaldehyde in
phosphate buffer solution (FUJIFILM Wako Pure Chemical Corporation) for
15 min at room temperature. After washing once with PBS (-), the cells were
permeabilized and blocked with 250 pL of ImmunoBlock (DS PHARMA
BIOMEDICAL) containing 0.1% Triton-X100 for 30 min at room temperature.
Then, the cells were incubated with 250 pL of the primary antibodies: mouse
anti-dsRNA monoclonal antibody J2 (English Scientific), rabbit anti-SaV
nonstructural protein NS1-2 hyperimmune serum for Gl (raised against the
amino acid residues 1 to 219 of the ORF1 of GI.1 Mc114 [GenBank accession
no. AY237422], with 95.4% amino acid identity to the GI.1 strain used in this
study), or GllI (previously named as anti-A) (raised against the amino acid
residues 1 to 231 of the ORF1 of Mc10 [AY237420], with 96.5% amino acid
identity to the GII.3 strain used in this study) (21, 22), and the guinea pig
hyperimmune serum produced against SaV Gl or SaV Gll virus-like particles
(VLPs) (23, 24) at 1:1,000 dilution in ImmunoBlock for 1 h at 37 °C. After
washing three times with 500 pL of PBS (-), the cells were subsequently in-
cubated with 250 pL of the Alexa dye-labeled secondary antibodies: Alexa
Fluor 488-conjugated goat anti-mouse IgG, Alexa Fluor 594-conjugated goat
anti-rabbit IgG, and Alexa Fluor 647-conjugated goat anti-guinea pig I1gG (all
from Invitrogen) at 1:1,000 dilution in ImmunoBlock for 1 h at room tem-
perature. Cell nuclei were also stained with Cellstain DAPI Solution (FUJIFILM
Wako Pure Chemical Corporation) at this step. After washing three times
with PBS (-), cells on coverslips were mounted by a drop of Prolong Gold
anti-fade regent (Invitrogen) and covered by glass slides. Imaging was per-
formed using a fluorescence microscope (Olympus IX81, Olympus) and
MetaMorph imaging software (Molecular Probe, Molecular Devices, LLC).

Electron Microscopy. For the visualization of HuSaV particles by transmission
electron microscopy (TEM), culture trials were performed using confluent
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HuTu80 cell monolayers in two T150 flasks (21 mL per flask). Twenty or thirty
microliters of inoculum of HuSaV Gl.1 or Gll.3 (approximately ~1.0 x 107
copies of viral RNA) were inoculated onto each flask and cultured for 9 d.
Bile acid GlyCA was present throughout the culture period.

The collected culture supernatants were centrifuged at 10,000 x g for 1 h
at 4 °C to remove cell debris. Then the virus was purified from 33 mL of the
supernatants through a 35% (wt/vol) sucrose cushion by ultracentrifugation
at 164,100 x g for 3 h at 4 °C using an SW32Ti rotor and an ultracentrifuge
(Beckman Coulter). The pellet was dissolved in 300 pL of PBS (-), and 40 puL of
the samples were further purified by applying onto 0.15 mL of Saphacryl S-
400HR (GE HealthCare Life Sciences Co. Ltd) filled microspin columns and
centrifuged at 800 x g for 2 min. The elution was diluted with 10-fold by PBS
(-) and then used for TEM. The purified virus particles were stained by 2%
uranyl acetate solution and observed with a transmission electron micro-
scope (HT7700, Hitachi Ltd.) at a setting magnification of 30,000. The par-
ticle sizes were determined by Hitachi EMIP software. Recovery rate was
estimated by qRT-PCR using cDNA prepared from the extracted viral RNA as
described above.

Antigen ELISA for the Detection of HuSaV Capsid Protein VP1. HuSaV capsid
proteins in the fecal specimens or cell culture supernatants were also
quantitated using an antigen ELISA. Briefly, 96-well microtiter plates (Max-
isorp; Nunc) were coated with 50 pL per well of rabbit hyperimmune anti-
serum produced against SaV Gl.1 Mc114 or SaV Gll.3 C12 VLPs (23, 24) at
1:2,000 or 1:5,000 dilutions, respectively, in 0.05 M carbonate buffer (pH 9.6).
The plates were incubated overnight at 4 °C. The wells were washed twice
with PBS (-), and then blocked with 250 pL of PBS containing 0.5% casein for
2 h at room temperature or overnight at 4 °C. After washing the wells three
times with PBS (-) containing 0.1% Tween 20 (PBS-T), 50 puL of the fivefold
diluted cell culture supernatants in PBS-T containing 0.25% casein was
added. The plates were incubated for 1 h at room temperature. After
washing the wells three times with PBS-T, 50 uL of guinea pig hyperimmune
antiserum produced against SaV Gl.1 or SaV GlI.3 VLPs at 1:3,000 or 1:5,000
dilutions, respectively, in PBS-T containing 0.25% casein was added to each
well. The plates were incubated for 1 h at room temperature followed by
washing three times with PBS-T. Then 50 pL of horseradish peroxidase-
conjugated goat anti-guinea pig IgG (IgG H + L) (Rockland Immunochemicals
Inc.) at 1:4,000 dilution in PBS-T containing 0.25% casein was added to each
well. The plates were incubated for 1 h at room temperature and then washed
three times with PBS-T. Finally, 50 pL per well of 1 mM substrate 3, 3’, 5, 5-
tetramethylbenzidine (Sigma-Aldrich) and 0.01% H,O; in citrate buffer (pH3.5)
was added, and the plates were left in the dark for 30 min at room temper-
ature. The reaction was stopped by the addition of 50 uL per well of 1 M H,SO,,
and the absorbance was measured at 450 nm with 750 nm as the reference
wavelength, using a spectrometer (BioRad Microplate reader Model 680).

Confirmation of the Infectivity of Progeny HuSaV by Passage Studies. PO virus
stock (the initial passage of the virus in cell culture supernatants) of the GI.1
(AK20) or GII.3 (AK11), prepared by infecting HuTu80 cells in T25 flasks as
described above, or P1 virus stock (the second passaged virus in cell culture
supernatants), was inoculated onto confluent monolayers of HuTu80 cells
grown in six-well plates. Before inoculation, the culture medium was
replaced by 1 mL per well of the optimized virus growth media containing
1,000 pM GlyCA. Ten microliters of inoculum (2 x 107 to ~5 x 107 copies of
viral RNA) were added to each well and incubated overnight. Then the cells
were washed twice with L15 medium supplemented with 2% horse serum
and the antibiotics. Next, 2 mL of the virus growth medium was added to
each well. The HuTu80 cell culture supernatants at 1 and 10 dpi were ti-
trated by RT-qPCR and VP1-ELISA (see above).

Determination of the HuSaV RNA Level Required for Successful Infection of
HuTu80 Cells. The culture trails were performed as described above using
24-well plates. Fifty microliters of 10-fold serially diluted GI.1 (AK20) or GII.3
(AK11) HuSaV suspension (~2 x 10° to ~2 x 10° copies of RNA) were inoc-
ulated onto the monolayers of HuTu80 cells. After removing the inoculum
and washing the cells at 1 dpi, we collected the culture supernatants at 10
dpi. HuSaV RNA was titrated by RT-qPCR as described above.

Heat and UV Sensitivities of HuSaV GI.1 and GIL.3. Sixty microliters of GI.1
(AK20) or GII.3 (AK11) HuSaV suspension (4.5 x 108 copies of viral RNA per
10 pL) inside eight-strip microtube was heat treated at different tempera-
tures (50 °C, 60 °C, and 70 °C) in an ACCU BLOCK Digital Dry Bath (LabNet
Co) for 0, 10, 20, and 30 min, or irradiated with UV light at 1.5 mW/cm? (UV
lamp VL-206.G, CosmoBio) on ice for 20, 40, and 60 min. The infectivity of
50 uL of treated supernatants was tested as described above in HuTu80 cells
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cultured in 24-well plates. The culture supernatants were collected at 10 dpi,
and HuSaV RNA was titrated by RT-gPCR as described above.

Data Availability. All study data are included in the article and S/ Appendix.
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Supplementary Information Text

Supplemental Material and methods.

Focused imaging of immunofluorescence assay signals.

Images were taken at a magnification of 200X. Imaging was performed using a fluorescence
microscope (Olympus IX81, Olympus, Tokyo, Japan) and MetaMorph imaging software
(Molecular Probe, Molecular Devices, LLC, San Jose, CA).

HuSaV RNA recovery rate estimation

HuSaV RNA recovery rate was estimated by gqRT-PCR(7) using cDNA prepared from the
extracted viral RNA in the cell culture supernatants after ultracentrifugation (UCF sup), and
recovered suspension from ultracentrifugation precipitation (UCF ppt), collected from two T150
flasks (21 mL / flask) cultured for 9 days and used for the visualization of HuSaV particles by
transmission electron microscopy (TEM) as described in the main text.

UV sensitivity test using FCV spiked passaged HuSaV stock

The feline calicivirus (FCV) F9 strain was purchased from American Tissue Culture Collection
(ATCC VR-2057). Crandell-Rees feline kidney (CRFK) cells obtained from the Japanese
Collection of Research Bioresources were cultured in the growth medium (Dulbecco Eagle’s
minimal essential medium [DMEM: Sigma-Aldrich] supplemented with 5% heat-inactivated fetal
bovine serum [Biosera] and antibiotics (50 ug/mL ampicillin and 100 pg/mL Kanamycin). The
virus was propagated and titrated in CRFK cells to determine the 50% tissue-culture infectious
dose (TCIDsg) using 96-well plates.

Sixty pL of passage 1 (P1) GI.1(AK20) or GIl.3 (AK11) HuSaV suspension (4.5 x10° copies of
viral RNA/10pL) spiked with FCV suspension (6.5 LogoTCIDs5¢/50uL) inside 8-strip microtubes
was irradiated with ultraviolet light at 1.5 mW / cm® (UV lamp VL-206.G, CosmoBio, Japan) on
ice for 20, 40 and 60 minutes. The FCV infectivity of the treated supernatants was titrated in
CREFK cells, which were incubated at 36°C with 5% CO,, for 4 days. The HuSaV infectivity of 50
uL treated supernatants was tested in HuTu80 cells cultured in 24-well plates. The culture
supernatants were collected at 10 dpi and HuSaV RNA and HuSaV VP1 antigen was measured
by RT-qPCR or ELISA as described in Materials and Methods in main text.
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Fig. S$1. Infectivity of additional HuSaV positive stool specimens in HuTu80 cells.

Experiment at lab 1 (National Institute of Infectious Diseases [NIID], Japan) (A); One HuSaV GI.2
(FS124) and two additional HuSaV GII.3 (IWTS1 and IWTS2) positive stool suspension (5 pL
inoculum containing approx. ~ 1.0 x10° copies of viral RNA per well) was inoculated onto the
monolayers of HuTu80 cells, respectively. After removing the inoculum and washing the cell
monolayers at 1dpi, we collected the culture supernatants at 10 dpi. The SaV RNA was
measured by RT-gPCR. Dotted line indicates the quantification limit. The data represent the
mean of two trials. Error bars indicate standard deviations. Experiment at lab 2 (The Ohio State
University [OSU], USA) (B) ; HuSaV GI.2 (D2475) inoculation (5 pL inoculum containing approx.
~1.0 x10° copies of viral RNA per well) and propagation in 1-day-old HuTu80 cell monolayers
were performed in 24-well plates in the presence of GlyCA. The supernatants were collected from
duplicated wells and mixed together at 1 (after the removal of the inoculum and the washing step),
3, 6, and 9 dpi. RNA extraction was performed using MagMax RNA isolation kit (ThermoFisher
Scientific, USA). The data represent the mean of three trials. Error bars indicate standard
deviations. Bile acid (1000uM GlyCA) was present throughout the culture period in all the
experiments.
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Fig. S2. SaV Gl.1 and GII.3 replication in HuTu80 cells.

HuSaV Gl.1 (AK20) (A) or GII.3 (AK11) (C) positive stool suspension was inoculated onto
HuTu80 cell monolayers. After removing the inoculum and washing the cell monolayers at 1 dpi,
the cell monolayers were fixed at 1, 5 and 10 dpi, respectively. Mock infected HuTu80 cells fixed
at 1, 5 and 10d, respectively, were shown as (B) and (D). GlyCA (1000 uM) was present
throughout the culture period. Cells were permeabilized and blocked before staining with mouse
anti-dsRNA antibody, rabbit anti-Gl or anti Gll HuSaV nonstructural protein NS1-2 hyperimmune
serum, and guinea pig anti-SaV Gl or anti Gll HuSaV VLP hyperimmune serum. Subsequently,
Alexa Fluor 488-conjugated goat anti-mouse 1gG, Alexa Fluor 594-conjugated goat anti-rabbit IgG,
and Alexa Fluor 647-conjugated goat anti-guinea pig IgG and DAPI were applied to detect dsSRNA
(Green:G), NS1-2 (Red:R), VP1 (Magenta: M), and nuclei (Blue). Individual images of dsRNA,
NS1-2, VP1, merged images (dsRNA, NS1-2, VP1, and nuclei) are shown in Overlay. Light
microscope images of cells are also shown to visualize the confluent cells in this area.
Magnification: 200X.

Infection experiments were performed twice; pictures of a representative experiment are shown.
The regions enclosed by the red boxes were further taken at a higher magnification of 600X (see
Fig. 3 A and B).
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Fig. S3. The effects of UV treatment on infectivity of passaged GI.1 or GII.3 HuSaV and FCV.
Pre-treated SaV Gl.1 (AK20) or GII.3 (AK11) P1 suspension mixed with FCV was inoculated onto
HuTu80 cell monolayers. After removing the inoculum and washing the cell monolayers at 1 day
post-inoculation (dpi), the culture supernatants were collected at 10 dpi. 1000 yM GlyCA was
present throughout the culture period. The SaV RNA (A) and SaV VP1 antigen (B) was measured
by RT-qPCR or ELISA. Dotted line indicates the lowest quantification limit for RT-qPCR.
Pre-treated SaV Gl.1 (AK20) or GII.3 (AK11) P1 suspension mixed with FCV was inoculated onto
CREFK cell monolayers, and the culture supernatants were collected at 4 days post-inoculation.
Then the virus titer (C) was determined.

Data represent the mean of two independent experiments for each point. Dotted line indicates the
quantification limit.



Table S1. SaV RNA levels and their recovery rates after ultracentrifugation

Gl.1 Gll.3
(AK20) (AK11)
Cell culture sup 111 10.2
UCF sup 7.0 6.3
UCF ppt 10.8 9.5
Recovery rates from cell 56.8% 16.8%

culture sup

UCF: ultracentrifugation

Sup: supernatants after ultracentrifugation

Ppt: recovered suspension from ultracentrifugation precipitation

The numbers for Cell culture sup, UCF sup, and UCF ppt are expressed as log1o

RNA copies in each total fraction.
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